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Streszczenie

Niskotemperaturowe suszenie rozpylowe z zastosowaniem osuszonego powietrza jako
metoda otrzymywania innowacyjnych proszkow spozywczych

Celem pracy byla analiza mozliwosci otrzymania innowacyjnych proszkow
spozywczych na bazie surowcow o wysokiej zawartosci cukrow (midd, melasa z morwy bialej,
koncentraty i pulpy owocowe i warzywne) dzigki zastosowaniu osuszonego powictrza
w suszeniu rozpytowym. Proszki te charakteryzowatly si¢ zmniejszong zawarto$cig no$nika
(z 50% do 10% w s.s., w/w) badz jego eliminacja, co bylo mozliwe dzigki obnizeniu
temperatury suszenia (ze 180/80°C na wlocie/wylocie do 80/50°C na wlocie/wylocie) w efekcie
obnizenia wilgotnosci powietrza procesowego. W proszkach, w ktorych niemozliwe byto
wyeliminowanie no$nika, badano mozliwos¢ zastgpienia maltodekstryny nos$nikami
wzbogacajgcymi proszki w warto$¢ dodang: odtluszczonym mlekiem w proszku, prebiotyczng
nutrioza, biatkiem z grochu, serwatka w proszku, koncentratem bialek serwatkowych oraz
maslankg w proszku. Otrzymane proszki scharakteryzowano pod wzglgdem wiasciwosci
fizycznych i zawarto$ci zwigzkow bioaktywnych (zawarto$¢ zwigzkow fenolowych, aktywnos¢
przeciwutleniajgca) oraz ich retencji w czasie suszenia i biodostgpnosci. Zawarto$¢ zwigzkow
fenolowych w otrzymanych proszkach byla analizowana zaréwno z wykorzystaniem metod
spektroskopowych, jak 1 ultrasprawnej chromatografii cieczowej (UPLC). Zbadano takze
wydajnos¢ i energochtonnos¢ procesu suszenia.

Zaobserwowano korzystny wplyw zmniejszenia wilgotno$ci i temperatury powietrza
suszacego na wydajnos$¢ suszenia oraz na niektore wlasciwosci fizykochemiczne (morfologie
czastek, wielkos¢ czastek czy sypko$¢ oraz zawartos¢ zwigzkow fenolowych). Zauwazono, ze
czastki proszkéw miodowych, z melasy, z morwy bialej oraz wisniowych wyrdzniaty sig¢
bardziej regularnym, kulistym ksztaltem bez skupisk w wariantach wysuszonych
Z zastosowaniem 0sUSzonego powietrza, w porownaniu z otrzymanymi metodg tradycyjng, co
swiadczy o fatwiejszym przebiegu procesu suszenia. Zanotowano takze istotnie nizszg mediang
wielkosci czastek w proszkach wysuszonych z zastosowaniem osuszonego powietrza
w poréwnaniu do metody tradycyjnej, co takze wskazywato na korzystniejszy przebieg procesu
suszenia i mniejsza tendencje¢ czastek do sklejania si¢ miedzy soba. Nalezy podkresli¢, ze
analiza energochtonnos$ci procesu z zastosowaniem osuszonego powietrza dostarczyta danych,
ktore pozwolily zaobserwowal brak poprawy sprawnos$ci cieplnej procesu suszenia.
Stwierdzono wiec, ze zastosowanie tej metody na skale przemystowa powinno by¢
poprzedzone analizg ewentualnych korzys$ci, bedacych efektem zwiekszonego udziatu surowca
w proszku, jak 1 konsekwencji w postaci niskiej sprawnosci cieplne;.

Zwigkszenie zawarto$ci zwigzkow bioaktywnych wynikato ze zwigkszonego udziatu
surowca w proszku, co byto mozliwe do osiagniecia wytacznie dzigki aplikacji osuszonego
powietrza. Zwrdocono takze uwage na istotny wptyw wyboru metody analitycznej w przypadku
okres§lania zawarto$ci zwiazkow fenolowych w badanych proszkach, wynikajacy
z niespecyficznosci metody Folina-Ciocalteu.

Stowa kluczowe - suszenie rozpylowe, osuszone powietrze, proszki spozywcze, czysta

etykieta



Abstract

Low-temperature spray drying with the application of dehumidified air as a method of
obtaining innovative food powders

The aim of this work was to analyze the possibility of obtaining innovative food powders
using dehumidified air assisted spray drying from sugar-rich raw materials (honey, white
mulberry molasses, fruit and vegetable pulps and concentrates). The powders were
characterized by a reduced carrier content (from 50% to 10% solids, w/w) or its elimination,
which was possible thanks to lowering the drying temperature (from 180/80°C inlet/outlet to
80/50°C inlet/ outlet) as a result of lowering the humidity of the process air. In powders where
it was impossible to eliminate the carrier, the possibility of replacing maltodextrin with other
carriers, that enriched the powders with added value (skimmed milk powder, prebiotic nutriose,
pea protein, whey, whey protein concentrate and buttermilk), was investigated. The obtained
powders were characterized in terms of physical properties, the content of phenolics,
antioxidant activity, and their retention during drying and bioavailability. Phenolics content in
the obtained powders was analyzed both using spectroscopic methods and ultra-performance
liquid chromatography (UPLC). The yield and energy efficiency of the drying process were
also examined.

A beneficial effect of reducing the drying air humidity and temperature on powder
recovery and on some physicochemical properties (including particle morphology, particle size,
flowability and the content of phenolic compounds), was observed. It was noted that the
particles in honey, white mulberry molasses and sour cherry powders had a more regular,
spherical shape and did not form clusters in the variants dried using dehumidified air compared
to powders obtained using the traditional method, which indicates an easier course of drying.
A significantly lower median particle size was also recorded in powders dried using
dehumidified air compared to the traditional method, which also indicated an easier course of
drying resulting from a reduced tendency for particles to stick together. It should be emphasized
that the analysis of energy consumption of the spray drying using dehumidified air as a drying
medium provided data that allowed to observe no improvement in the energy efficiency of the
drying process. It was therefore concluded that the use of this method on an industrial scale
should be preceded by an analysis of possible benefits resulting from the increased content of
a raw material in powder, as well as the consequences - low thermal efficiency.

The improvement in the content of bioactive compounds resulted from the increased
content of raw material in powder, which was only possible thanks to the application of
dehumidified air. The significance of the impact of the choice of analytical method in
determining the content of phenolic compounds in the tested powders was underlined as well,
resulting from the non-specificity of the Folin-Ciocalteu method.

Key words — spray drying, dehumidified air, low temperature, food powders, clean label
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Wykaz skrotow i oznaczen

Symbol
a*
ANTH
Aw

b*

BC
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BM
CHE
Dso
Dap
DASD
Do

Dr
ECs0 ABTS
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Ei

Es
FLV
FRAP
GA

Gl

HR
KB
L*

MC
MD
MP

Znaczenie i jednostka

barwa czerwona/zielona [-]

zawarto$¢ antocyjandw [mg/g s.s.]

aktywno$¢ wody [-]

barwa zo6tta/niebieska [-]

koncentrat soku z czarnej porzeczki

indeks brazowienia [-]

maslanka

ekstrakty chemiczne

mediana wielkosci czastek [um]

gestos¢ pozorna [g/ml]

suszenie rozpytowe z zastosowaniem osuszonego powietrza
gesto$¢ nasypowa luzna [g/ml]

gestos¢ utrzesiona [g/ml]

aktywno$¢ przeciwutleniajaca [mg s.s/ml]

poczatkowa warto$¢ zuzycia energii odczytanej z miernika mocy [KWh]
koncowa warto$¢ zuzycia energii odczytanej z miernika mocy [kWh]
jednostkowe zuzycie energii [MJ/kg H20]

flawonole [mg/g s.s.]

potencjat redukcyjny [mg TE/g s.s.]

guma arabska

indeks glikemiczny

higroskopijnos¢ [%]

sypkos¢ [-]

pulpa z mini kiwi

jasnos¢ [-]

pulpa z mango

zawarto$¢ wody [%]

maltodekstryna

odttuszczone mleko w proszku

nutrioza
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PA
PC
POLY
PP

Q
RBF
RC
REF

S

SD

t

-
TAC
TAEC ABTS
Tg

Tout
TPC
W
WPC
WSI
AE

eL

n
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kwasy fenolowe [mg/g s.s.]

koncentrat soku z marchwi purpurowej
zwigzkoéw fenolowe [mg/g s.s.]

biatko grochu

zuzycie energii [kW]

wzgledny wspotczynnik biodostepnosci
wspotczynnik retencji [%]

wzgledny wspotczynnik efektywnosci antyoksydacyjnej
zageszeczony sok z kiszonej kapusty

tradycyjne suszenie rozpylowe

czas suszenia rozpylowego [min]

pulpa pomidorowa

ogolna zawarto$¢ antocyjanow [mg CGE/g s.s.]
aktywno$¢ przeciwutleniajagca [mg TE/g s.s.]
temperatura przemiany szklistej [°C]
temperatura powietrza wylotowego suszarki [°C]
ogolna zawarto$¢ polifenoli [mg GAE/g s.s.]
serwatka

koncentrat biatka serwatkowego
rozpuszczalnos¢ [%]

catkowita r6znica barwy [-]

porowatos¢ [%]

sprawnos¢ cieplna [%]
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1. WSTEP

W wyniku zwigkszajacej si¢ swiadomosci i wiedzy konsumentdéw, obserwuje si¢ coraz
czestsze zainteresowanie produktami o krotkim, ,.czystym” sktadzie. Proszki owocowe
1 warzywne, bedace kluczowymi sktadnikami wielu produktow spozywczych, zawieraja
najczesciej maltodekstryne, ktéra jest dodawana jako no$nik suszarniczy, pozwalajacy
na przeprowadzenie procesu suszenia bez probleméw zwigzanych z niskg temperaturg
przemiany szklistej materiatu. Jednakze, maltodekstryna, z powodu wysokiego indeksu
glikemicznego, nie cieszy si¢ dobrg opinig wsréd konsumentow. Ponadto, w celu osiggnigcia
pozadanego efektu technologicznego, konieczny jest wysoki jej dodatek do surowca, czesto
wynoszacy ponad 50% suchej substancji proszku. Zmusza to producentéw proszkéw do
poszukiwania rozwigzan, ktore umozliwig bezproblemowe przeprowadzenie procesu suszenia
rozpylowego, skutkujace otrzymaniem proszkow wysokiej jakosci, charakteryzujacych sig
zmniejszong zawarto$cig nosnika. Jednym z takich rozwigzan, ktore opisujg dane literaturowe
jest zastosowanie powietrza suszacego 0 zmniejszonej wilgotnosci, ktore pozwala na suszenie
w niskiej temperaturze, co skutkuje ograniczeniem problemow bez koniecznosci zwigkszenia
udziatlu substancji dodatkowych.

Dostepna literatura w niewystarczajacym stopniu dostarcza informacji na temat zwigzku
wilgotnosci medium suszacego z przebiegiem procesu suszenia rozpylowego
oraz wlasciwo$ciami proszkéw. Ponadto, szeroko nie zostal opisany wplyw osuszenia
powietrza na wlasciwosci biologiczne proszkow, ktore w obecnym trendzie Zzywnosci
funkcjonalnej oraz prozdrowotnej zdajg si¢ odgrywac istotng role w wyborach konsumenckich.
Dotychczasowo brakuje takze informacji na temat energochlonno$ci procesu,
ktéra pozwolitaby na ocen¢ oplacalnosci wprowadzenia suszenia rozpylowego
z zastosowaniem 0suszonego powietrza na szeroka skale, dzieki czemu mozliwa by byta ocena

potencjatu aplikacyjnego.
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2. PRZEGLAD PISMIENNICTWA

2.1. ProszKi spozywcze

Proszki to rozdrobnione materialy w stalym stanie skupienia. W zalezno$ci od rozmiaru
czastek wyrdznia si¢ pyly (5-100 pum), proszki (50-200 pm), aglomeraty czy granulaty
(200-4000 pum). Produkty w postaci proszku, ze wzgledu na male rozmiary czastek, sg tatwe
m.in. w: dozowaniu (w tym matych ilo$ci), transporcie pneumatycznym w rurociggach,
rozpuszczaniu, przechowywaniu, mieszaniu i rozdzielaniu [Domian i Lenart 2010, Bhandari
2013]. Gléwnym celem produkcji zywnosci w formie proszku jest przedtuzenie trwalosci
poprzez usuni¢cie wody [Fitzpatrick i Ahrn 2005]. Ze wzgledu na swoje wlhasciwosci
w przemysle spozywczym s3 czesto stosowane jako sktadnik wielu innych produktow
spozywczych. Do zywno$ci wystepujacej w postaci proszku zalicza si¢ m.in.: maki, kasze,
przyprawy, sol, ptatki $niadaniowe, dodatki do zywnosci, sproszkowane napoje (np.: kawa,
herbata, kakao, mleko), zywno$¢ dla dzieci, produkty kulinarne, proszki owocowe i warzywne,
sproszkowane mikroorganizmy [Dhanalakshmi i wsp. 2011, Bhandari i wsp. 2013]. Wsréd tych
produktéw, proszki owocowe, warzywne oraz miodowe stanowig interesujaca grupe
ze wzgledu na ich sklad, bogaty w zwigzki biologicznie aktywne (m.in. witaminy, kwas
arskorbinowy, karotenoidy) oraz w niektorych przypadkach w btonnik pokarmowy, co pozwala
na ich zastosowanie w produktach funkcjonalnych czy nutraceutykach. Ponadto, ze wzgledu na
krotki czas przydatnosci do spozycia owocOw oraz warzyw przetwarzanie tych surowcoéw do
postaci proszkoOw pozwala na przedtuzenie ich trwatosci [Jiang 1 wsp. 2013]. Midéd w postaci
preparatow  sproszkowanych jest tatwy w dozowaniu, aplikacji w produktach,
przechowywaniu, transporcie oraz magazynowaniu [Samborska 2019]. Nalezy takze podkresli¢
walory smakowe, aromatyczne oraz barwe proszkow owocowych, warzywnych
oraz miodowych, ktore pozwalajg na ich szerokie zastosowanie jako sktadnik wielu innych
produktow, jednoczesnie umozliwiajac tworzenie produktow o czystej etykiecie (,,clean-label”)
ze wzgledu na ich naturalne pochodzenie.

Proszki spozywcze mozna otrzymac¢ z produktow statych, poprzez ich rozdrabnianie,
mieszanie oraz granulacje¢, lub z postaci ptynnej, stosujac suszenie rozpylowe, liofilizacje,
suszenie bebnowe, suszenie taSmowe oraz krystalizacje. Suszenie rozpylowe jest jedng
z najczesciej stosowanych metod do produkcji proszkow na skale przemystowa, ze wzgledu na
swojg prostote oraz efektywnos$¢. Polega ona na wytworzeniu proszku z roztworu w jednej,
krotkiej i ciaglej operacji. Dzigki odpowiedniemu sterowaniu procesem, wilasciwosci
otrzymywanego proszku sa powtarzalne i kontrolowane [Bhandari 2013, Samborska i wsp.
2022].
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2.2. Suszenie rozpylowe

Suszenie rozpylowe jest szeroko stosowane w przemys$le chemicznym,
biotechnologicznym, farmaceutycznym oraz spozywczym. Polega na rozpyleniu cieczy do
postaci mgly wewnatrz komory suszarki oraz odparowaniu wody w wyniku kontaktu kropel
Ze strumieniem goracego suszacego powietrza. Czas odparowywania wody w komorze
suszenia jest bardzo krotki (< 20 s), ze wzgledu na bardzo duza powierzchni¢ odparowywania.
Nalezy takze podkresli¢ znaczenie tzw. ,.efektu chtodzacego odparowania”, ktory jest
wynikiem pobrania ciepta przemiany fazowej z czastek w bardzo krotkim czasie. Dzieki temu
zjawisku temperatura suszonego materialu jest duzo nizsza niz temperatura powietrza
wlotowego. Przyjmuje si¢ wiec, ze w ukladzie wspolpradowym temperatura na powierzchni
suszonych czgstek nie przekracza temperatury powietrza na wylocie (Tout) [Samborska 2008].

2.3. Efekt ,,stickiness”

Istotnym czynnikiem, wplywajacym na mozliwo$¢ przeprowadzenia efektywnego
suszenia rozpylowego, jest temperatura przemiany szklistej (Tg) materialu poddawanego
suszeniu oraz jej relacja z temperaturg materialu w czasie suszenia (tak jak wczedniej
wspomniano, najczesciej przyjmuje si¢, ze jest to Tout) [Samborska i wsp. 2023]. Ty jest to
temperatura, w ktérej nastepuje zmiana postaci materialu amorficznego pomiedzy formag
gumowatg a szklista. Ponizej Tg material wystepuje w formie statej — szklistej i w przypadku
materialow suszonych rozpylowo przyjmuje forme¢ sypkiego proszku. Czasteczki w takiej
szklistej matrycy sa unieruchomione, ich ruchy na poziomie molekularnym ograniczone sg do
wibracji oraz rotacji. W temperaturze wyzszej niz Tg czgsteczki majg zwigkszong ruchliwos¢,
a stan materiatu przyjmuje posta¢ gumowata, podobng do cieczy, jednak o charakterystycznym
lepkim przeptywie [Sperling 2006]. W zwiazku z powyzszym, w celu przeprowadzenia
efektywnego suszenia rozpylowego (a takze w kontek$cie pozniejszego przechowywania
produktu), ktore ma na celu otrzymanie sypkiego proszku w postaci szklistej, niezwykle istotne
jest uwzglednienie wartosci Tg suszonego surowca oraz jej relacji z temperaturg materiatu
w czasie suszenia [Samborska i wsp. 2023]. Zaleznosci te przedstawiono na rysunku 1
(czgs¢ A). Problem zwigzany z niska Tg suszonego materiatu, skutkujacy pozostawaniem
materiatu w czasie suszenia rozpylowego W postaci gumy, nazywany jest efektem ,,stickiness”.
Przejawia si¢ on sklejaniem si¢ czgstek pomiedzy sobg oraz przyklejaniem materiatu do $cian
komory suszenia. Forma materialu nie przyjmuje postaci szklistej, nawet przy niskiej
zawarto$ci wody, lecz pozostaje w postaci odwodnionego syropu. Badacze zajmujacy si¢

ta tematyka stwierdzili, ze efekt ten zaczyna by¢ widoczny, gdy material osigga temperature
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10-20°C powyzej Tq [Roos i Karel 1991, Adhikari i wsp. 2004], co zaznaczono na rysunku 1
jako strefe bezpieczng kolorem szarym. Intensywnos$¢ efektu ,,stickiness” najczesciej okresla
si¢ na podstawie obserwacji przebiegu suszenia oraz okreslenia tzw. wydajnosci suszenia
lub odzysku proszku (z ang. yield, powder recovery), poniewaz prowadzi on do zmniejszenia
ilo$ci otrzymywanego proszku, a w niektorych przypadkach calkowicie uniemozliwia jego
otrzymanie. Wydajno$¢ procesu suszenia okresla si¢ jako stosunek iloéci suchej substancji
zawartej w otrzymanym proszku do zawartosci suchej substancji w roztworze przed suszeniem.
W przypadku suszenia w skali laboratoryjnej przyjmuje si¢, ze wydajnos¢ od 50% uznawana

jest za satysfakcjonujgca [Bhandari i wsp. 1997a].

C. Rozwigzanie
A. Problem w suszeniu B. Rozwigzanie problemu — suszenie

rozpylowym problemu - no$niki niskotemperaturowe

T +20°C A
g1l
T T
+20°C +20°C

T T Ty

S

Z

-
T >T, +20°C = POSTAC GUMY Tg > T = POSTAC SZKLISTA T, < T, +20°C = POSTAC SZKLISTA

Rys. 1. Graficzne przedstawienie problemu wystepujacego w suszeniu rozpylowym,
wynikajgcego z relacji pomiedzy temperaturg materiatu (T) i temperaturg przemiany szklistej

(Tg) oraz mozliwych jego rozwiazan.

Soki i koncentraty owocowe, warzywne, jak rowniez miody, Syropy i niektore melasy,
sg surowcami szczegOlnie podatnymi na wystgpowanie wyzej opisanego efektu, poniewaz
w ich sktad wchodzg przede wszystkim cukry proste oraz kwasy organiczne (kwas cytrynowy,
kwas jabtkowy czy kwas winowy), charakteryzujace si¢ niskg wartoscig Tg (Tabela 1). Wysoka
zawarto$¢ tych zwigzkow przyczynia si¢ do wystepowania problemow, ktore bez zastosowania
odpowiednich rozwigzan, uniemozliwig wytworzenie sypkich proszkow. Quek i wsp. [2007]
suszyli rozpylowo czysty sok z arbuza bez dodatkowych nosnikow i zaobserwowali brak
wytworzenia sypkiego proszku. Proszek nie byt mozliwy do odzyskania ani z komory suszenia,

ani z cyklonu, wiec autorzy zanotowali wydajno$¢ procesu suszenia na poziomie 0%.
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Nalezy zwroci¢ uwage, ze masa czasteczkowa zwigzkéw wpltywa w istotny sposdb na wartos¢
Ty, ktora zwigksza si¢ wraz ze wzrostem masy czasteczkowej [Bhandari i wsp. 1997b].
W zwigzku z czym mozliwe jest wysuszenie mleka bez dodatkowych pomocy, poniewaz
zawarta w nim laktoza, bedaca dwucukrem, charakteryzuje si¢ warto$cig Tg wynoszaca 101°C
[Bhandari i wsp. 1997b]. Jedlinska i wsp. [2023] otrzymali proszek z melasy z trzciny cukrowej
bez dodatkowych modyfikacji surowca i procesu, przy wydajnosci prawie 93%, co wynikato

z wysokiej zawarto$ci sacharozy w sktadzie surowca, ktéra ma Tg réwna 62°C [Bhandari 1 wsp.

1997h].

Tabela 1. Temperatura przemiany szklistej (Tq) wybranych zwigzkéw chemicznych
wystepujacych w produktach spozywezych [Bhandari i wsp. 1997b, Roustapour i wsp. 2006,
MatveP5 i wsp. 1997, Sobulska i Zbicinski 2020].

Zwigzek chemiczny Ty [°C]
Cukry i polisacharydy
Fruktoza 5
Glukoza 31
Laktoza 101
Sacharoza 62
Skrobia 243
Maltdekstryna DE 5 188
Maltodekstryna DE 10 160
Maltodekstryna DE 20 141
Inulina DP 7 111
Inulina DP 13 125
Inulina DP 27 145
Biatka i pochodne biatek
Biatko grochu 165 -184
Biatko sojowe 174 - 186
Izolat biatek serwatkowych 127
Kazeinian sodu 132
Kwasy organiczne
Kwas jabtkowy 11,03
Kwas cytrynowy 15,73
Kwas winowy 20,57
Woda -135

2.3.1. Zapobieganie efektowi ,, stickiness” - nosniki

Najczesciej stosowang metoda rozwigzania probleméw zwigzanych z efektem
,»Stickiness” w trakcie suszenia materiatow o duzej zawartosci zwigzkow o niskiej wartosci Tg,
jest zastosowanie tzw. nos$nikoéw suszarniczych o duzej masie czasteczkowej,
ktore charakteryzuja si¢ wysoka wartosciag Tg (Rys. 1B) [Bhandari i wsp. 1997b].
Najpopularniejszymi no$nikami stosowanymi w suszeniu rozpytowym proszkéw owocowych

oraz warzywnych sg polisacharydy: maltodekstryna (MD) i guma arabska (GA) [Shishir i Chen
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2017]. Dzigki dodatkowi nos$nika o wysokiej Tq, zwicksza si¢ W konsekwencji warto$¢ Tq
catego roztworu podawanego do suszenia i przy tej samej temperaturze suszenia mozliwe jest
otrzymanie proszku w stanie szklistym. Jednakze, w celu osiggniecia pozadanego efektu
technologicznego, konieczny jest znaczacy dodatek nosnika do suszonego surowca, czesto
wynoszacy ponad 50% s.s. roztworu (a wigc 1 finalnego produktu). Horuz i wsp. [2012] suszyli
nieklarowny sok z granatu i stwierdzili, ze aby otrzymac¢ proszek o 74% wydajnosci konieczny
jest dodatek MD na poziomie 60% (w s.s., w/w). Aragiiez-Fortes i wsp. [2019] stwierdzili
konieczno$¢ zastosowania jeszcze wyzszej zawartosci MD (75% w s.s., w/w) w produkcji
proszku z pulpy z guawy, aby otrzymac¢ wydajno$¢ na poziomie 70,2%. Sarabandi i wsp. [2017]
wyprodukowali proszek z koncentratu soku wisniowego z dodatkiem 50% (w s.s., w/w)
nosnikow: MD, GA oraz koncentratu biatek serwatkowych (WPC). Jednak, autorzy osiagneli
wydajnosci na niesatysfakcjonujagcym poziomie, od 42,2 do 57,1%. Aktualnie, w wyniku
zwigkszajacej si¢ $Swiadomosci 1 wiedzy konsumentéw, obserwuje si¢ coraz czgstsze
zainteresowanie tzw. produktami ,.clean label”. Chociaz nie istnieja dokladne przepisy
definiujace, czym sg produkty “clean label”, to powszechnie przyjmuje si¢, ze sg to produkty
zawierajace krotka liste sktadnikow, surowce pochodzenia naturalnego, malo przetworzone
oraz takie, ktore sg szeroko znane i uzywane przez konsumentéw [Noguerol i wsp. 2021,
Maruyama i wsp. 2021]. W zwigzku z powyzszym proszki, ktore w swoim sktadzie zawieraja
wysoki udzial no$nika, nie moga zosta¢ uznane za produkty ,,clean label”. Nalezy takze zwrdcic¢
uwage, ze zgodnie z definicjg nie tylko zmniejszenie zawartosci samego nosnika, ale rowniez
wybor jego pochodzenia moze odegrac istotng rolg. Zastosowanie nosnikow, ktore uznawane
sg za bardziej ,,zielone” (,,green”), moze umozliwi¢ otrzymanie produktu wpisujacego si¢
w trend ,.clean label”. Okreslenie ,,green” odnosi si¢ do materialow, ktore maja pochodzenie
naturalne lub sa produktami ubocznymi z przemyshu spozywczego, a ich zastosowanie jako
nos$nika sprawia, ze procesy przetworcze stajg si¢ bardziej zrownowazone [Samborska i wsp.
2021]. Proszki owocowe 1 warzywne, bedace kluczowymi sktadnikami wielu produktow
(m.in. wyroby ciastkarskie, barwniki, aromaty, suplementy diety, produkty funkcjonalne,
nutraceutyki), zawieraja najczesciej znaczny dodatek MD, ktora nie wprowadza do produktow
zadnej wartosci dodanej, a z powodu wysokiego indeksu glikemicznego (GI) [Rytz i wsp.
2019], nie jest sktadnikiem pozadanym przez konsumentéw. W zwigzku z powyzszym,
konieczne jest poszukiwanie rozwigzan, ktore pozwalajg na efektywne przeprowadzenie
procesu suszenia i otrzymanie sypkiego proszku, ktory bedzie akceptowalny zarowno przez
producentow, jak i konsumentéw. Efekt ten moze by¢ uzyskany zard6wno przez zmniejszenie

dodatku nos$nika, jak 1 zastosowanie alternatywnego nosnika o wartosci dodanej, w tym
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no$nikow okre§lanych jako ,green”. Takimi alternatywami moga by¢ inne nos$niki
polisacharydowe czy bialkowe, ktore dodatkowo wzbogacaja produkt finalny,
np. we wlasciwosci prebiotyczne, czy pozwalaja na zagospodarowanie surowcOw uznawanych
za odpadowe w przemysle spozywczym. Jedlinska i wsp. [2019] zastosowali prebiotyczng
nutrioz¢ (N) w suszeniu rozpylowym miodu rzepakowego oraz spadziowego 1 otrzymali
produkt, ktéry moze si¢ wpisywaé w trend “clean label”. Miravet i wsp. [2016] wyprodukowali
proszek ze skoncentrowanego soku z grejpfruta z dodatkiem btonnika, opornej dekstryny (N)
oraz fruktooligosacharydéw. Samborska 1 wsp. [2020] suszyli rozpylowo koncentrat soku
jablkowego oraz midd z prebiotyczng nutrioza, kleptoza oraz odtluszczonym mlekiem
w proszku jako no$nikami. Muzaffar i Kumar [2016] otrzymali proszki z tamaryndowca
z tradycyjng MD oraz izolatem biatka sojowego i zaobserwowali, Ze aby osiggna¢ efektywne
suszenie konieczny byt dodatek az 55% MD oraz tylko 20% izolatu biatka sojowego. Kaderides
i Goula [2017] kapsutkowali metoda suszenia rozpytowego ekstrakt ze skorek grejpfruta
za pomoca nosnika wyprodukowanego z odpadow pozostalych po wycisnigciu soku
z pomaranczy. Przedstawione przyktady literaturowe wskazuja na efektywne proby stosowania
innych no$nikow, ktére moga sie¢ wpisywac w trend “clean label”, oraz takze na ciagla potrzebe

poszukiwania alternatyw dla tradycyjnej MD.

2.3.2. Zapobieganie efektowi ,, stickiness ” — temperatura suszenia

Obok zastosowania no$nikoOw, innym sposobem na ograniczenie problemow
wynikajacych z efektu ,,stickiness”, moze by¢ obnizenie temperatury suszenia. Postgpowanie
takie powoduje, ze warto$¢ graniczna temperatury 10-20°C powyzej Ty suszonego materiatu
nie zostaje osiagnicta (Rys. 1C), a wiec mozliwe jest otrzymanie proszku w postaci szkliste;j.
Jednakze, obnizenie temperatury moze przyczyni¢ si¢ do probleméw z odparowaniem wody
z materiatu i w takim przypadku kluczowe jest rowniez zmniejszenie wilgotnosci powietrza
procesowego. Jak wczesniej wyjasniono, wilgotno$¢ powietrza suszacego odgrywa istotng rolg
w przebiegu suszenia rozpylowego, stanowigc sit¢ napedowa procesu. W wyniku zmniejszenia
wilgotnosci powietrza suszacego rosnie gradient zawartosci wody w powietrzu
oraz w suszonym materiale, co powoduje zwickszenie sily napgdowej procesu.
W  konsekwencji mozliwe jest wiec obnizenie temperatury wlotowej powietrza,
przy jednocze$nie efektywnym odparowaniu wody z materiatu. Dzigki aplikacji osuszonego
powietrza jako medium suszacego mozliwe jest obnizenie temperatury na wlocie, a wiec takze
na wylocie suszarki. Tym samym w konsekwencji ogranicza si¢ ryzyko wystgpienia

probleméw zwigzanych z efektem ,stickiness”, poniewaz material nie osiggnie temperatury
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granicznej 10-20°C powyzej Tg. Ponadto, poprzez ograniczenie ryzyka przejécia suszonego
surowca do postaci gumy w wyniku obnizenia temperatury suszenia, mozliwe jest zmniejszenie
dodatku nosnika. W dalszej czesci pracy to podejScie nazywane jest skrotowo jako DASD,
od ang. ,,dehumidified air spray drying”.

Samborska 1 wsp. [2019a] i Jedlinska i wsp. [2019] zastosowali metodg DASD
w suszeniu rozpylowym miodu. Autorzy jako pierwsi dzigki niej z sukcesem obnizyli zawartos$¢
nosnika w proszkach do 20% (w s.s., w/w), co wczesniej nie zaprezentowan0 W literaturze
dotyczacej suszenia rozpylowego miodu. Zmniejszenie wilgotnoSci powietrza suszgcego
pozwolito im na obnizenie temperatury suszenia do 75/50°C (wlot/wylot).
Ponadto, zaobserwowano wysoka wydajnos¢ procesu suszenia, powyzej 80%,
nawet w wariantach o niskiej zawartosci no$nika. Wyniki tych badan byly przestanka
do prowadzenia dalszych prac nad zastosowaniem metody DASD w suszeniu innych
surowcow, zmniejszeniem dodatku nosnikdéw ponizej 20% oraz aplikacja nosnikow innych niz
MD.
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3. CEL PRACY | HIPOTEZY BADAWCZE

Celem pracy doktorskiej byta analiza mozliwosci otrzymania innowacyjnych proszkow

spozywczych na bazie surowcéw o wysokiej zawartosci cukréw dzigki zastosowaniu

osuszonego powietrza w suszeniu rozpylowym. Proszki te miaty charakteryzowac si¢

zmniejszong zawarto$cig nosnika badz jego eliminacjg oraz podwyzszong zawarto$cig

zwigzkéw fenolowych i aktywnos$cig przeciwutleniajacg. W proszkach, w ktérych niemozliwe

bylo wyeliminowanie no$nika, badano mozliwos¢ zastgpienia maltodekstryny nos$nikami

wzbogacajagcymi proszki w warto§¢ dodang. Otrzymane proszki zostaty scharakteryzowane

pod wzgledem wilasciwosci fizycznych i zawartosci zwigzkow bioaktywnych oraz ich retencji

w czasie suszenia. Ponadto, zbadana zostata wydajnos¢ i energochtonno$¢ procesu suszenia.

Hipotezy badawcze:

H1.

H2.

H3.

H4.

H5.

Suszenie rozpylowe z wykorzystaniem osuszonego powietrza, poprzez obnizenie
temperatury suszenia, pozwala na zmniejszenie dodatku nos$nika suszarniczego lub jego

eliminacje.

Suszenie rozpylowe z wykorzystaniem osuszonego powietrza, poprzez obnizenie
temperatury suszenia, prowadzi do zmniejszenia efektu ,stickiness” i poprawy
wydajnosci suszenia oraz wlasciwosci fizykochemicznych proszkow o standardowej

zawartos$ci nosnika.

Suszenie rozpylowe z wykorzystaniem o0suszonego powietrza prowadzi do poprawy

sprawnosci cieplnej suszenia.

Suszenie rozpylowe z wykorzystaniem osuszonego powietrza umozliwia otrzymanie
proszkow o zwigkszonej zawartoSci zwigzkéw fenolowych oraz aktywnosci

przeciwutleniajace;j.

Maltodekstryna moze by¢ zastgpiona innymi nos$nikami, ktére wzbogacaja otrzymane

proszki w warto$¢ dodang.
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4. ORGANIZACJA BADAN, MATERIALY | METODY

4.1. Organizacja badan

Badania prowadzono w pieciu etapach, obejmujgcych eksperymenty zwigzane
z zastosowaniem do procesu suszenia rdéznych surowcow, ktore zostaly opublikowane
jako publikacje [P1], [P2], [P3], [P4] i [P5]. W poszczegdlnych etapach weryfikowano rozne
hipotezy badawcze, co zaprezentowano w Tabeli 2.

W I etapie pracy podstawowym surowcem byt midd gryczany (Fagopyrum esculentum
Moench). Roztwor podawany do suszenia (50% s.s., w/w) zawieral miod oraz MD lub mleko
w proszku (MP) jako no$niki suszarnicze, a stosunek zawartosci s.s. miodu do no$nika wynosit
50:50 lub 75:25 (w s.s., wiw).

W 11 etapie pracy podstawowym surowcem byta melasa z morwy biatej (Morus alba L.).
Roztwor podawany do suszenia (50% s.s., w/w) zawieral melas¢ oraz MD lub N jako no$niki
suszarnicze, a stosunek zawartosci s.s. melasy do no$nika wynosit 50:50, 60:40, 70:30, 80:20
lub 90:10 (w s.s. wiw).

W 1II etapie pracy podstawowym surowcem byt koncentrat soku z wisni (Prunus
cereasus L.). Roztwor podawany do suszenia (50% S.S., w/w) zawieral koncentrat oraz MD
lub MD z biatkiem grochu (PP) (1:1), a stosunek zawartosci s.s. koncentratu do nosnika wynosit
50:50 lub 70:30 (w s.s., w/w). Czeg$¢ badan w tym etapie wykonano w ramach wspotpracy
w Katedrze Biochemii i Chemii Zywnoéci (Wydzial Nauk o Zywnosci i Biotechnologii,
Uniwersytet Przyrodniczy w Lublinie)

W IV etapie pracy podstawowym surowcem byt koncentrat soku z wisni (Prunus
cereasus L.). Roztwor podawany do suszenia (50% s.s., w/w) zawieral koncentrat oraz MD
jako pojedynczy nosnik, MD z serwatkg w proszku (W) (1:1), MD z koncentratem biatek
serwatkowych w proszku (WPC) (1:1), MD z maslankg w proszku (1:1) oraz W jako
pojedynczy nosnik, a stosunek zawartosci s.s. koncentratu do nosnika wynosit 50:50 lub 70:30
(w s.s., wiw). Czgs¢ badan w tym etapie wykonano w ramach wspolpracy w Katedrze
Technologii Owocow, Warzyw i Nutraceutykow Roslinnych (Wydziatl Biotechnologii i Nauk
o Zywnoéci, Uniwersytet Przyrodniczy we Wroctawiu).

W V etapie pracy podstawowymi surowcami byty: koncentrat soku z czarnej porzeczki,
koncentrat soku z marchwi purpurowej, zageszczony sok z kiszonej kapusty, pulpa z mini Kiwi,

pulpa pomidorowa, pulpa z mango. Surowce te suszono bez dodatku no$nika.
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Tabela 2. Organizacja badan ze wskazaniem etapow, w ktorych weryfikowano poszczegodlne

hipotezy badawcze.

Etap badan

Hipoteza

1-[P1]
Miod gryczany

Nosniki: MD,
MP

50:50, 75:25*

Il-[P2]
Melasa
z morwy biatej

Nosnik: N

50:50, 60:40,
70:30, 80:20,
90:10*

- [P3]
Koncentrat soku
zZ wisni

Nosniki: MD,
MDPP

50:50, 70:30*

IV - [P4]
Koncentrat soku
Z wisni
Nosniki: MD,
MDWPC, MDW,
MDBM, W

50:50, 70:30*

V - [P5]
Koncentrat soku
z czarnej porzeczki,
koncentrat soku
z marchwi
purpurowej, pulpa
z mango, sok
z kiszonej kapusty,
pulpa pomidorowa,
pulpa mini kiwi

H1. Suszenie rozpytowe

z wykorzystaniem osuszonego
powietrza, poprzez obnizenie
temperatury suszenia,
pozwala na zmniejszenie
dodatku nosnika
suszarniczego badz jego
eliminacje

H2. Suszenie rozpytowe

z wykorzystaniem osuszonego
powietrza, poprzez obnizenie
temperatury suszenia,
prowadzi do zmniejszenia
efektu ,stickiness” i poprawy
wydajnosci suszenia

oraz wtasciwosci
fizykochemicznych proszkéw
o standardowej zawartosci
nosnika

H3. Suszenie rozpytowe

z wykorzystanie suszonego
powietrza prowadzi do
poprawy sprawnosci cieplnej
suszenia

H4. Suszenie rozpytowe

z wykorzystaniem osuszonego
powietrza umozliwia
otrzymanie proszkéw

o zwiekszonej zawartosci
zwigzkdéw fenolowych

oraz aktywnosci
przeciwutleniajacej

H5. Maltodekstryna moze by¢
zastgpiona innymi nosnikami,
ktére wzbogacajg otrzymane
proszki w wartos$¢ dodang

<+

<+

<+

* stosunek zawartosci s.s. surowca do nosnika w roztworze poddawanym suszeniu
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4.2. Materialy

— surowce: mioéd gryczany (Miody Mazurskie, Polska), melasa z morwy bialej
(NaturAvena, Polska), koncentrat soku z wisni (Biatuty, Polska), koncentrat soku
z czarnej porzeczki (Maspex, Polska), koncentrat soku z marchwi purpurowej (Maspex,
Polska), sok z kiszonej kapusty (Stoneczne Pole, Polska), owoce mini Kiwi (odmiana

Weiki), pulpa pomidorowa (EkoWital, Polka), pulpa z mango (Purena, Polska),

— nosniki: maltodekstryna DE15 (Amylon, Czechy, MD), odtluszczone mleko w proszku
(Mlekovita, Polska, MP), nutrioza FM10 (Roquette, Francja, N), serwatka w proszku
(Mlekovita, Polska, W), koncentrat biatek serwatkowych (Mlekovita, Polska, WPC),
maslanka w proszku (Zielony Klub, Polska, BM), biatko grochu (Nutralys S85F,
Roquette, Francja, PP),

— odczynniki: odczynnik Folina-Ciocalteau (POCH, Polska oraz Sigma-Aldrich, Polska),
ABTS (s6l diamonowa 2,2’-azobis(3-etylobenzotiazolino-6-sulfonianu) (POCH, Polska
oraz Sigma-Aldrich, Polska), AICIz (Sigma-Aldrich, Polska), NaOH (Sigma-Aldrich,
Polska), NaNO:> (Sigma-Aldrich, Polska), FeCls (Sigma-Aldrich, Polska), Ks[Fe(CN)e]
(Sigma-Aldrich, Polska), a-amylaza (52,7 U/mg) (Sigma-Aldrich, Polska), pankreatyna
(4 x UPS) (Sigma-Aldrich, Polska), pepsyna (541 U/mg) (Sigma-Aldrich, Polska),
ekstrakt zokci (Sigma-Aldrich, Polska).

4.3. Metody technologiczne

4.3.1. Przygotowanie materiatow do suszenia
W zaleznosci od rodzaju surowca, material do suszenia przygotowywano poprzez
mieszanie sktadnikow za pomoca mieszadta, wyciskanie surowca (pulpa z mini kiwi) z uzyciem
wyciskarki wolnoobrotowej NS-621CES (Kuvings, Korea) oraz zageszczanie (SOk z Kiszonej

kapusty) z wykorzystaniem wyparki Rotavapor R-124 (BUCHI, Szwajcaria).

4.3.2. Suszenie rozpytowe
Suszeniu rozpytowemu poddawano porcje 500 g, w dwoch powtorzeniach dla kazdego
wariantu eksperymentalnego. Stosowano suszarke rozpylowa MOBILE MINOR (GEA),
wyposazong w obrotowy dysk rozpylowy. Suszenia prowadzono dwoma sposobami: metoda
tradycyjna wysokotemperaturowa (SD) oraz niskotemperaturowg z zastosowaniem osuszonego
powietrza (z ang. Dehumidified Air Spray Drying — DASD). W wariantach DASD powietrze
osuszano przy uzyciu systemu ztozonego z jednostki chtodzacej TECH020 (TAEP50, MTA),
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osuszacza kondensacyjnego (SWEGON) oraz osuszacza adsorpcyjnego ML270 (MUNTERYS).
Predkos¢ obrotowa dysku wynosita 26000 obr./min, a szybko$¢ podawania roztworu 0,20 ml/s.

Zastosowano nast¢pujace parametry suszenia:

— SD (wilgotno$é bezwzgledna powietrza suszacego 9 g/m®):

temperatura suszenia (wlot/wylot): 180/80°C,

— DASD (wilgotno$¢ bezwzgledna powietrza suszacego < 0,3 g/m®):
temperatura suszenia (wlot/wylot): 80/50°C.

4.4. Metody analityczne

4.4.1. Analiza przebiegu procesu suszenia

Wydajnosé procesu suszenia [P1, P2, P3, P4, P5] wyrazano procentowo jako stosunek
ilosci suchej substancji zawartej w otrzymanym proszku (ktory zostal omieciony z komory

suszarki oraz zebrany z cyklonu) do zawarto$ci suchej substancji w roztworze przed suszeniem.
Zuzycie energii oraz sprawno$¢ cieplng wyrazano nastepujaco [P1]:

— zuzycie energii Q [KW] wyznaczono z rownania Q = (Ef — Ei)/t, gdzie Ei i Es[kWh] byty

odpowiednio poczatkowa i1 koncowa warto$cig zuzycia energii odczytanej z miernika

mocy (Pawbol), a t byto czasem suszenia rozpylowego,

— jednostkowe zuzycie energii (Es) wyrazono jako energi¢ zuzyta podczas suszenia

rozpytowego na 1 kg odparowanej wody,

— sprawnos$¢ cieplng (1) obliczono jako stosunek energii zuzytej do odparowania wody

do energii dostarczonej do suszarki rozpytowe;.

4.4.2. Analiza lepkosci roztworow podawanych do suszenia

Lepkos¢ roztworow analizowano za pomocg reometru MARS40 (Haake) ze wspotosiowa
geometrig cylindra [P1, P3, P4]. Probki mierzono w temperaturze 25°C, przy szybkosci
$cinania od 0 do 100 s™. Reogramy okre$lano za pomoca modeli empirycznych, a nastepnie
obliczano lepkos¢ jako zalezno$¢ naprg¢zenia Scinajacego i szybkosci $cinania (wszystkie

badane roztwory byty cieczami newtonowskimi).

4.4.3. Analiza wlasciwosci proszkow
— Zawarto$¢ wody (MC): suszarka komorowa (105°C/4 h) [P1, P2, P3, P4, P5],

— Aktywnos$¢ wody (aw): Hygro Lab Rotronic (25°C) [P1, P2, P3, P4, P5],
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Higroskopijnos¢ (H): metoda statyczna (1 g proszku przetrzymywano w 25°C
nad nasyconym roztworem NaCl przez 144 h; wyniki przedstawiono jako mase wody

zaadsorbowang przez 100 g proszku i wyrazano w procentach) [P1, P2, P3, P4, P5],

Morfologia czastek: skaningowy mikroskop elektronowy XL (Phenom), powigkszenie
500% lub 1000%, napigcie 5 kV [P1, P2, P3, P4, P5],

Wielko$¢ czastek (mediana Dso): analizator wielko$ci czastek z dyfrakcja laserowg 1190
(CILAS), do zdyspergowania proszkéw zastosowano etanol przy obskurancji max. 10%

[P1, P2, P3, P4, P5],

Temperatura przemiany szklistej (Tg): réznicowy mikrokalorymetr skaningowy DSM-
2M [P3, P4],

Gestos¢ nasypowa luzna (DL) i utrzgsiona (Dr): aparat STAV 2003 (Engelsmann AG)
[P1, P2, P3, P4, P5],

Sypkos$¢ proszku: okreslona poprzez obliczenie wspotczynnika Hausnera (HR) [P1, P2,
P3, P4, P5],

Gestos¢ pozorna (Dap): piknometr helowy (STEREOPYCNOMETR) [P1, P2, P3, P4,
P5],

Porowato$¢ ztoza (e): obliczona na podstawie wzoru e.=1-(D./Dap), gdzie Dy to gestos¢

nasypowa luzna, a Dap to gesto$¢ pozorna [P1, P2, P3, P4, P5],

Rozpuszczalnosé (WSI): zgodnie z metodg opisang przez Jafari i wsp. [2017] z kilkoma

modyfikacjami. Wynik wyrazono procentowo jako WSI (Water Solubility Index) [P5],

Barwa roztworow przed suszeniem, proszkOw po wysuszeniu oraz roztworéw
po odtworzeniu: kolorymetr CR-5 (Konica-Minolta), przestrzen barw CIE L*a*b* (L* -
jasnos¢, a* - udziat barwy czerwonej i zielonej, b* - udziat barwy niebieskiej i zottej)
[P1, P2, P3, P4, P5], wyznaczono calkowita zmian¢ barwy AE roztwordéw
po odtworzeniu w stosunku do roztwordéw przed suszeniem oraz indeks bragzowienia Bl
[P3, P4]:

AE = [(Ly — L)? + (a5 — a")* + (b — b)?,

a* +1.75L°
100 - ((5.645L* Ta - 0.3012b*) - 031)

0.17

BI =




— Aktywnos¢ przeciwutleniajgca:

= wobec roztworu ABTS; wyrazono jako st¢zenie [mgs.s/ml]  zdolne
do zneutralizowania 50% wolnych rodnikow w roztworze ABTS [P1, P2] oraz jako

réwnowazniki Trolox w mg/g s.s. proszku [P3, P4],

* metoda FRAP zgodnie z protokotem opracowanym przez Pulido i wsp. [2000];

wyrazono jako rownowazniki Trolox w mg/g s.s. [P3, P4],

— Zawarto$¢ zwigzkéw fenolowych za pomocg metody Folina-Ciocalteu [P2, P3]
oraz metodg UPLC [P5]. Ekstrakty do analizy UPLC wykonano zgodnie z metoda
opisang przez Wojdyto i wsp. [2014]. Analiz¢ zwigzkow fenolowych przeprowadzono
przy uzyciu systemu Acquity UPLC (Waters, Milford, USA) ze spektrometrem mas
Q-Tof (Waters, Manchester, Wielka Brytania). Wyniki przeanalizowano za pomocg
oprogramowania Empower 3 i wyrazono w mg/g s.S. proszku. Oznaczenia wykonano

dwukrotnie,

— Zawarto$¢ antocyjanéw [P3]: uzyto zestawu do oceny zawarto$ci antocyjanow
Bioguochem Llanera-Asturias zgodnie z procedurg producenta. Zawarto$¢ antocyjanow
ogdtem wyrazono w mg réwnowaznikow 6-O-glukozydu cyjanidyny (CGE) na g s.s.

proszku,

— Strawno$¢ in vitro i biodostgpnosé [P3]: zgodnie z metoda Brodkorb i wsp. [2019]. Probki
po trawieniu byly odwirowane (15 min/6978 x g) i nastgpnie zmieszane z metanolem
w stosunku 1:1, aby zatrzymac przebieg reakcji enzymatycznej, wyniki wyrazano jako
wzgledny wspotczynnik biodostepnosci (RBF), czyli stosunek stezenia zwigzkow
bioaktywnych (zwigzkéw fenolowych oraz antocyjanow) po symulacji trawienia
do stezenia po ekstrakcji chemicznej, oraz wzgledny wspotczynnik efektywnos$ci
antyoksydacyjnej (REF) czyli stosunek aktywnos$ci przeciwutleniajacej po symulacji

trawienia do aktywnosci po ekstrakcji chemiczne;,

— Wspotczynnik retencji zwigzkéw bioaktywnych (Retention coefficient - RC): w [P2]
zaproponowano nowy sposob wyrazania retencji zwigzkow  bioaktywnych
lub aktywnos$ci przeciwutleniajgcej, jako procentowe poréwnanie tych warto$ci
w surowcu obecnym w proszku z surowcem przed suszeniem, z wylgczeniem zawartosci

nos$nika; sposob ten zastosowano w omoéwieniu wynikow w [P2], [P3] i [P4].
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4.5. Metody statystyczne

Oznaczenia wykonywano w 3 powtdrzeniach, a wartosci przedstawiono jako warto$¢
$rednig z odchyleniem standardowym (+ SD) Przeprowadzono nast¢pujgce analizy statystyczne
(z wykorzystaniem programu STATISTICA 13.3): analiza wariancji ANOVA, test Tukey’a
(podzial na grupy jednorodne), korelacja Pearsona, analiza sktadowych gtéwnych PCA (wyniki
analizy prezentowane jako wykres biplot), analiza skupien HCA (wyniki analizy prezentowane

jako wykres dendrogram). Analizy zostaty przeprowadzone przy poziomie istotnosci a = 0,05.
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5. OMOWIENIE | DYSKUSJA WYNIKOW

5.1. Badanie mozliwos$ci zmniejszenia lub eliminacji dodatku no$nika suszarniczego
w wyniku zastosowania osuszonego powietrza w czasie suszenia rozpylowego
Weryfikacja hipotezy H1: Suszenie rozpylowe z wykorzystaniem osuszonego

powietrza, poprzez obnizenie temperatury suszenia, pozwala na zmniejszenie dodatku
nos$nika suszarniczego badz jego eliminacje.

Celem tej czesci pracy bylo zbadanie mozliwosci obnizenia zawarto$ci no$nika
badz jego eliminacji w wyniku zastosowania osuszonego powietrza w suszeniu
rozpytlowym. Wyniki pozwalajagce na weryfikacje tej hipotezy zaprezentowano
w publikacjach [P1]-[P5]. W celach poréwnawczych suszenie prowadzono roéwniez
metoda tradycyjng — wysokotemperaturowa. Zasadnicza przestanka, pozwalajaca
przypuszczaé, ze suszenie rozpytowe z wykorzystaniem osuszonego powietrza moze
prowadzi¢ do zmniejszenia dodatku no$nika suszarniczego badz jego eliminacji,
jest mozliwo$¢ suszenia w obnizonej temperaturze. Dzigki zmniejszeniu wilgotnosci
powietrza suszacego mozliwe bylo obnizenie temperatury suszenia, poniewaz niska
wilgotno$¢ powietrza suszacego zapewnita dodatkowa sile napedowa procesu
odparowania. Jak przedstawiono w przegladzie literatury, w nizszej temperaturze stopien
kleistosci (ang. ,,stickiness effect”) jest mniejszy. Wynika to z teorii, wedtug ktorej problem
kleistosci wystepuje, gdy temperatura materiatu w czasie suszenia przekracza o 20°C
warto$¢ Tgsuszonego materiatu [Bhandari i wsp. 1997a], a zatem istotne jest zmniejszenie
wilgotno$ci powietrza suszacego, poniewaz w konsekwencji umozliwia to na obniZenie
temperatury suszenia. W takich warunkach temperatura czastek rowniez jest nizsza,
co zapobiega przekroczeniu granicznej temperatury (Tg+ 20°C), powodujacej efekt
,»Stickiness”, 1 umozliwia uzyskanie proszku. Daje to mozliwos$¢ obnizenia zawarto$ci
lub eliminacji no$nika, ktory jest dodawany w celu podwyzszenia Tq materiatu.

W badaniach przedstawionych w publikacji [P1] hipotez¢ H1 weryfikowano
na przyktadzie suszenia roztworow miodu gryczanego. W ostatnich latach wzrosto
zainteresowanie badaczy proszkiem miodowym, co mozna zaobserwowa¢ w doniesieniach
naukowych oraz patentach. Przyktadowo, Nurhadi i wsp. [2012] otrzymali proszek z miodu
Perhutani z 50% dodatkiem MD oraz gumy arabskiej (GA), a Samborska i wsp. [2015]
uzyskali proszek z miodu rzepakowego oraz gryczanego z 50% zawartoscig GA (W S.S.,
w/w) jako nos$nikiem oraz 1-2% dodatkiem biatka - kazeinianu sodu. Z danych

literaturowych wynikato, ze zastosowanie klasycznego nos$nika - MD i standardowego
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suszenia rozpylowego w wysokiej temperaturze pozwala na osiggni¢cie maksymalnej
zawarto$ci miodu w proszku na poziomie 50% s.s. (w/w) [Samborska i wsp. 2019b,
Jedlinska i wsp. 2019]. Badania rozpoczeto zatem od tego poziomu zawarto$ci miodu,
a nastepnie zawarto$¢ nosnika obnizono do 25% s.s. (w/w). Wybrano dwa znacznie
réznigce si¢ od siebie rodzaje no$nikow: powszechnie stosowang MD oraz odtluszczone
MP, gwarantujace dodatkowo uzyskaé tzw. “czysta etykiete”, gdyz w sktad proszku
wchodzity jedynie produkty spozywcze, a nie substancje dodatkowe. Zastosowanie
osuszonego powietrza jako medium suszgcego umozliwito otrzymanie proszkow
o obnizonej zawarto$ci nosnikow (25% s.s.) zarowno w przypadku MD, jak i MP.
Uzyskanie proszkow metoda tradycyjna, wysokotemperaturowg o zredukowanej
zawarto$ci nos$nika nie bylo mozliwe ze wzgledu na zbyt duza réznice pomigdzy
temperaturg materialu w trakcie suszenia (temperatura powietrza wylotowego) a warto$cia
Tg. Przekroczenie wartosci Tg+ 20°C spowodowato, ze materiat pozostat w postaci gumy,
a nie zostal zamieniony do formy amorficznego proszku. W ostatnich latach Jedlinska
i wsp. [2019] oraz Samborska i wsp. [2019a] wysuszyli midd rzepakowy oraz spadziowy
z zastosowaniem osuszonego powietrza z dodatkiem prebiotycznej N i udato im si¢
otrzymaé proszek o 80% zwartosci miodu (w/w). Nalezy jednak podkreslic,
ze wczesniejsze doniesienia naukowe nie opisywaly udanych préb otrzymania proszku
miodowego o niskiej zawarto$ci nosnika (ponizej 50% s.s.) o cechach pozwalajacych
na stworzenie produktu o “czystej etykiecie”.

Proszki z miodem gryczanym z obnizong zawarto$cig nosnika charakteryzowaty si¢
najwigkszymi wydajno$ciami procesu suszenia (86,9% - z MD oraz 96,8% - z MP),
statystycznie istotnie wiekszymi niz pozostate warianty suszenia (Tabela 3). Przebieg
procesu suszenia rozpylowego miodu gryczanego zostal wczesniej zbadany tylko
przez Samborska 1 wsp. [2015]. Autorzy ci zanotowali wydajno$¢ w przedziale od 67,8
do 75,8%, jednak badania prowadzone byly przy innych parametrach, w tym przy wyzszej
temperaturze suszenia oraz przy wigkszej zawartos$ci nosnika (50% s.s., w/w). A zatem,
wysokie wydajno$ci procesu suszenia, wynoszace ponad 85%, nawet przy zmniejszonej
zawarto$ci nosnika, jakie uzyskano w tej czesci pracy, sa potwierdzeniem korzystnego
wplywu zmniejszenia wilgotnosci i temperatury powietrza na przebieg procesu suszenia
rozpytowego.

Zmniejszenie zawarto$ci no$nika spowodowato otrzymanie proszkéw o bardziej
sklejonych czastkach, tworzacych skupiska, co wynikalo z wyzszej zawarto$ci miodu

(Rys. 2). Nalezy jednak podkresli¢, ze pomimo morfologii wskazujacej teoretycznie
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na wysoka kleisto$¢ czastek i problematyczny przebieg procesu suszenia, nie znalazlo
to potwierdzenia w wydajnosci procesu, poniewaz oba warianty o zmniejszonej zawartosci
nosnika (DASDMD75 oraz DASDMP75) charakteryzowaty si¢ jednocze$nie najwyzszymi
wydajno$ciami suszenia.

Proszki 0 najwyzszym udziale miodu w przypadku obu nosnikéw (DASDMD75
oraz DASDMP75) charakteryzowaly si¢ najmniejsza higroskopijnoscia (H) wsrod
wszystkich otrzymanych wariantow?, co $wiadczy o korzystnym wplywie zastosowane;
innowacyjnej metody suszenia na ten parametr, takze przy niskiej zawartosci no$nika.
Uzyskane wyniki potwierdzaja doniesienia Bringas-Lantingua i wsp. [2016],
ktérzy zaobserwowali zmniejszenie H proszkow wraz z obnizeniem temperatury suszenia
w produkcji miodu wielokwiatowego. Suhag i Nanda [2016] oraz Jedlinska i wsp. [2019]
otrzymali proszki miodowe o wyzszej H w zakresie odpowiednio od 20,11 do 27,28%
oraz od 20,1 do 27,4%, co $wiadczy ponownie o pozytywnym wplywie zmniejszenia
wilgotnosci 1 temperatury powietrza suszacego na poprawe niektérych wilasciwosci

proszkéw miodowych, przy jednoczesnie znaczaco ograniczonej zawartosci nosnika.

2ZH=10,1 +0,6%% - DASDMD?75 oraz H = 11,9 £ 0,3%" - DASDMP75
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Tabela 3. Wydajnos¢ suszenia rozpylowego [%] przeprowadzonego metodg tradycyjna (SD, kolor
czerwony) oraz z zastosowaniem osuszonego powietrza (DASD, kolor niebieski) r6znych materiatow
z no$nikami (zawarto$¢ nosnika 10-50% s.s., oznaczenia 50-90 okreslaja udziat procentowy glownego
materialu w proszku w odniesieniu do suchej substancji) lub bez no$nika (oznaczenie 100); tlo oznacza
suszenia, ktore nie byty wykonywane.

Metoda suszenia | zawartost surowca w suchej substancii prosziu [w s.s., wiw)

Material
i nosnik

[P1] midd gryczany

E-

] [P2] mMelasa z morey biatej |

[P3] komoentrat soku z wisni |
KD

KMDPP

[Pa] Koncentrat soku 2 wisni |

KD

MOWPC

RADWA

MDEM

[P3] Pulpa z
mini kiwi

[P5] Przecier
pomidoronay
[F5]
Komcentrat
s0HU T CZarme]
porzeczki
[r5]
Koncentrat
soku 7 mardhwi
purpurowe]
[P5] Pulpa

T mango

[Fs]
ZEgREICZONY
sok 7 kiszongj
kapusty

* 50-100: udziat gldwnego surowca w suszonym roztworze i otrzymanym proszku (w s.s.. w/w)

** MD - maltodekstryna, MP - odttuszczone mleko w proszku, N - nutrioza, MDPP - mieszanka maltodekstryny i biatka grochu
(1:1), MDWPC - mieszanka maltodekstryny i koncentratu biatek serwatkowych (1:1), MDW - mieszanka maltodekstryny

i serwatki (1:1), MDBM - mieszanka maltodekstryny i maslanki (1:1), W - serwatka

a-g: réznice miedzy Srednimi warto$ciami oznaczonymi réznymi literami w ramach poszczegdlnych etapow/publikacji sg istotne
statystycznie (p < 0,05).
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Rys. 2. Zdjecia SEM (pow. 500%) czastek proszkow zawierajacych 50 i 75% miodu
gryczanego (w s.s., w/w) oraz maltodekstryne (MD) lub odtluszczone mleko w proszku (MP),

otrzymanych metoda tradycyjng (SD) oraz z zastosowaniem osuszonego powietrza (DASD)
[P1].

37



DASD70

DASD80 DASD90

Rys. 3. Zdjecia SEM (pow. 500%) czastek proszkow zawierajagcych 50-90% (w s.S., wiw)
melasy z morwy biatej oraz no$nik - nutrioze, otrzymanych metoda tradycyjna (SD)
oraz z zastosowaniem osuszonego powietrza (DASD) [P2].
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Rys. 4. Zdjecia SEM (pow. 500x%) czastek proszkow zawierajacych 50 1 70% (W s.s., W/W)
koncentratu soku z wisni oraz nosniki: maltodekstryne (MD) lub mieszanke (1:1, s.s., w/w)
maltodekstryny z biatkiem grochu (MDPP), otrzymanych metoda tradycyjna (SD)
oraz z zastosowaniem osuszonego powietrza (DASD) [P3].
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MD50SD MDWPC50SD LADYISLSY MDBMS50SD V508D,

D, [um] 67.8%3.7" 58.2+2.08 92.745.5 108.0+3.8 188.0£6.3%

MDBMS50DASD WSODAST

Dey [pm] 23.7£0.7¢ 40.9£1.0% 31.5%1.4% 44.2+1.9¢ 38.7+2.8%

8

46.1%4.5

Dy [pm] 34.3#1.0¢ 27.740.9% 43.1+3.9% 45.5+1.8'

=
100 um  mag. 500x

Rys. 5. Zdjecia SEM (pow. 500%) czastek proszkéw, zawierajacych 50 1 70% (w s.s., W/W)

koncentratu soku z wisni oraz no$niki: maltodekstryne (MD) lub mieszanke (1:1, s.s., w/w)

maltodekstryny z koncentratem biatek serwatkowych (MDWPC), maltodekstryny z serwatka
(MDW), maltodekstryny z maslanka (MDBM) oraz z samg serwatka (W), otrzymanych

metoda tradycyjng (SD) oraz z zastosowaniem osuszonego powietrza (DASD) [P4].
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Rys. 6. Wyglad proszkow oraz zdjecia SEM (pow. 1000x) czastek proszkow otrzymanych bez
dodatku no$nika z koncentratu soku z czarnej porzeczki (BC), pulpy z mango (M),
koncentratu z marchwi purpurowej (PC), z zageszczonego soku z kiszonej kapusty (S),
z pulpy z mini kiwi (KB) i z przecieru pomidorowego (T) otrzymanych metoda tradycyjng
(SD) oraz z zastosowaniem osuszonego powietrza (DASD) [P5].
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Warto takze zwrdci¢ uwage, ze proszki DASDMD75 oraz DASDMP75 wyrdzniaty
si¢ wigksza porowato$cig ztoza® niz proszki otrzymane metoda tradycyjng, co byto efektem
wystepowania skupisk czastek utrudniajacych upakowywanie si¢ ztoza. Taka wlasciwos¢
proszkdw moze przektada¢ si¢ na zwigkszong podatno$¢ na utlenianie w trakcie
przechowywania, w wyniku wystepowanie wickszej ilosci poréw wypelionych
powietrzem. Wariant o obnizonej zawartosci MD (DASDMD75) charakteryzowal si¢
najlepsza sypkosciag wérod wszystkich proszkow, pomimo wysokiej zawartosci miodu?,
co bylo efektem aglomeracji czastek. Shishir i wsp. [2014] takze zaobserwowat poprawe
sypkosci proszkéw wraz z obnizeniem temperatury suszenia oraz zawartosci nos$nika
w suszeniu rozpytowym rézowej gujawy (Psiudium guajava).

Po stwierdzeniu pozytywnego wplywu osuszonego powietrza na mozliwosé
zmniejszenia dodatku nosnika w proszku z miodem w badaniach przedstawionych
w publikacji [P1], w kolejnych badaniach, przedstawionych w [P2], podj¢to probe
otrzymania proszkéw o jeszcze mniejszej zawarto$ci nosnika. Jako material badawczy
zastosowano melas¢ z morwy biatej, a zawarto$¢ nosnika (prebiotycznej N) zmniejszano
w zakresie od 50 do 10% (w s.s., w/w). Podobnie jak poprzednio, w celach porownawczych
zastosowano  takze  wysokotemperaturowa  metode  suszenia  rozpylowego.
Jednakze, podobnie jak w przypadku miodu, wytworzenie proszkéw z melasg z morwy
bialej metoda tradycyjna nie byto mozliwe z zawarto$cig no$nika ponizej 50% s.s. (W/w).
Wynikalo to z profilu cukrowego surowca 1 wysokiej zawarto$ci glukozy (26,14 g/100 g)
oraz fruktozy (36,12 g/100 g), ktore charakteryzujg si¢ niskimi warto§ciami Ty (Tabela 1).
W zwigzku z powyzszym, zawartos¢ nosnika na poziomie 50% s.s. (w/w) byta punktem
wyj$ciowym do wytwarzania proszkdw z zastosowaniem osuszonego powietrza, a jego
zawarto$¢ finalnie zostata zmniejszona do zaledwie 10% s.s. (w/w). Nalezy podkreslic,
ze jest to wynik, ktory do tej pory nie zostal zaprezentowany w literaturze dla materiatu
o wysokiej zawartosci cukrow prostych. Dostepne dane literaturowe dostarczajg informacji
0 otrzymaniu proszku z miodu rzepakowego oraz spadziowego o zmniejszonej do 20%
(ws.s., w/w) zawartos$ci nosnika [Jedlinska i wsp. 2019, Samborska i wsp. 2019b]. Autorzy
zaobserwowali bardzo duzg wydajnos¢ procesu, powyzej 90%, przy jednoczesnie bardzo
matej zawarto$ci nosnika, dzigki zastosowaniu osuszonego powietrza oraz obnizeniu
temperatury suszenia. Goula i Adamopoulos [2010] wysuszyli koncentrat soku

pomaranczowego z zawartoscig MD jako no$nika zmniejszong do 20% (w s.s, w/w),

3¢ = 67,8 +0,8%¢ - DASDMD?75 oraz & = 60,6 + 1,0%° - DASDMP75
4HR = 1,17 + 0,022
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stosujac system osuszania powietrza. Badacze zanotowali takze wysoka wydajnos¢ procesu
suszenia - do 88%.

Wydajnos¢ procesu suszenia wariantu o zawartosci nosnika zmniejszonej do 10%
(W s.s., w/w) wynosita 64%, co jest niezwykle satysfakcjonujagcym wynikiem (Tabela 3),
chociaz istotnie nizszym (p < 0,05) od pozostatych wariantow, ktore charakteryzowaly si¢
wydajnoscig w zakresie od 71,5 do 96,5%. Zmniejszenie zawartosci nos$nika jako
konsekwencja zmniejszenia wilgotno$ci powietrza, nie wplyneta jednak istotnie
na popraw¢ wydajnosci procesu suszenia. Samborska i wsp. [2019a] oraz Jedlinska 1 wsp.
[2019] takze zastosowali powietrze o zmniejszonej wilgotnosci w celu otrzymania
proszkow o wysokiej zawarto$ci cukrow prostych przy zmniejszonej zawartosci nosnika.
Samborska i wsp. [2019a] uzyskali proszek z miodu rzepakowego o zawartosci nosnika
zmniejszonej do 20%, przy wysokiej wydajnosci powyzej 80%. Jedlinska i wsp. [2019]
wysuszyli miod rzepakowy oraz spadziowy rowniez o zmniejszonej do 20% zawartosci
no$nika, notujgc wydajnos¢ dla proszku z miodu spadziowego powyzej 90%.

Morfologia czastek proszkow o zwigkszajacym si¢ udziale melasy réznita sig¢
od proszkow o tradycyjnej zawartos$ci nosnika (50% w s.s., w/w), zarowno wytworzonych
przy uzyciu suszenia konwencjonalnego, jak i z zastosowaniem osuszonego powietrza
(SD50, DASD50) (Rys. 3). Im wigksza byta zawarto$¢ melasy, tym czastki miaty gladsze
powierzchnie, co moglo wynika¢ z plastyfikujacego efektu cukrow prostych.
Rownoczesnie, warto zwroci¢é uwage na proszek o najmniejszej zawartosci nosnika
(DASD90), poniewaz wyroznial si¢ on czastkami widocznie bardziej posklejanymi
oraz potaczonymi ptynnymi mostkami, co zwigzane bylo z bardzo duza zawartoscig melasy
w proszku i wskazywato na podwyzszong kleistos¢. Podwyzszona kleisto$¢ zostata takze
potwierdzona najnizsza wydajno$cig procesu suszenia, w przeciwienstwie do poprzednich
wynikéw dotyczacych suszenia miodu, gdzie proszki o najbardziej zmienionej morfologii
(posklejane czastki) charakteryzowaly si¢ wysoka wydajnoscig. Jednakze, podobna
zalezno$¢ zmienionej morfologii i zmniejszonej wydajnosci zostala takze zaobserwowana
przez Samborska i wsp. [2019a] oraz Samborskg i wsp. [2020]. Nalezy jednak podkresli¢,
ze proszek zawierajacy tylko 10% nos$nika (w s.s., w/w) (DASD90) wykazal mniejsza
sktonno$¢ do sklejania niz proszki miodowe zawierajace 20% nos$nika (w s.s., W/w)
otrzymane przez Samborskg 1 wsp. [2019a] oraz Jedlinska 1 wsp. [2019]. Rozktad wielkosci
czastek wszystkich proszkéw wysuszonych metoda DASD miat wezszy zakres

(do 100 um) niz proszku otrzymanego metoda tradycyjna (SD50) (do 300 pm),
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co $wiadczy o tatwiejszym przebiegu procesu suszenia i korzystnym wplywie obnizenia
temperatury procesu suszenia w wyniku zmniejszenia wilgotnosci powietrza suszacego.

Proszek o najwiekszej zawarto$ci melasy (DASD90) charakteryzowat si¢ najwieksza
zawartoscia wody (MC = 5,5 + 3,2%), jednakze rownoczeénie wyrézniat si¢ najmniejsza
aktywnoscig wody (aw= 0,133 + 0,004%), co $wiadczyto o wystgpieniu wody zwigzanej
strukturalnie, a wigc niedostegpnej dla rozwoju mikroorganizméw. Proszki
0 zmniejszajacym si¢ udziale no$nika roznily si¢ od siebie istotnie pod wzgledem wartosci
MC - warianty o zawartosci 10 oraz 30% no$nika (w s.s., w/w) wyrdznialy si¢ najwieksza
wartoscia MC®. Wicksza zawarto$é melasy w roztworze podawanym do suszenia,
czyli wigksza zawarto$¢ cukrow prostych, przyczyniata si¢ do trudniejszego odparowania
wody, z powodu tendencji czastek do sklejania si¢ oraz wigzania wody przez cukry.
W wyniku tych zjawisk proszki charakteryzowaty si¢ wyzsza wartoscia MC [Goula
i Adamopoulos 2008, Bhandari i Hartel 2002]. W przypadku aw otrzymanych proszkoéw
zaobserwowano odwrotng zalezno$¢ - zmniejszanie wartosci tego parametru
wraz ze zmniejszeniem zawartosci nosnika®. Do podobnych obserwacji doszli Samborska
i wsp. [2019a], ktorzy otrzymali proszki z miodu rzepakowego z dodatkiem MD i/lub N.
Byto to ttumaczone wigzacym dziataniem cukrow na czasteczki wody.

Zanotowano takze istotny wplyw zmniejszenia dodatku nosnika na H proszkow.
Wraz ze zmniejszajacym sie udziatlem N, wzrastala wartos¢ H'. Zjawisko to mogto byé
konsekwencja porowato$ci proszkow, ktora takze zwigkszala si¢ z redukcja udzialu
nosnika. Znaczgca porowatos¢ proszkow moze prowadzi¢ do zwigkszonej adsorpcji wody
w wyniku wigkszej powierzchni wehtaniania. Kolejng przyczyng mogt by¢ wzrost udziatu
melasy w proszkach, co spowodowato zwigkszenie zawartosci cukrow prostych,
charakteryzujacych si¢ wysoka wartoscia H. Do podobnych wnioskéw doszli takze
Muzaffar i Kumar [2015], Ferrari i wsp. [2012] oraz De Souza i wsp. [2015],
pomimo suszenia innych surowcow z zastosowaniem wysokiej temperatury oraz innych
nos$nikow.

Zwigkszenie udzialu melasy w otrzymanych proszkach nie pogorszyto ich sypkosci®.

Jedlinska 1 wsp. [2019] takZze zanotowali podobne obserwacje w przypadku suszenia

SMC =49+ 1,0%% - DASD70, MC = 5,5 + 3,2% - DASD90

®aw= 0,233 +0,006° - DASD50, aw= 0,186 = 0,009¢ - DASD60, aw= 0,184 + 0,009¢ - DASD70, aw= 0,155 +
0,005° - DASDS80, aw= 0,133 + 0,004% - DASD90

"H=22,7+0,3%* - DASD50, H = 26,1 + 0,8%" - DASD60, H = 27,9 + 0,7%° - DASD70, H = 28,6 + 2,0% -
DASDS80, H =30,1 = 0,6%" - DASD90

8 HR = 1,14 + 0,033 - DASD50, HR = 1,17 £ 0,09% - DASD60, HR = 1,19 + 0,06%° - DASD70, HR = 1,26 +
0,05° - DASD80, HR = 1,24 + 0,082 - DASD90

44



rozpytowego miodu z zastosowaniem osuszonego powietrza oraz o zmniejszonej do 20%
(w s.s., w/w) zawartosci nos$nika. Jak wczesniej wspomniano, wraz z redukcjg udziatu N,
porowato$é¢ proszkow zwiekszata sie®. Byto to efektem sklejania sie czastek w wyniku
zwigkszajacego si¢ udzialu melasy w proszkach, co przyczynito si¢ do utworzenia wielu
przestrzeni mig¢dzyczasteczkowych wypetnionych powietrzem.

W przypadku parametrow barwy, zaobserwowano istotny wplyw zmniejszajacej si¢
zawartoéci noénika na jasno$¢ otrzymanych proszkow!®. De Souza i wsp. [2015]
zanotowali takg samg zalezno$¢ w proszkach z pigmentem, otrzymanych z produktéw
ubocznych w procesie winifikacji winogron, co wynikalo ze zmniejszonego udzialu
bialego nosnika. W badaniach [P2] stwierdzono takze wplyw zmniejszonej zawartosci
nosnika na parametry a* oraz b*. Proszki ze zmniejszajacym si¢ udziatem N
charakteryzowaty sie wiekszym udzialem barwy czerwonej!! oraz zoéttej!2. Daza i wsp.
[2016] takze stwierdzili wzrost parametru a* oraz b* w proszkach z ekstraktu z Cagaita
(Eugenia dysenterica DC) w wyniku zmieniajgcego si¢ rozcienczenia roztworu.

Kolejnym materialem testowanym pod katem mozliwosci zmniejszenia zawartosci
nosnika byt koncentrat soku z wi$ni, wybrany ze wzgledu na, podobnie jak wczesniej, duzg
zawarto$¢ cukrow prostych, lecz dodatkowo takze duza zawarto$¢ kwaséw organicznych.
Kwasy organiczne zawarte w sokach oraz koncentratach owocowych, takie jak kwas
cytrynowy, kwas jabtkowy czy kwas winowy charakteryzuja niskg wartos$cig Ty,
odpowiednio 15,73°C, 11,03°C oraz 20,57°C [Roustapour i wsp. 2006]. W badaniach,
przedstawionych w publikacji [P3] jako nos$niki zastosowano MD oraz mieszank¢ MD
z PP w stosunku 1:1 (s.s., w/w). Mozliwe bylo otrzymanie proszkéw o zawartosci
nosnikéw zmniejszonej z 50 do 30% (w s.s., w/w) w wyniku zastosowania 0suszonego
powietrza jako medium suszacego. Zaobserwowano istotny (p < 0,05) wptyw zawartos$ci
nosnika na warto$¢ Tg - zmniejszenie zawarto$ci nosnika spowodowalo obnizenie Tg
proszkow'®, co zwiazane bylo z wiekszym udziatem koncentratu soku z wisniw proszku

(koncentrat charakteryzowat si¢ wysoka zawartoscig glukozy - 40,68% i fruktozy - 30,28%

oL =54,5+1,4% - DASD50, & = 59,2 + 3,2%" - DASD60, & = 61,3 + 1,5% - DASD70, & = 64,7 + 1,0%% -
DASDS80, e = 68,5 + 4,2%° - DASD90

0| *=63,3 +0,4¢ - DASD50, L* = 60,5 + 0,4d - DASD60, L* = 56,9 = 0,3¢c - DASD70, L* = 53,4 + 0,4b -
DASDS80, L* =51,2 + 0,3a - DASD90

1 a*=5_8+0,22- DASD50, a* = 7,1 + 0,2°- DASD60, a* = 8,6 + 0,3% - DASD70, a* = 10,8 + 0,3° - DASDS0,
a*=11,9+0, 1f DASD90

12 p* = 30,9 + 0,4%- DASD50, b* = 33,4 +0,7°- DASD60, b* = 35,9 + 0,5¢ - DASD70, b* = 39,0 + 0,5% -
DASDS80, b* = 40,3 + 0,2¢ - DASD90

BTy=219+0 2°Cb DASDMD70 vs Tg=44.5 = 0.1F- DASDMD50; oraz Tg= 13,3 + 0,1°C? - DASDMDPP70
vs Tg=32,3 +0,2° - DASDMDPP50
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0 niskiej wartosci Tg). Wiedza na temat wartosci Tg jest niezwykle istotna do wyjasnienia
zjawiska otrzymania sypkich proszkoéw o niskiej zawarto$ci nosnika (30% s.s., w/w),
przy jednoczes$nie niskiej wartosci Tg wyprodukowanego proszku, i jej powigzania
z wydajnoscig procesu suszenia. Mozliwo§¢ otrzymania sypkich proszkow
przy zastosowanych parametrach oraz dodatku no$nika wynikata ze zwigzku migdzy
faktyczng temperaturg czastek w trakcie suszenia oraz temperatura, przy ktorej nastepuje
ich sklejenie. Nalezy podkresli¢, ze uwaza si¢, ze temperatura na powierzchni czastek
W trakcie suszenia osigga temperature 10-20°C nizszg niz temperatura na wylocie suszarki
(ktora w czasie suszenia DASD wynosita 55°C). Dodatkowo, sklejenie si¢ czastek, ktore
moze wystgpi¢ w trakcie suszenia jako efekt przejscia ze stanu szklistego do stanu gumy,
zachodzi, gdy temperatura na powierzchni czastek jest o 10-20°C wyzsza niz wartos¢ Ty.
Majac na uwadze powyzsze zalozenia, mozna stwierdzi¢, ze krytyczna temperatura
materialu nie zostala osiggnigta, a wigc otrzymano sypkie proszki zardwno w temperaturze
55°C (suszenie DASD) oraz 80°C (suszenie SD) na wylocie. Jednakze, w przypadku
tradycyjnego suszenia wysokotemperaturowego (SD) nie bylo mozliwe otrzymanie
sypkich proszkdéw o zawartosci no$nika mniejszej niz 50% (w s.s., w/w), gdyz w tym
przypadku temperatura materiatlu byla powyzej granicznej wartosci, umozliwiajacej
przejscie ptynnego roztworu w stan amorficzny szklisty.

Tylko kilku badaczy podj¢to si¢ w swoich pracach analizy przebiegu procesu
suszenia rozpytowego koncentratow oraz sokéw wisniowych. Can Karaca i wsp. [2016]
otrzymali proszki wisniowe metoda tradycyjna SD o zawartosci 25, 35,7 oraz 50%
koncentratu (w s.s.). Autorzy zaobserwowali wydajno§¢ procesu suszenia do 92%,
jednakze nalezy podkresli¢, ze byt to proszek o zawarto$ci az 75% maltodekstryny (w s.s.)
oraz otrzymany w temperaturze powietrza wlotowego 140°C. W publikacji [P3]
zanotowano mniejsza (DASDMDPP70) badz bez istotnej roznicy (DASDMD70)
wydajnos¢ procesu suszenia w poréwnaniu do proszkdw otrzymanych zar6wno metoda
konwencjonalng oraz z zastosowaniem o osuszonego powietrza o tradycyjnej zawartosci
nosnika (SDMD50, DASDMDS50, SDMDPP50, DASDMDPP50) (Tabela 3). Nalezy
zwréci¢ uwage, ze koncentrat soku z wisni ze wzgledu na wysoka zawarto§¢ zarowno
cukréw prostych, jak i kwaséw organicznych 0 niskiej Tg, moze by¢ uznany za materiat
trudny do wysuszenia, pomimo obnizZenia temperatury suszenia w wyniku aplikacji
osuszonego powietrza w przypadku niskiej zawartosci takich nos$nikow jak MD
oraz mieszanka MD i PP.

Morfologia czastek proszkéw o zmniejszonej zawartosci no$nikow nie roznita sig
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istotnie od wariantow wysuszonych w wysokiej temperaturze o tradycyjnej zawartosci
nos$nikow (SDMD50, SDMDPP50), a mediana wielkosci czastek Dsg byta nawet istotnie
(p <0,05) mniejsza, co dowodzi zasadno$ci zastosowania osuszonego powictrza
oraz obnizonej temperatury w suszeniu rozpylowym tego materiatu (Rys. 4). Nalezy
podkresli¢, ze proszek o najmniejszej zawartosci mieszanki MDPP, ktory charakteryzowat
si¢ tendencja do sklejania czastek, charakteryzowat si¢ najmniejsza wydajnoscig procesu
suszenia, co $wiadczy 0 najtrudniejszym przebiegu procesu. W przypadku najmniejszego
udzialu MD w proszku nie zaobserwowano takiej zaleznos$ci. Ponadto, zanotowano
poprawe sypkosci (HR) proszkéw o zredukowanej zawartosci nosnikal* w poréwnaniu
do wariantow o 50-procentowej zawartosci nosnika, wysuszonych zarowno w wysokiej,
jak i niskiej temperaturze (SDMD50, DASDMD50, SDMDPP50, DASDMDPP50).
Walton [2000] stwierdzit, ze proszki o duzych, sferycznych czastkach charakteryzuja si¢
lepsza sypko$cia, co potwierdzono w przypadku wariantu DASDMDPP70,
wyrozniajacego si¢ najwicksza mediang wielkosci czastek Dso (139,7 = 8,4 um?).
W przypadku zaréwno MC?, jak i aw'® stwierdzono takie same zaleznosci jak w publikacji
[P2]. Zanotowano zwickszenie wartosci MC oraz zmniejszenie aw wraz ze zredukowang
zawarto$cig nosnika. Podobnie jak w proszkach z melasy z morwy biatej [P2] mogto to by¢
wynikiem wigkszego udzialu zawartosci koncentratu o duzej zawartosci cukréw prostych
w roztworze podawanym do suszenia. Zdolnos¢ cukrow prostych do wigzania wody
wplyneta na zwigkszenie wartosci MC w wariantach o najmniejszym dodatku no$nikow.
Ponadto zanotowano takze istotny wplyw zmniejszenia dodatku no$nika na indeks
brazowienia (BI). Proszki o najwickszym Bl wyroznialy si¢ najmniejszg zawartoscia
no$nikéw'’. Mozna wigc stwierdzi¢, ze zmniejszona zawarto$¢ nosnika w wyniku
zastosowania osuszonego powietrza nie byla wystarczajaca, aby zapobiec bragzowieniu,
pomimo obnizonej temperatury suszenia.

Warto zwrdci¢ uwage, ze proszki wisniowe o mniejszej zawartosci no$nika
charakteryzowaty sie wartoscia Tq nizsza badz bliska temperatury pokojowej*8. Istotne jest
wigc, aby proszki byly przechowywane w warunkach chlodniczych w szczelnie

zamknietych, barierowych opakowaniach, poniewaz w temperaturze pokojowej moze

4 HR = 1,16 + 0,032 - DASDMD70 oraz HR = 1,16 + 0,032 - DASDMDPP70

15 MC = 4,7 + 0,6%" - DASDMDS50, MC = 6,2 + 0,5%¢ - DASDMD70, MC = 5,6 + 0,6%% - DASDMDPP50,
MC = 8,4 + 0,3%¢ - DASDMDPP70

16 3y = 0,188 = 0,007¢ - DASDMD50, ay, = 0,130 % 0,008° - DASDMD?70, ay = 0,202 + 0,007¢ - DASDMDPP50,
aw = 0,165 £ 0,002¢ - DASDMDPP70

7 B|=74,8 + 1,60 - DASDMD70 oraz Bl =8 3,8 + 1,7¢ - DASDMDPP70

18T,=21,9 + 0,2°C - DASDMD70 oraz Ty= 13,3 = 0,1°C - DASDMDPP70
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dojs¢ do ich przejscia do postaci gumy i utracenia wlasciwosci sypkiego produktu. Ponadto,
adsorbowana w trakcie przechowywania woda moze przyczyni¢ si¢ dodatkowo do
obnizenia Tg materiatu, gdyz woda odgrywa role plastyfikatora [Roos 2010].

W kolejnym etapie badan [P4] surowcem ponownie testowanym pod katem
mozliwo$ci redukcji zawarto$ci nosnika byt koncentrat soku z wisni, a jako nosniki
zastosowano MD, mieszank¢ MD z WPC, mieszank¢ MD z W, mieszank¢ MD z BM
w stosunku 1:1 (s.s., w/w) oraz samg serwatke (W). Mozliwe bylo otrzymanie proszkéw
o zawarto$ci no$nikow zmniejszonej z 50 do 30% (w s.S., W/w) w wyniku zastosowania
metody DASD. W przypadku badania wplywu zmniejszenia dodatku no$nika
na wydajno$¢ procesu suszenia zanotowano pogorszenie badz brak istotnej réznicy
po zwigkszeniu udziatu koncentratu w proszku (Tabela 3).

Poréwnujac warianty z tym samym rodzajem nosnika, ale o jego obnizonym udziale,
czastki otrzymanych proszkow wykazywaty wigksza tendencje do sklejania si¢ 1 tworzenia
ptynnych mostkéw oraz konglomeratow (Rys. 5), co $wiadczyto o trudniejszym przebiegu
procesu suszenia. Zmniejszenie dodatku no$nika przyczynitlo si¢ do zwigkszenia
zawartosci wody (MC) w otrzymanych proszkach®®. Tak jak w przypadku poprzednich
badanych surowcow byto to efektem zdolnosci cukrow obecnych w koncentracie
do wigzania wody. Z tego samego powodu zaobserwowano takze zmniejszenie wartosci aw
w wariantach o zwickszonym udziale koncentratu®®. W przypadku T4 zanotowano istotne
obnizenie tego parametru wraz ze zmniejszaniem dodatku nosnika?!, co bylo efektem
zwigkszonego udzialu koncentratu 1 w efekcie takze obecnosci wigkszej ilosci cukrow
prostych, ktore charakteryzuja si¢ niskg wartoscig Tq. Zmniejszenie udziatu no$nika
wplyneto takze na poprawe sypkosci proszkéw (z wyjatkiem wariantu z samg W)?2,

W kolejnym etapie badania kontynuowano, zmierzajac do eliminacji nosnika.

19 MC = 4,4 + 0,4%° - MD50DASD, MC = 5,9 + 0,7%¢ - MDWPC50DASD, MC = 5,9 + 0,4%¢ -
MDWS50DASD, MC = 6,9 + 0,1%¢ - MDBM50DASD, MC = 8,0 = 0,2%¢ - W50DASD, MC = 6,1 = 0,5%¢ -
MD70DASD, MC = 8,7 + 0,5%¢ - MDWPC70DASD, MC = 8,3 + 0,5%¢ - MDW70DASD, MC = 9,4 + 0,4%' -
MDBM70DASD, MC = 9,6 + 0,4%" - W70DASD

20 3, = 0,189 + 0,004" - MD50DASD, ay = 0,206 % 0,004' - MDWPC50DASD, aw = 0,157 + 0,003 -
MDWS50DASD, ay = 0,204 + 0,006' - MDBM50DASD, ay = 0,141 + 0,003% - W50DASD, ay, = 0,136 + 0,003
- MD70DASD, aw = 0,128 + 0,003 - MDWPC70DASD, a,, = 0,095 + 0,003° - MDW70DASD, a,, = 0,172 +
0,006% - MDBM70DASD, a, = 0,110 = 0,004° - W70DASD

21Ty =444 +0,1°Ci - MD50DASD, Ty = 43,5 + 0,1°C' - MDWPC50DASD, Ty = 43,1 + 0,1°Chi - MDWDASD,
Ty = 46,2 +0,0°C' - MDBM50DASD, Ty = 32,5 + 0,0°C" - W50DASD, Ty = 21,6 + 0,1°C® - MD70DASD, Ty =
28,7+ 0,1°C¢ - MDWPC70DASD, Ty = 26,8 + 0,1°C¢ - MDW70DASD, T, = 21,8 + 0,3°C® - MDBM70DASD,
Ty= 17,7+ 0,1°C? - W70DASD

2 HR = 1,24 + 0,02% - MD50DASD, HR = 1,23 + 0,02¢ - MDWPC50DASD, HR = 1,45 + 0,03" -
MDWS50DASD, HR = 1,41 + 0,039 - MDBM50DASD, HR = 1,32 + 0,02¢ - W50DASD, HR = 1,15 + 0,022 -
MD70DASD, HR = 1,19 + 0,01° - MDWPC70DASD, HR = 1,37 + 0,027 - MDW70DASD, HR = 1,25 + 0,02¢ -
MDBM70DASD, HR = 1,33 + 0,03 - W70DASD
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Podjeto probe wytworzenia proszkow skladajagcych si¢ wylacznie z  pulp
badz koncentratow owocowych i/lub warzywnych. Wyniki tych badan przedstawiono
w publikacji [P5]. W efekcie zastosowania zmniejszonej wilgotnosci i temperatury
powietrza mozliwe byto otrzymanie proszkow calkowicie pozbawionych nos$nika
z: koncentratu soku z czarnej porzeczki, koncentratu soku z marchwi purpurowej, pulpy
z mango, pulpy pomidorowej, pulpy z mini kiwi, zaggszczonego soku z kiszonej kapusty.
Natomiast zastosowanie metody tradycyjnej SD doprowadzito do uzyskania proszkéw bez
dodatku nosnika wylacznie w przypadku pulpy pomidorowej oraz pulpy z mini kiwi.
Mogto to wynikac ze sktadu tych surowcow, bogatych w pektyny oraz btonnik pokarmowy
[Baranowska-Wojcik i Szwajgier 2019, Del Valle i wsp. 2006]. Zaréwno naturalnie
wystepujace pektyny, jak 1 btonnik mogly spetni¢ role nosnikoéw polisacharydowych.
Ich rola jako no$nikéw zostata zbadana m.in. przez Pieczykolan i Kurek [2019]
w mikrokapsutkowaniu antocyjandbw z aronii oraz Kaderides i Goula [2019]
w mikrokapsutkowaniu zwigzkéw fenolowych ze skorki grejpfruta. Nalezy podkreslié,
ze proszek otrzymany z zageszczonego soku z kiszonej kapusty jako jedyny wariant nie
zostat poddany dalszym badaniom, poniewaz po opuszczeniu cyklonu przechodzit bardzo
szybko w stan gumy w temperaturze pokojowej. Otrzymane wyniki stanowig wazny postep
W rozwoju suszenia rozpylowego surowcoOw u wysokiej zawartosci cukrow prostych,
poniewaz tylko kilka zespotéw badawczych podjeto si¢ badania problemu suszenia
proszkow bez dodatku no$nika suszarniczego, jednakze badali oni materiaty, ktore nie sa
uznawane za typowe surowce o wysokiej zawartosci cukrow prostych [Chin i wsp. 2008,
Goula i wsp. 2021, Pereira i wsp. 2020, Zotarelli i wsp. 2022]. Przyktadowo, Chin i wsp.
[2008] otrzymali proszek z pulpy z duriana w wyniku tradycyjnego suszenia rozpylowego
w temperaturze 160°C i1 zaobserwowali 99-procentowe straty zwigzkow lotnych. Goula
i Adamopoulos [2004] zbadali suszenie rozpylowe pulpy pomidorowej w temperaturze
powietrza wlotowego 110-140°C metodg tradycyjng oraz z systemem osuszonego
powietrza i stwierdzili, ze w obu metodach wraz ze zwigkszeniem stezenia roztworu
zwickszata si¢ wielko$¢ czastek otrzymanego proszku. Jedlinska i wsp. [2021] uzyskali
proszek z pulpy z buraka z zastosowaniem osuszonego powietrza w temperaturze
powietrza wlotowego 90 i 130°C. Autorzy podali, ze wydajno$¢ procesu suszenia
w przypadku wariantu otrzymanego w temperaturze 130°C byta powyzej 90%.

Jak wczesniej wspomniano, suszenie rozpylowe w skali laboratoryjnej mozna uzna¢

za satysfakcjonujace, jesli uzyskuje sie wydajnos¢ procesu powyzej 50%. Zgodnie z tym
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stwierdzeniem wydajnosci proszkow otrzymanych z koncentratu z marchwi purpurowe;
(60,9£1,7% dla PC/DASD) oraz z czarnej porzeczki (73,7+6,7% dla BC/DASD) moga
zosta¢ uznane za akceptowalne (Tabela 3). Jednakze, warto podkresli¢, ze pomimo niskich
wydajnosci pozostatych wariantow (< 48%), mozliwe bylo uzyskanie sypkich proszkoéw
bez dodatku no$nika, co jest istotnym osiaggni¢gciem w suszeniu rozpytowym. Demircan
1 Velioglu [2023] wysuszyli rozpylowo puree z marchwi purpurowej metoda tradycyjna
Z MD jako no$nikiem i1 zanotowali wydajnosci od 82,59 do 97,14%. Nalezy jednak
podkresli¢, ze autorzy zastosowali 15-35-procentowy dodatek no$nika, inne parametry
suszenia (170-190°C) oraz surowiec w postaci puree, a wigc zawierajacy takze blonnik,
ktéry mogt utatwic przebieg procesu suszenia.

Czastki proszku z koncentratu z czarnej porzeczki (BC/DASD) istotnie wyrdzniaty
si¢ swojag morfologia wérod innych proszkéw - byly mniej sferyczne i taczyly si¢
w skupiska przez ptynne mostki, tworzagc konglomeraty (Rys. 6). Mozna wigc na tej
podstawie uznaé, ze przebieg procesu suszenia tego surowca byt trudniejszy niz
pozostatych proszkow. Z drugiej jednak strony, wariant ten wyrdzniat si¢ najwyzsza
wydajnoscig suszenia, co $wiadczy o latwiejszym przebiegu procesu. W zwigzku
z powyzszym, prawdopodobng przyczyng wyzszej wydajnosci byt wiekszy rozmiar czastek
(Dso = 68,0 + 1,3 um?), ktory przyczynit sie do poprawy wydajnosci cyklonu. Proszek ten
wyrdzniat si¢ takze bimodalnym oraz najszerszym rozktadem wielkos$ci czastek, co byto
wynikiem tendencji do sklejania si¢ czastek, jednak jednocze$nie przyczynito sie,
jak wczesniej wyjasniono, do poprawy wydajnosci procesu suszenia. Wariant otrzymany
z pulpy z mango (M/DASD) charakteryzowat si¢ czastkami o malej $redniej $rednicy
(Dso = 23,7 + 1,3 um?), co bylo wartoscia znaczaco mniejsza niz dane przedstawiane
w literaturze. Zotarelli i wsp. [2017] takze wysuszyli rozpylowo pulpg z mango bez dodatku
nos$nikow, jednakze metoda tradycyjna i1 zanotowali warto$¢ Dsp rowna 198 pm.
W zwigzku z powyzszym mozna stwierdzi¢, ze suszenie metoda DASD ma korzystny
wplyw na zmniejszenie rozmiaru czgstek proszku z pulpy z mango, a wigc na ulatwienie
przebiegu procesu suszenia. Warianty otrzymane z koncentratu z czarnej porzeczki
(BC/DASD) oraz z marchwi purpurowej charakteryzowaty si¢ jednymi z najwyzszych
zawarto$ci wody?3, co prawdopodobnie wynikato z duzej zawartosci w surowcach glukozy
oraz fruktozy. Jak wczes$niej wyjasniono, efektywnos$¢ suszenia obniza si¢ w wyniku

zdolnosci cukrow do wigzania wody oraz wigkszej tendencji do sklejania si¢ materiatu

ZMC = 14,5+ 1,7%" - BC/DASD, MC = 13,6 + 0,3%" - PC/DASD
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z powodu wysokiej zawartosci cukrow prostych, co przyczynia si¢ do trudniejszego
odparowania wody, a wiec w konsekwencji powoduje otrzymanie proszkéw o wigkszej
wartosci MC. Zotarelli i wsp. [2017] oznaczyli zawarto$¢ wody w proszku z pulpy z mango
na poziomie 1,5%, co byto warto$ciag mniejsza niz w uzyskana w niniejszych badaniach
[P4]?*. Nalezy mie¢ jednak na uwadze, Ze autorzy, pomimo ze otrzymali proszek rowniez
bez dodatku no$nika, otrzymali go metoda wysokotemperaturows.

W  przypadku sypkosci proszkoéw stwierdzono, ze najlepszg sypkoscia
charakteryzowat si¢ proszek otrzymany z koncentratu z czarnej porzeczki (BC/DASD),
przy jednoczesnie najwiekszym rozmiarze czastek (HR =1,21+0,04%). Jak wczesniej
wspomniano, duze wymiary czastek moga $wiadczyé o problematycznym przebiegu
procesu suszenia, jednakze moga takze przyczynia¢ si¢ do poprawy wydajnosci
czy sypkosci proszkow, co takze stwierdzono w publikacjach [P1] oraz [P3].

Nalezy takze zwrdoci¢ uwage na rozpuszczalno$¢ otrzymanych proszkow.
Rozpuszczalnos¢ (WSI) proszku z pulpy z mango (M/DASD) wyniosta 95,5 + 2,1%?,
co bylo wartoscig wigkszg niz te zaprezentowane w literaturze. Zotarelli i wsp. [2022]
podali, ze rozpuszczalno$¢ proszkow z pulpy z mango z dodatkiem MD lub bez,
wysuszonych metodg tradycyjng (150°C), wynosita odpowiednio 77,2 oraz 78,6%.
W zwigzku z tym, nalezy podkresli¢ istotny wpltyw zastosowania metody DASD
w produkcji proszk6w o bardzo dobrej rozpuszczalnosci, przy jednoczesnym
zagwarantowaniu ,,czystej etykiety”.

Poréwnujac proszki, ktore zostaly otrzymane dwoma metodami, warto zwrécic
uwage na korzystny wptyw zmniejszenia wilgotno$ci i temperatury powietrza suszacego.
Proszki DASD z pulpy pomidorowej oraz pulpy z mini kiwi (T/DASD i KB/DASD)
charakteryzowaly si¢ mniej sklejonymi czastkami niz odpowiadajace im warianty
otrzymane metodg wysokotemperaturowg (T/SD, KB/SD) (Rys. 6). Ponadto, proszki

otrzymane metoda DASD byly istotnie mniej higroskopijne®®

, COo takze potwierdza
zasadnos$¢ aplikacji osuszonego powietrza w celu poprawy wiasciwosci produktu. Tak jak
w przypadku publikacji [P2] oraz [P3], zaobserwowano wysoka zawartos¢ wody
(MC powyzej 5,3%) w otrzymanych proszkach (z wyjatkiem wariantu KB/SD
0 MC = 3,8 + 0,2%"), jednakze aw zanotowano ponizej granicznej, bezpiecznej wartosci

0,2, co $wiadczyto o obecnosci wody zwigzanej strukturalnie. Nalezy takze podkreslic,

24 MC = 5,3 + 0,3%° - M/DASD
25 H = 25,1 +0,6%' - KB/DASD, H = 36,3 + 0,5%" - T/IDASD, H =26,1 + 0,9%¢ - KB/SD, H = 37,9 + 0,2%? -
T/SD
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Ze osuszenie powietrza pozytywnie wplynelo na sypkos¢ proszku z pulpy pomidorowe;j
w poréwnaniu do metody tradycyjnej?®. Ponadto zauwazono, ze obnizenie temperatury
suszenia w przypadku proszku z pulpy z mini kiwi spowodowato otrzymanie produktu
o wickszym udziale barwy zielonej niz w przypadku proszku uzyskanego metoda
tradycyjna?’, co $wiadczylo o lepszym zachowaniu termolabilnych chlorofili
odpowiedzialnych za zielong barwe¢ owocow [Lawes 1989].

Reasumujac, uzyskane wyniki, przedstawione we wszystkich publikacjach,
pozwolily na potwierdzenie hipotezy badawczej H1 mowiacej, ze suszenie rozpytowe
z wykorzystaniem osuszonego powietrza, poprzez obnizenie temperatury suszenia,
pozwala na zmniejszenie dodatku no$nika suszarniczego, a takze w niektorych
przypadkach jego eliminacje. Jednoczesnie nalezy podkresli¢, ze wydajnos¢ procesu
suszenia w niskiej temperaturze przy zredukowanej zawartosci nos$nika byta najczesciej
wigksza niz procesu prowadzonego metoda tradycyjng. Ponadto, wlasciwosci fizyczne
proszkow o zmniejszonej zawarto$ci nosnika byly takze w wigkszosci przypadkoéw
akceptowalne, a w niektorych przypadkach lepsze niz proszkow ,,standardowych”. Jednak
zmniejszanie udzialu no$nika najczg$ciej powodowato zwigkszenie zawartosci wody,
wynikajace z wigkszej zawartosci surowca, a wiec cukrow prostych w suszonym
roztworze, ale przy jednocze$nie niskiej aktywnosci wody, $wiadczacej o stabilnoSci

produktu.

5.2. Badanie mozliwosci zmniejszenia efektu ,stickiness”, poprawy wydajnosci
procesu suszenia oraz wlasciwosci fizykochemicznych proszkow o standardowej
zawarto$ci nosnika w wyniku zastosowania osuszonego powietrza w czasie
suszenia rozpylowego

Weryfikacja hipotezy H2: Suszenie rozpytowe z wykorzystaniem osuszonego powietrza,
poprzez obnizenie temperatury suszenia, pozwala na zmniejszenie efektu ,,stickiness”

1 popraw¢ wydajnosci suszenia oraz wiasciwosci fizykochemicznych proszkow
o standardowej zawarto$ci no$nika.

Celem tej czesci pracy bylo zbadanie mozliwo$ci obnizenia efektu ,.stickiness”,
poprawy wydajnosci procesu suszenia oraz witasciwosci fizykochemicznych proszkow
o standardowej zawarto$ci no$nika na poziomie 50% (w s.s., w/w) w wyniku zastosowania

osuszonego powietrza w czasie suszenia rozpytowego. Wyniki badan wykonanych w celu

% HR = 1,29 + 0,05% - T/DASD, HR = 1,47 £ 0,062 - T/SD
21 a* = -8,8 £ 0,4" - KB/DASD, a* = -7,3 + 0,3% - KB/SD
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weryfikacji tej hipotezy zaprezentowano w publikacjach [P1], [P2], [P3] i [P4].
Jak wcze$niej wspomniano (w punkcie 4.1.), suszenie rozpylowe z wykorzystaniem
osuszonego powietrza pozwala na obnizenie temperatury procesu suszenia, a przez
to mozliwe jest zmniejszenie zawartosci nosnika lub w niektoérych przypadkach jego
eliminacja. Natomiast w tej czesci pracy skupiono si¢ na porownaniu wptywu zmniejszenia
temperatury suszenia na przebieg suszenia roztworéw miodu gryczanego, melasy z morwy
biatej oraz koncentratu soku z wisni o standardowej zawarto$ci no$nika na poziomie 50%
(W s.s., w/w). Takie roztwory sg mozliwe do wysuszenia zarowno metodg tradycyjna SD,
jak 1 innowacyjnym sposobem DASD. Jednakze, w przypadku suszenia SD obserwowana
jest znaczna ,kleisto§¢”, objawiajaca si¢ obnizong wydajnoscig suszenia, zmieniong
morfologia czastek. A zatem, obnizenie temperatury suszenia jest przestanka pozwalajacg
przypuszczaé, ze wydajno$¢ suszenia moze zosta¢ podwyzszona, a wlasciwosci
fizykochemiczne proszkéw poprawione, w wyniku m.in. obnizenia ryzyka wystgpienia
lub zmniejszenia intensywnosci efektu ,,stickiness”.

W badaniach przedstawionych w publikacji [P1] hipoteze H2 weryfikowano
na przykladzie suszenia roztworéw miodu gryczanego. Zaobserwowano istotng poprawe
wydajnosci procesu suszenia w przypadku zastosowania osuszonego powietrza oraz MD
jako nosnika (DASDMDS50) w porownaniu do proszku otrzymanego metoda tradycyjna
(SDMD50) (Tabela 3). Jednoczesnie, pod wzgledem morfologii czgastek, wariant
wysuszony metoda SD w wysokiej temperaturze (SDMDS50) znaczaco roznit sie
od wariantu otrzymanego w niskiej temperaturze — czastki byly wyraznie wigksze
1 nieregularne, co $wiadczy o najtrudniejszym przebiegu procesu suszenia zwigzanym
z wicksza tendencja do sklejania si¢ czastek, spowodowang niskg wartoscig Tg [Samborska
i wsp. 2020] (Rys. 2). Wynik ten zostal takze potwierdzony najmniejsza wydajnoscig
procesu suszenia proszku SDMDS50, co potwierdza zasadno$¢ zastosowania osuszonego
powietrza w  celu  poprawy  wilasciwosci  fizykochemicznych  proszkow,
takze przy standardowej 50% zawarto$ci nosnika suszarniczego.

Obnizenie temperatury suszenia w przypadku zastosowania jako no$nika MP
(DASDMP50) nie miato wptywu na poprawg wydajnosci. Nie zaobserwowano rowniez
w tym przypadku wplywu zmniejszenia wilgotno$ci powietrza na wielko$¢ czgstek (Dso).
Moze to $wiadczy¢ o korzystnych wlasciwosciach MP jako nosnika, nawet w wariancie
suszenia wysokotemperaturowego, a zatem po obniZeniu temperatury nie zanotowano

istotnej poprawy wydajnosci.
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Obnizenie temperatury suszenia w wyniku osuszenia powietrza spowodowalo
otrzymanie proszkow o istotnie nizszej porowatosci ztoza?® w poréwnaniu do proszkow
otrzymanych metoda tradycyjng w przypadku proszkow o standardowej zawartoSci
no$nika?®, co moze wptywaé na obnizona degradacje zwiazkoéw bioaktywnych w wyniku
utleniania jako efekt mniejszej iloSci porow miedzyczasteczkowych wypetnionych
powietrzem. Proszki otrzymane metoda tradycyjng™ charakteryzowaty si¢ jednak mniejsza
zawartoscig wody MC niz warianty o tym samym dodatku no$nika otrzymane w niskiej
temperaturze®!, co bylo efektem wyzszej temperatury w czasie suszenia SD.
Jednakze, zanotowane warto$ci MC, rowniez w przypadku wariantow DASD, byty zgodne
z danymi literaturowymi, dotyczacymi proszkow miodowych. Przyktadowo,
Shi i wsp. [2013] zaobserwowali MC proszkéw miodowych wyprodukowanych metoda
tradycyjng w temperaturze 150°C w przedziale od 3,1 + 0,5 do 5,0 = 0,9%. Wedtug danych
literaturowych proszki moga by¢ uznane za stabilnie mikrobiologicznie, jesli ich MC
wynosi 5-6% [Tkacz i wsp. 2020, Cakarevié¢ i wsp. 2020], co oznacza, ze otrzymane proszKi
miodowe mozna za takie uznac.

Warianty, ktore zostaly otrzymane w wysokiej temperaturze byly ciemniejsze®?,
wyrdzniaty sie wiekszym udziatem barwy czerwonej®® oraz zottej** w poréwnaniu do
proszkéw otrzymanych metoda DASD®®. Swiadczy to o powstaniu produktéw reakcji
Maillard’a w wyniku bragzowienia jako efekt dziatania wysokiej temperatury.

W publikacji [P2] przedstawiono wyniki zwigzane z suszeniem melasy z morwy
biatej. Podobnie jak w przypadku miodu, réwniez porownywano wydajno$¢ suszenia
oraz wlasciwosci proszkow otrzymanych ze standardowym poziomem zawartosci nosnika
50% (w s.s., w/w) dwoma metodami - SD oraz DASD. Dzi¢ki obnizeniu temperatury
suszenia w metodzie DASD zaobserwowano wyzszg wydajnos$¢ suszenia w poréwnaniu
do proszku otrzymanego metoda SD, co bylo konsekwencja zmniejszenia ryzyka
wystapienia efektu ,,stickiness” (Tabela 3). Na podstawie zdje¢ SEM czastek proszkéw
oraz mediany wielkos$ci czastek Dso mozna zauwazy¢, ze czastki proszku DASD w wyniku

Obnizenia temperatury suszenia wyrdznialy sie istotnie (p < 0,05) mniejszymi, bardziej

B g =56,6+0,6%° - DASDMD50 oraz . = 50,5 + 0,6%2 - DASDMP50

2 £,=63,3+0,8%% - SDMD50 oraz ¢, = 59,9 + 0,8%°¢ - SDMP50

30 MC =0,9 + 0,2%2 - SDMD50 oraz MC = 3,3 + 0,3%9 - SDMP50

1 MC =2,8 + 0,3%° - DASDMD50 oraz MC = 5,0 + 0,5%°¢ - DASDMP50

82 |L* = 83,7 + 0,3 - SDMD50 oraz L* = 79,8 + 0,12 - SDMP50

Ba*=0,6+0,1°- SDMD50 oraz a* = 0,6 + 0.1 - SDMP50

3 p* =13,7+ 0,3 - SDMD50 oraz b* = 23,8 + 0,97 - SDMP50

35 *=86,7 +0,35 - DASDMD50 oraz L* = 84,9 + 0,3¢ - DASDMP50; a* = 0,0 + 0,0° - DASDMD50 oraz
a* =-0,5+ 0,12 - DASDMP50; b* = 10,4 + 0,4 - DASDMD?50 oraz b* = 15,8 + 0,49 - DASDMP50
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kulistymi i gtadkimi czgstkami (Dso= 21,7 + 1,4 um® dla DASD50) niz czastki proszku
otrzymanego metodg SD (Dso= 54,4 + 1,7 um® dla SD50) (Rys. 3). Szybkie odparowanie
wody, wynikajace z wysokiej temperatury suszenia w metodzie konwencjonalnej (SD50),
moglo spowodowaé utworzenie si¢ struktury czastek na samym poczatku procesu,
zapobiegajac ich kurczeniu si¢. Mniejsze wymiary czastek w proszku otrzymanym
w niskiej temperaturze suszenia (DASDS50) $wiadczyly o mniej problematycznym
przebiegu procesu suszenia w wyniku zmniejszenia efektu ,.stickiness”, co takze
potwierdzono wyzsza wydajnoscig procesu suszenia. Jedlinska i wsp. [2019] takze
zaobserwowali czastki o nieregularnym ksztalcie w proszkach z miodu rzepakowego
oraz spadziowego, otrzymanych metodg tradycyjng. Tonon i wsp. [2008] rowniez
stwierdzili, Ze nizsza temperatura suszenia prowadzi do otrzymania proszkéw o mniejszych
czastkach w suszeniu rozpylowym proszku z acai (Euterpe oleraceae Mart.).
Ponadto, proszek wyprodukowany metoda DASD cechowat si¢ istotnie (p < 0,05) wicksza
zawartoscia wody (MC = 4,2 + 0,7%"°) oraz mniejsza higroskopijnoscia (H = 22,7 + 0,3%?
dla DASDS50) niz proszek o tej samej zawartoSci no$nika, otrzymany metoda
wysokotemperaturowag SD (MC = 1,3 +0,7%?% H =26,1 + 0,3%" dla SD50), co ponownie
swiadczy o pozytywnym wplywie wybranej metody suszenia. Proszki réznity si¢ migdzy
sobg istotnie (p < 0,05) réwniez parametrami barwy w zaleznos$ci od zastosowanej metody
suszenia, podobnie jak w przypadku proszkow z miodem gryczanym w publikacji [P1].
Wariant wysokotemperaturowy byt ciemniejszy, bardziej czerwony oraz bardziej zotty>®
w porownaniu do proszku wysuszonego w niskiej temperaturze o tej samej zawartosci
nosnika®’. Ciemniejsza barwa proszku SD50 spowodowana byta bragzowieniem w wyniku
dziatania wysokiej temperatury oraz powstaniem produktéw reakcji Maillard’a. Podobne
zjawisko zaobserwowali Quek i wsp. [2007] oraz Baysan i wsp. [2019] w suszeniu
rozpytowym soku z arbuza oraz w procesie mikrokapsutkowania propolisu.

W publikacji [P3] hipoteza H2 weryfikowana byta na przyktadzie koncentratu soku
z wisni suszonego z MD oraz mieszanka MDPP. Pozytywny efekt zastosowania
osuszonego powietrza zostat zaobserwowany w przypadku wydajno$ci procesu suszenia.
Proszki o takiej samej 50% (w s.s., w/w) zawarto$ci no$nika (SDMD50 i DASDMDS50,
SDMDPP50 i DASDMDPP50), ale wysuszone dwoma metodami charakteryzowaty si¢
istotnie wigkszymi wydajnosciami wariantow DASD (Tabela 3). Obnizenie temperatury

suszenia pozwolito na zmniejszenie wystepowania zjawiska sklejania czastek (tzw. efekt

% | * = 56,8 £ 0,65 a* = 7.9+0,2¢; b* = 33,6 + 0,6° - SD50
81 *=63,3+0,4% a* = 5.8 0,2 b* = 30,9 + 0,42 - DASD50
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,»stickiness”).  Zmniejszenie wilgotnosci powietrza suszacego umozliwito takze
zmniejszenie mediany wielkosci czastek Dsgp w przypadku zardwno zastosowania samej
MD?, jak i mieszanki MDPP*°, co $wiadczy o pozytywnym wplywie osuszenia powietrza
na ulatwienie przebiegu procesu suszenia oraz ponownie o zmniejszeniu efektu
,»stickiness”. Moghaddam i wsp. [2017] otrzymali proszki z koncentratu soku wisniowego,
ktore charakteryzowaly si¢ czastkami 0 wymiarach 1-6 um, natomiast nie zaobserwowali
wplywu temperatury na $rednice czastek. Warto jednak podkresli¢, ze autorzy suszyli
proszki w temperaturach powietrza wlotowego 100-140°C oraz wylacznie z MD jako
nosnikiem na poziomie 30-50% (w/w). Sarabandi i wsp. [2017] zanotowali natomiast
wartosci Dsg w przedziale od 42,65 do 57,88 um w przypadku proszkow wisniowych
otrzymanych metoda tradycyjng w temperaturze powietrza wlotowego 170°C z 50%
zawartoscig nosnika (w s.s., mieszanina MD oraz gumy arabskiej w ré6znym stosunku).
Nalezy wigc podkresli¢, ze otrzymane wyniki, odnoszace si¢ do proszkéw z MD,
uzasadniajg korzystny wptyw obnizenia temperatury suszenia na wielko$¢ czastek proszku.
Zanotowano takze, podobnie jak w przypadku publikacji [P2], wptyw temperatury procesu
suszenia na warto§¢ MC w otrzymanych proszkach — warianty wysuszone metoda
tradycyjng SD wyrdzniaty sie mniejsza MC* niz proszki otrzymane z zastosowaniem
osuszonego powietrza*!, co bylo oczywistym efektem wyzszej temperatury suszenia.
Ponownie, jak w przypadku poprzednich publikacji, H proszkow wysuszonych w nizszej
temperaturze byla istotnie (p < 0,05) mniejsza*? niz w przypadku wariantéw otrzymanych
w wysokiej temperaturze®®. Dane literaturowe dostarczaja informacji o wickszej
higroskopijnosci proszkow wisniowych. Sarabandi i wsp. [2017] zaobserwowali H
na poziomie od 19,06 do 25,13%, a Moghaddam i wsp. [2017] zanotowali wartosci od 19,0
do 30,1%. Proszki o0 H powyzej 20% uznawane sg za proszki o wysokiej higroskopijnosci,
a wiec mozna stwierdzié, ze zmniejszenie wilgotnosci powietrza miato korzystny wptyw
na poprawe higroskopijnosci proszkow 1 zwigkszenie ich stabilnosci przechowalniczej.
Zanotowano takze zmniejszenie  porowatosci zloza  wariantu  otrzymanego
z zastosowaniem osuszonego powietrza oraz z MD jako nosnikiem (eL= 62,5+ 2,8%°

dla DASDMDS50) w poréwnaniu do proszku wysuszonego metodg wysokotemperaturowg

3 Dgo= 67,8 + 4,2 pm? - SDMD50 oraz Dso= 23,9 + 0,9 um? - DASDMD50

%9 Dgy= 176,2 % 6,7 pm' - SDMDPP50 oraz Dso= 51,2 + 4,4 um® - DASDMDPP50
0 MC = 3,3 + 0,3%? - SDMD50 oraz MC = 5,3 + 0,1%" - SDMDPP50

“MC = 4,7 + 0,6%" - DASDMD50 oraz MC = 5,3 + 0,1% - DASDMDPP50

2 H =89+ 0,5% - DASDMDS50 oraz H = 8,6 + 0,5%? - DASDMDPP50

43 H=18,2£0,6%° - SDMD50 oraz H = 18,0 + 0,3%° - SDMDPP50
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(e.=68,9+1,4%% dla SDMDS50). Wynikalo to z poprawionej morfologii czastek
1 mniejszej ilosci zlepien czastek, utrudniajacych upakowanie ztoza. Nie zaobserwowano
jednakze istotnego wptywu osuszania powietrza na ten parametr w przypadku mieszanki
MDPP (SDMDPP50 oraz DASDMDPP50). Podobnie jak w publikacjach [P1] oraz [P2],
zaobserwowano jasniejszg barwe proszkow, otrzymanych w niskiej temperaturze suszenia
dzicki zastosowaniu osuszonego powietrza**, niz uzyskanych w wysokiej temperaturze
suszenia®.

W [P4] hipoteza H2 weryfikowana byta ponownie na przykladzie suszenia
koncentratu soku z wisni z MD (maltodekstryna) oraz mieszanka MD z WPC (koncentrat
biatek serwatkowych), mieszanka MD z W (serwatka), mieszankag MD z BM (maslanka)
oraz samg W. W zaleznosci od zastosowanego nosnika zaobserwowano poprawe (MDW50
oraz MDBM50) badz brak istotnej roznicy w wydajnosci suszenia metoda tradycyjng
oraz DASD przy tej samej zawartos$ci nosnika 50% (w s.s., w/w) (Tabela 3). Poréwnujac
morfologi¢ czastek otrzymanych proszkow (Rys. 5), mozna zaobserwowac,
ze w wariantach S0DASD czastki byly mniejsze, o bardziej regularnym ksztalcie 1 nie
tworzyty skupisk. Mozna wigc stwierdzié, ze przebieg procesu suszenia byt tatwiejszy niz
w przypadku proszkéw wysuszonych metodg SD. W przypadku MC zanotowano wigksze
wartosci W przypadku wariantow otrzymanych metodg DASD w poroéwnaniu do suszenia
konwencjonalnego*®, co byto wynikiem mniejszej efektywnosci odparowywania wody.
Jednoczesnie, tak jak w przypadku poprzednich badan, zaobserwowano aw ponizej wartosci
0,2%, co $wiadczylo ponownie o obecnosci wody zwiazanej strukturalnie,
w wiec niedostepnej dla rozwoju mikroorganizmdw. Pordéwnujac wartosci Tq miedzy
wariantami otrzymanymi metoda tradycyjng a DASD, zanotowano korzystny wptyw
obnizenia temperatury suszenia - proszki wysuszone W nizszej temperaturze

charakteryzowaty si¢ wickszymi Tg niz warianty tradycyjne®.

4 % = 44,9 + 0,9° - DASDMDS50 oraz L* = 38,5 + 0,7¢ - DASDMDPP50

4 |* = 39,0 + 0,69 - SDMD50 oraz L* = 28,2 + 0,22 - SDMDPP50

4 MC = 3,3 + 0,3% - MD50SD, MC = 3,8 + 0,2%" - MDWPC50SD, MC = 2,3 + 0,2* - MDW50SD, MC = 3,7
+0,2% - MDBMS50SD, MC = 4,6 + 0,3%¢ - W50SD, MC = 4,4 + 0,4%¢ - MD50DASD, MC = 5,9 + 0,7%? -
MDWPC50DASD, MC = 5,9 + 0,4%¢ - MDW50DASD, MC = 6,9 + 0,1%¢ - MDBM50DASD, MC = 8,0 +
0,2%* - W50DASD

47 3, = 0,113 £ 0,003¢ - MD50SD, aw = 0,056 + 0,002% - MDWPC50SD, a, = 0,105 + 0,001 - MDW50SD, ay =
0,116 % 0,004 - MDBM50SD, ay = 0,129 % 0,003% - W50SD, a = 0,189 = 0,004" - MD50DASD, ay, = 0,206 +
0,004' - MDWPC50DASD, aw = 0,157 + 0,003 - MDW50DASD, aw = 0,204 + 0,006' - MDBMS50DASD, ay, =
0,141 + 0,003% - W50DASD

48T, =41,5+0,1°C% - MD50SD, Ty = 45,2 + 0,1°Ck - MDWPC50SD, Ty = 41,0 + 0,1°C¢ - MDWS50SD, T,
42,7 +0,1°C" - MDBM50SD, Ty = 28,0 + 0,1°CY - W50SD, Ty = 44,4 + 0,1°Ci - MD50DASD, T, =43,5 +
0,1°C' - MDWPC50DASD, T, = 43,1 = 0,1°Ch - MDW50DASD, T, = 46,2 + 0,0°C' - MDBM50DASD, T,
32,5+ 0,0°C* - W50DASD
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Wyniki przedstawione w publikacjach [P1], [P2], [P3] i [P4] pozwolily
na potwierdzenie hipotezy badawczej H2 mowigcej, ze suszenie rozpylowe
z wykorzystaniem osuszonego powietrza, poprzez obnizenie temperatury suszenia,
pozwala na zmniejszenie efektu ,stickiness” 1 poprawe wydajnosci suszenia
oraz niektorych wiasciwosci fizykochemicznych proszkéw o standardowej zawartosci

nosnika.

5.3. Badanie mozliwosci poprawy sprawnosci cieplnej suszenia w wyniku
zastosowania osuszonego powietrza w czasie suszenia rozpylowego

Weryfikacja hipotezy H3: Suszenie rozpylowe z wykorzystanie suszonego powietrza
pozwala na poprawe sprawnosci cieplnej suszenia.

W tym etapie badan celem byto zbadanie mozliwosci poprawy sprawnosci cieplnej
suszenia rozpylowego w wyniku zastosowania osuszonego powietrza. Wyniki
weryfikujace t¢ hipoteze¢ zaprezentowano w publikacji [P1], dotyczacej suszenia
roztworéw z miodem gryczanym. Badania prowadzone do tej pory przez innych badaczy
na temat zastosowania osuszonego powietrza w suszeniu rozpylowym ograniczaty si¢
gtéwnie do analizy wydajnosci procesu suszenia oraz wtasciwosci otrzymanych proszkow.
W zwiazku z powyzszym uznano za niezbedne zbadanie procesu pod katem zuzycia energii
oraz sprawnos$ci energetycznej, jako istotnego aspektu ekonomicznego suszenia
rozpytowego. Bhandari [2008] w swojej pracy stwierdzil, Ze tradycyjne suszenie
rozpylowe w skali przemystowej zuzywa nawet do 5 MJ/kg odparowanej wody,
jednoczesnie podkreslajac, ze ta metoda suszenia nie jest metoda ekonomiczng
w poroéwnaniu do innych technik konwekcyjnych, jednakze pozwala, m.in. na wysuszenie
materiatow termolabilnych, bedac metoda mniej energochlonng niz liofilizacja.
W publikacji [P1] zbadano zaréwno zuzycie energii (Q), jak i wasciwe zuzycie ciepta (Es)
i zauwazono, ze wartosci obu wielkosci zwiekszyty sie W wyniku zastosowania osuszonego
powietrza, co bylo efektem zastosowania dodatkowej aparatury - osuszacza powietrza
(Tabela 4). Baker i McKenzie [2005] stwierdzili, ze Srednia warto$¢ Es dla suszarek
przemystowych wynosi od 3 do 20 MJ/kg wody, natomiast dla suszarek pottechnicznych
oraz laboratoryjnych moze zwigkszy¢ si¢ nawet pigciokrotnie, co potwierdzono
w publikacji [P1]. Nalezy jednak podkresli¢, ze mozliwa jest poprawa Es, jesli zwigkszona
zostanie szybko$¢ podawania, poniewaz ta sama dostarczona energia zostanie

wykorzystana na odparowanie wigkszej ilosci wody. Jednakze, Jedlinska i1 wsp. [2019]
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oraz Samborska i wsp. [2020] w swoich pracach dotyczacych suszenia rozpytowego
z zastosowaniem osuszonego powietrza zwrdcity uwage, ze niskie temperatury suszenia
wymagajg niskiej szybkosci podawania roztworu, aby zapewni¢ efektywne odparowanie
wody. Sprawnos$¢ cieplna procesu suszenia () roztworéw miodu gryczanego wyniosta
od 5,7 £ 0,0 do 10,5 + 1,2% (Tabela 2). Zauwazono istotny (p < 0,05) wplyw metody
suszenia — pogorszenie n w wariantach DASD z zastosowaniem 0suszonego powietrza.
Otrzymane wyniki nie potwierdzajag wnioskow Aghbashlo 1 wsp. [2012] oraz Julklang
1 Golman [2015], moéwiacych, ze n zwigksza si¢ wraz ze wzrostem temperatury. Nalezy
mie¢ jednak na uwadze, ze poprzednie badania nie uwzglednialy dodatkowej jednostki
osuszajacej powietrze. Na podstawie otrzymanych wynikéw mozna stwierdzic,
ze aplikacja osuszonego powietrza w suszeniu rozpylowym na skal¢ przemystowa powinna
by¢ dokladnie przemyslana ze wzgledu na niskg sprawno$¢ cieplna procesu,
przy jednoczesnym wzigciu pod uwage potencjalnych korzysSci, jak np.: zmniejszenie
zawarto$ci nosnika suszarniczego, obnizenie temperatury procesu suszenia zwlaszcza
w przypadku materialow termolabilnych, czy poprawa wydajnosci procesu suszenia.
Wyniki przedstawione w publikacji [P1] nie potwierdzily hipotezy badawczej H3
moéwigcej, ze suszenie rozpylowe z wykorzystaniem osuszonego powietrza pozwala

na popraw¢ sprawnosci cieplnej suszenia.

Tabela 4. Zuzycie energii (Q), wlasciwe zuzycie ciepta (Es), sprawno$¢ cieplna (7)
suszenia proszkdw miodowych metoda tradycyjng (SD) oraz z zastosowaniem
osuszonego powietrza (DASD) z maltodekstryng (MD) oraz odttuszczonym MP (MP)
jako nosnikami.

SDMD50 DASDMD50 DASDMD75 SDMP50 DASDMP50 DASDMP75

Q [kw] 3,4+0,0° 7,3+0,0° 7,2+0,8¢ 3,9+0,4% 6,6 + 0,0 6,9+0,5°
Es [MJ/kg H20] 24,8 +0,1%° 41,8 +0,9° 40,6 +£2,9° 22,9+2,6° 37,6+1,0% 39,5+ 2,6°
n [%] 9,6 + 0,0 5,7+0,0° 59+0,4° 10,5+1,2° 6,4+ 0,0 6,1+0,0°

a¢ rdznice miedzy Srednimi wartosciami oznaczonymi réznymi literami w rzedach byty istotne statystycznie
(p<0,05).
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5.4. Badanie mozliwosci otrzymania proszkéw o zwiekszonej zawartosci zwiazkow
fenolowych oraz aktywnosci przeciwutleniajacej w wyniku zastosowania
osuszonego powietrza w czasie suszenia rozpylowego

Weryfikacja hipotezy H4: Suszenie rozpylowe z wykorzystaniem osuszonego powietrza

pozwala na otrzymanie proszkéw o podwyzszonej zawartosci zwigzkow fenolowych
oraz aktywnosci przeciwutleniajace;.

Celem tego etapu badan bylo zbadanie mozliwosci otrzymania proszkéw
o podwyzszonej zawartosci zwigzkoéw fenolowych i1 aktywnosci antyoksydacyjnej w czasie
suszenia rozpytowego z zastosowaniem osuszonego powietrza, w porownaniu do proszkow
uzyskanych tradycyjna metoda suszenia rozpytowego w wysokiej temperaturze. Wyniki
weryfikujace t¢ hipoteze zaprezentowano w publikacjach [P1], [P2], [P3] i [P4].

W publikacji [P1] hipotez¢ H4 weryfikowano na podstawie aktywnosci
przeciwutleniajacej otrzymanych proszkéw miodowych (z MD i MP), wyrazonej jako ECso
ABTS. Zgodnie z danymi literaturowymi, wzrost temperatury suszenia wplywa
niekorzystnie na aktywnos$¢ przeciwutleniajaca [Tuyen i wsp. 2010, Mishra 1 wsp. 2014],
jednakze przeprowadzone badania nie potwierdzity tego stwierdzenia, tzn. proszki suszone
metodg DASD nie w kazdym przypadku miaty wigksza aktywnos$¢ niz odpowiadajace
im warianty suszone metodg SD (Tabela 5). Suhag i Nanda [2015], ktorzy suszyli
rozpylowo w temperaturze 160-180°C midéd z WPC jako nos$nikiem oraz dodatkiem
wzbogacajagcym w postaci ekstraktu z indyjskiego agrestu (Emblica officinalis. Gaertn)
oraz bazylii (Ocimum sanctum), zanotowali odwrotny zwigzek miedzy temperaturg
suszenia i aktywnoscig przeciwutleniajgcg proszku. Wraz ze wzrostem temperatury
zwigkszat si¢ poziom degradacji termolabilnych zwigzkow fenolowych, a wige zmniejszata
si¢ aktywno$¢ przeciwutleniajaca. W publikacji [P1] zauwazono, ze wigkszy wpltyw
na ECso ABTS mial rodzaj zastosowanego nos$nika niz sposdb/temperatura suszenia —
wszystkie proszki otrzymane z MP charakteryzowaly si¢ wyzsza aktywnoscig niz proszki
z MD. Ponadto, niezaleznie od zastosowanej metody suszenia 1 poziomu zawartosci
nos$nika, rdéznice aktywnosci przeciwutleniajacej proszkow z MP byly nieistotne
statystycznie. Wsrod wszystkich wariantow, proszek DASDMDS50, wysuszony w niskiej
temperaturze
o zawarto$ci MD 50% (s.s., w/w), mial najmniejszg zdolno$¢ do wytapywania wolnych
rodnikow. Nalezy jednak zwroci¢c uwage, ze wplyw na pogorszenie aktywnosci

przeciwutleniajacej w tym przypadku mogta mie¢ wielko$¢ czastek, poniewaz mniejsze
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czastki proszku wytworzyly wigksza powierzchni¢ narazong na dziatanie podwyzszonej
temperatury, a wigc ryzyko degradacji zwigzkow bioaktywnych mogto ulec zwigkszeniu.
Moglo to doprowadzi¢ do mniejszej aktywno$ci przeciwutleniajgcej niz w przypadku
proszku otrzymanego tradycyjnie z tg samg zawartoscig MD (SDMDS50), lecz ktory
charakteryzowal si¢ wigkszymi rozmiarami czastek. Warto natomiast podkreslic,
ze w przypadku proszku o obnizonej zawartosci MD (DASDMD75) zaobserwowano
wiekszg warto§¢ ECso ABTS niz w przypadku wariantu o tradycyjnym dodatku no$nika
(DASDMDA50), otrzymanego w niskiej temperaturze, co byto efektem wigkszego udziatu

miodu w proszku i jego wplywu na poprawe¢ aktywnos$ci przeciwutleniajace;.

Tabela 5. Aktywnos¢ przeciwutleniajaca (ECso ABTS) proszkéw miodowych, otrzymanych po

suszeniu rozpytlowym metoda tradycyjna (SD) oraz z zastosowaniem osuszonego powietrza (DASD) z

maltodekstryng (MD) oraz odttuszczonym MP (MP) jako no$nikami [P1].

SDMD50 DASDMD50 DASDMD75 SDMP50 DASDMP50 DASDMP75

ECso ABTS 514+0,11 8,24 £ 0,36 5,72 £0,04 0,27 £0,01 0,18 £ 0,00 0,39+£0,02
[mgs.s./ml] c e d a a a

@€ Réznice miedzy Srednimi wartosciami oznaczonymi roznymi literami sg istotne statystycznie (p < 0,05).

Publikacja [P2] przedstawia weryfikacje hipotezy H4 na przyktadzie proszkow
z melasy z morwy bialej, w ktérych oznaczono zawarto$¢ zwigzkoéw fenolowych ogoétem
(TPC) oraz aktywnos$¢ przeciwutleniajaca ECso ABTS. Ponadto, w celu doktadniejszej
analizy stopnia degradacji zwigzkow fenolowych wprowadzono nowa metod¢ opisania
retencji zwigzkéw bioaktywnych — wspolczynnik retencji (RC). TPC otrzymanych
proszkow wynosita od 1412 + 13 do 2852 + 48 mg GAE/100 g s.s (Tabela 6). Do i Nguyen
[2018] zbadali TPC w proszkach z soku z morwy czarnej otrzymanych w temperaturze
120-160°C i zaobserwowali wartosci od 3435 +98 do 3832 + 36 mg GAE/100 g s.s.
Autorzy zanotowali wigksze wartosci TPC, jednak nalezy podkresli¢, ze material badawczy
stanowita morwa czarna (M. nigra), ktéra moze charakteryzowac si¢ wigkszg zawartoscia
zwigzkow fenolowych niz M. alba [Mahmood i wsp. 2012, Ercisli i Orhan 2007]. Nalezy
tez zwroci¢ uwage, ze zastosowana metoda oznaczenia TPC (Folin-Ciocalteu) moze
zawyza¢ oznaczong warto$¢, poniewaz stosowany odczynnik jest niespecyficzny,
tzn. moze takze reagowa¢ z cukrami redukujacymi, kwasem askorbinowym
oraz produktami bragzowienia enzymatycznego [Lammerskitten i wsp. 2019, Pico i wsp.
2020]. Zanotowano nieistotng statystycznie roznicg (p > 0,05) pomiedzy TPC proszkow

o zawartos$ci 50% nosnika (S.S., w/w) wysuszonych metodg SD i DASD, a takze istotne
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statystycznie (p <0,05) zwickszenie TPC wraz z obnizeniem zawarto$ci nosnika.
Zjawisko to mogto by¢ zwigzane ze wzrostem zawarto$ci melasy w proszku, jak rowniez
z r6znicg w stopniu degradacji w zaleznosci od poziomu zawartosci nosnika (zmniejszona
zawarto$¢ nosnika mogla niekorzystnie wptywaé na stopien degradacji). W zwiazku
z powyzszym, aby prawidlowo stwierdzi¢, ktory z czynnikdw wpltywal na zaistniate
réznice w poziomie TPC pomigdzy wariantami o r6znej zawartos$ci nosnika, wprowadzono
nowy sposob okreslania retencji zwigzkow bioaktywnych, ktory w bezposredni sposob
porownuje zawarto$¢ tych zwigzkéw w proszku z surowcem, wykluczajac zawarto$¢
nosnika suszarniczego. Pozwala to porownywaé warianty o jego rdznej zawartoSci.
Zaproponowany wspotczynnik retencji (RC) moze przyjmowaé wartosci od 0 do 100%.
Najmniejszy RC (77,4%) zostat zaobserwowany w proszku wysuszonym metoda
tradycyjna (SD50). Tak jak w przypadku wartosci bezwzglednej TPC, nie zanotowano
istotnego wplywu (p > 0,05) obnizenia temperatury suszenia na RC (poréwnanie
wariantow 50SD i S0DASD). Ponadto, warto$¢ RC wzrastata wraz ze zmniejszajaca si¢
zawartoscig nos$nika, jednakze byly to rdznice nieistotne statystycznie (p > 0,05).
Ewentualna istotno$¢ tego wplywu mogtaby $wiadczy¢ o mozliwym negatywnym wplywie
no$nika na TPC, lecz ze wzgledu na fakt, ze r6znice byly nieistotne, wyciaganie takich
wnioskoéw jest nieuzasadnione. Niemniej, mimo iz poziom retencji byt na podobnym
poziomie niezaleznie od zawarto$ci no$nika, istotny jest fakt, ze zastosowanie osuszonego
powietrza umozliwito osiggnig¢cie tak niskiego poziomu zawarto$ci nosnika jak 10%,
co wptynelo istotnie na zawarto$¢ bezwzgledng TCP 1 otrzymanie proszku o podwyzszanej
wartos$ci biologicznej.

Ponadto, w publikacji [P2] jako drugi wskaznik warto$ci biologicznej proszkoéw
badano ich aktywno$¢ przeciwutleniajaca. Najwigksze zmniejszenie aktywnosci
przeciwutleniajacej proszkoéw w stosunku do melasy z morwy bialej (az pigciokrotnie
nizszy poziom aktywnosci) stwierdzono w przypadku wariantu otrzymanego metoda
tradycyjna (SD50). Porownujac warianty SD50 1 DASDS50 o takiej samej zawartosci
nos$nika zaobserwowano istotny (p <0,05), pozytywny wplyw obnizenia temperatury
suszenia-na aktywno$¢ przeciwutleniajaca. Dodatkowo, zmniejszanie zawartosci nosnika
w istotny sposéb wplywato na polepszenie aktywnosci przeciwutleniajacej. W proszku
0 najwyzszej zawartosci melasy z morwy biatej (DASD90) zanotowano najwigksza
pojemnos¢ przeciwutleniajacg, na tym samym poziomie (rdznica statystycznie nieistotna,
p < 0,05) co w melasie przed suszeniem. Na podstawie uzyskanych wynikéw mozna wiec

stwierdzi¢, ze zmniejszenie wilgotnosci powietrza suszacego umozliwia nie tylko

62



zwickszenie aktywnos$ci przeciwutleniajacej proszkow z melasy z morwy biatej jako efekt
obnizenia temperatury suszenia, ale takze dzigki mozliwosci zwigkszenia udziatu surowca
w proszku, co jest niemozliwe w konwencjonalnym wysokotemperaturowym suszeniu
rozpytlowym (nie jest mozliwe otrzymanie proszku o tak niskiej zawarto$ci no$nika

ze wzgledu na efekt ,,stickiness”, co przedstawiono w p. 5.1.).

Tabela 6. Zawarto$¢ zwigzkéw fenolowych ogotem (TPC), wspotczynnik retencji (RC)
orz aktywnos$¢ przeciwutleniajgca (ECso ABTS) proszkéw z melasy z morwy biatej,
zawierajacych 10 - 50% nosnika - nutriozy (w s.S., w/w), otrzymanych metoda tradycyjna
(SD) oraz z zastosowaniem osuszonego powietrza (DASD) [P2].

TPC RCrec ECso ABTS
[mg GAE/g s.s.] [%] [mgs.s./ml]
Melasa z morwy biatej 3,646x0,103f - 0,05+0,002
SD50 1,412+0,0132 77,4+0,7° 0,23+0,04¢
DASD50 1,491+0,038%° 81,8+2,1° 0,15+0,01°
DASD60 1,810+0,154° 82,8+7,1° 0,14+0,00°
DASD70 2,14510,063°¢ 84,0+2,5° 0,12+0,00°
DASD80 2,459+0,257¢ 84,3+8,8? 0,1340,01°
DASD90 2,85210,048¢ 86,9+1,5? 0,100,012

@€ RAznice miedzy srednimi wartosciami oznaczonymi réznymi literami byty istotne statystycznie

(p <0,05).

W publikacji [P3] hipoteze H4 weryfikowano na podstawie analizy zawartosci
zwigzkow fenolowych ogotem (TPC), zawarto$ci antocyjanéw ogoélem (TAC)
oraz aktywnoS$ci przeciwutleniajacej (ABTS) i1 potencjatu redukujacego w proszkach
otrzymanych z koncentratu soku wisniowego. W kazdym przypadku analizowano wartosci
bezwzgledne, a takze przeliczone na warto$§¢ RC. Ponadto, badano biodostepnos¢ in vitro,
przedstawiong jako wspdlczynnik wzglednej biodostepnosci (RBF) oraz wspotczynnik
wzglednej aktywnosci przeciwutleniajacej i potencjatu redukcyjnego (REF).

W wariantach o tej samej zawarto$ci no$nika, ale otrzymanych r6znymi metodami
SDMD50, DASDMD50, SDMDPP50, DASDMDPP50) w przypadku TPC nie
zaobserwowano istotnego wplywu temperatury suszenia w probkach ekstrahowanych
chemicznie (CHE) zarowno dla proszkow z MD jak i mieszanka MDPP (Tabela 7).
Jednakze, zanotowano istotny wptyw metody suszenia na TAC. Warianty wysuszone
metodg DASD wyrdznialy si¢ wyzsza zawartoscia TAC w probkach CHE w przypadku
obu rodzajow no$nikow. W badaniach in vitro stwierdzono natomiast korzystny wptyw
obnizenia temperatury na potencjalng biodostepnos$¢ (PAF), na zawarto§¢ TPC wylacznie

w przypadku zastosowania MD jako no$nika oraz na zawarto§¢ TAC w wariantach
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z dodatkiem obu rodzajow nos$nikow. Mozna wigc stwierdzi¢, ze obnizenie temperatury
suszenia mialo korzystny wplyw glownie na zawarto$¢ antocyjandéw ogodlem
w otrzymanych proszkach wisniowych. Nalezy takze podkresli¢, ze potencjalna
biodostepnos¢ antocyjanéw proszkow DASD z MD wynosita 62 oraz 68%, co jest
wynikiem zgodnym =z doniesieniami Vergara 1 wsp. [2020], ktorzy badali
mikrokapsutkowanie antocyjanow pochodzacych z ziemniaka purpurowego. W przypadku
aktywno$ci przeciwutleniajgcej, wyrazonej jako wlasciwosci przeciwrodnikowe
oraz potencjal redukcyjny, nie zaobserwowano istotnego wpltywu obnizenia temperatury
suszenia w probkach CHE. Stwierdzono natomiast korzystny wplyw zastosowania DASD
w probkach poddanych badaniom in vitro. W proszkach z MD zanotowano istotne
zwigkszenie wartoSci obu parametrOw po obnizeniu temperatury suszenia,
jednakze w wariantach z mieszankg MDPP zaobserwowano zmniejszenie si¢ warto$ci obu
parametrow po zastosowaniu DASD. Na podstawie otrzymanych wynikow mozna
stwierdzi¢, ze rodzaj nos$nika oraz wybor metody analitycznej odgrywal istotng role
w okresleniu wptywu obnizenia temperatury suszenia na aktywno$¢ przeciwutleniajaca
otrzymanych proszkow.

W wariantach, ktore zostaty otrzymane z nizsza zawarto$cig nosnika (DASDMD70
i DASDMDPP70) zaobserwowano istotnie wyzszag TPC oraz TAC w probkach CHE
w porownaniu do proszkow o standardowej zawarto$ci no$nikoéw, takze otrzymanych
metodg DASD (DASDMD50 i DASDMDPP50) (Tabela 7). Ponadto, w probkach,
ktore zostaly poddane badaniom in vitro (PAF) zanotowano réwniez korzystny wpltyw
zmniejszenia dodatku nosnika na TAC w otrzymanych proszkach. W przypadku TPC nie
stwierdzono istotnej réznicy mie¢dzy wariantami o tradycyjnej zawartosci nos$nikow
oraz proszkami o ich zmniejszonej zawartosci. Zaobserwowano takze, ze wraz
ze zmniejszeniem dodatku nosnika w przypadku obu ich rodzajow, poprawie ulegh
potencjat redukcyjny zaréwno w probkach CHE, jak i w badaniach in vitro (PAF).
Wiasciwosci przeciwrodnikowe poprawity sie rowniez W wariantach o zmniejszonym
udziale no$nikow w probkach CHE, natomiast w badaniach in vitro w proszkach o nizszej
zawartosci MD (DASDMD70) zanotowano mniejsza warto$¢ niz w wariancie
o standardowym udziale no$nika (DASDMDS50). W przypadku proszkow z mieszanka
MDPP nie stwierdzono istotnych roznic. Na podstawie otrzymanych wynikéw mozna wigc
wyciagna¢ wniosek, ze dzigki zastosowaniu osuszonego powietrza, ktore w konsekwencji
pozwolito na otrzymanie proszkéw o mniejszej zawartoSci nosnika, mozliwe bylo

uzyskanie produktu o lepszych wlasciwosciach biologicznych niz proszkow
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o standardowym udziale no$nika, przy jednoczesnym zwigkszeniu zawarto$ci w nim
surowca.

Wspoétczynnik retencji (RC) pozwala na bezposrednie pordwnanie miedzy soba
otrzymanych wariantow z wylaczeniem obecno$ci nosnika. W wiekszosci badanych
proszkéw RC wynosit ponad 100% (Tabela 7), co mogto by¢ spowodowane utworzeniem
si¢ nowych zwigzkéw w wyniku reakcji Maillard’a badz reakcjami, ktore zaszty w wyniku
obecnosci no$nikow. W przypadku TPC zaobserwowano pogorszenie RC badz brak
wplywu w proszkach otrzymanych metodg DASD przy zmniejszajacej si¢ zawartosci obu
rodzajow no$nikdw. Wartos¢ RC antocyjanow ogoélem (TAC) byla wigksza
po zastosowaniu osuszonego powietrza przy tej samej zawartosci MD (SDMD50,
DASDMD50), natomiast zmniejszyta si¢ w wariancie o mniejszym udziale no$nika
(DASDMD70) w porownaniu do wariantu o jego standardowej zawartosci (DASDMD50).
W proszkach z mieszankg MDPP zanotowano wzrost wartosci RC po zmniejszeniu
wilgotnosci  powietrza  suszacego (DASDMDPP50) oraz udzialu  no$nika
(DASDMDPP70). Na podstawie otrzymanych wynikéw, mozna wigc stwierdzic,
ze zwigkszenie udziatu koncentratu w roztworach podawanych do suszenia przyczynito si¢
do zwigkszenia obecno$ci zwigzkow biologicznie aktywnych, a takze do wigkszych
warto$ci RC. Nalezy podkresli¢, ze zwigkszenie zawartosci koncentratu wisniowego byto
efektem zastosowania DASD. W przypadku aktywnos$ci przeciwutleniajacej nie
zaobserwowano poprawy badz stwierdzono obnizenie RC w wyniku zastosowania DASD
w proszkach z dodatkiem obu rodzajow nosnikow.

Biodostgpnos¢ wyrazona wspotczynnikiem RBF dla zwigzkow fenolowych ogdtem
(TPC) wynosita dla potowy otrzymanych wariantow ponad 100%. W przypadku obnizenia
temperatury suszenia w przypadku proszku z dodatkiem MD (DASDMD50) stwierdzono
wyzszy niz dla wariantu tradycyjnego (SDMDS50), ponad 100% RBF, natomiast dla
wariantu o mniejszym udziale no$nika (DASDMD70) wartos¢ RBF byla mniejsza
w porownaniu do wariantu otrzymanego metoda tradycyjng (SDMDS50), jak i otrzymanego
metoda niskotemperaturowa (DASDMDS50). Proszki z mieszanka MDPP wysuszone
w nizszej temperaturze (DASDMDPP50, DASDMDPP70) charakteryzowaly si¢ mniejsza
wartoscia RBF niz proszek otrzymany w wysokiej temperaturze (SDMDPP50),
jednakze proszek o tradycyjnej zawartosci nosnika (DASDMDPP50) wyrédzniat si¢ RBF
powyzej 100%, tak jak wariant konwencjonalny (SDMDPP50). Warto$¢ wspodtczynnika
ponad 100% po trawieniu in vitro moze oznacza¢ bardziej efektywna enkapsulacje

zwiazkow bioaktywnych [Alvarez-Cervantes i wsp. 2021]. Podobne zjawisko
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zaobserwowano w przypadku mikrokapsutkowania soku z grejpfruta [Alvarez-Cervantes
I wsp. 2021] oraz kapsutkowania koncentratu soku wisniowego metoda elektrospinningu
[Isik 1 wsp. 2018]. W zwigzku z powyzszym mozna stwierdzi¢, ze obnizenie temperatury
suszenia w przypadku proszkow z MD miato korzystny wplyw na biodostepnos¢ zwigzkow
fenolowych przy wysokiej zawartosci no$nika. W wariantach z dodatkiem PP nalezy
natomiast podkresli¢ niekorzystny wplyw zastosowania osuszonego powietrza.
Jednakze, w analizie otrzymanych wynikéw trzeba mie¢ na uwadze niespecyficzny
charakter odczynnika Folina-Ciocalteu, ktory jak wspomniano wczesniej, reaguje takze
m.in. z cukrami redukujacymi, produktami reakcji Maillard’a oraz kwasem askorbinowym,
co moglo by¢ réwniez czynnikiem wpltywajacym na otrzymane warto$ci wspodtczynnika
RBF. Jest to zwlaszcza widoczne w wynikach dotyczacych wzglednej biodostgpnosci
antocyjanow, ktorych wartosci wynosily ponizej 100%. Ponadto, istotnie mniejsze
wartosci RBF w przypadku antocyjanéw mogly wynika¢ z wrazliwosci tych zwigzkoéw
na pH, co takze moglo mie¢ wpltyw, wynikajacy z kwasnego $srodowiska prowadzonej
analizy [Mihaylova i wsp. 2021]. W przypadku aktywnosci przeciwutleniajacej, nalezy
zwroci¢ uwage na zwigkszenie wartosci wzglednego wspodtczynnika efektywnosci
przeciwutleniajacej (REF) w badaniach wtasciwosci przeciwrodnikowych w wyniku
obnizenia temperatury suszenia proszku o standardowej zawartosci nosnika (DASDMD50)

w poroéwnaniu do wariantu otrzymanego metoda tradycyjna (SDMD50).
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Tabela 7. Zawarto$¢ zwiazkow fenolowych ogotem (TPC), zawarto$¢ antocyjanow ogdtem
(TAC), aktywnos$¢ przeciwutleniajgca 1 potencjat redukcyjny oznaczone po ekstrakeji
chemicznej (CHE), trawieniu in vitro (frakcja potencjalnie biodostepna - PAF)
oraz wspotczynniki: biodostepnosci (RBF — wzgledny wspotczynnik biodostepnosci, REF -
wzgledny wspotczynnik wydajnosSci przeciwutleniajacej) retencji (RC) w proszkach
z koncentratu soku z wisni zawierajacych 30 oraz 50% nos$nikéw: maltodekstryny (MD)
oraz mieszanki maltodekstryny z biatkiem grochu (MDPP), otrzymanych metoda tradycyjna

(SD) oraz z zastosowaniem osuszonego powietrza (DASD) [P3].

SDMD50 DASDMD50 DASDMD70 SDMDPP50  DASDMDPP50  DASDMDPP70

TPC CHE  11,2#0,32¢F  11,2+0,19° 15,1+0,19° 10,2+0,17° 9,45+0,21f 13,5+0,12¢
[mg GAE/gs.s.] PAF  10,1#0,59"  12,9+0,65¢  12,4+0,30¢ 19,5+1,10° 12,3+0,54 13,1+0,63%

RBF 0,92 1,15 0,82 1,92 1,30 0,94

RC 119 119 115 108 101 103
TAC CHE  1,42#0,05%  1,63%0,15° 2,16%0,09° 1,26+0,08" 1,39+0,08¢% 2,0620,08°
[mg CGE/g s.s.] PAF  0,64%0,04' 1,03+0,028 1,5+0,05¢ 0,71%0,06' 0,860,02" 1,37+0,06°

RBF 0,45 0,62 0,68 0,54 0,62 0,67

RC 136 156 148 121 133 141
Aktywnosé CHE  16,5+0,248 16,7+0,298 20,4+0,24 15,3+0,44" 15,1+0,49" 19,6+0,45¢
przeciwutleniajaca  par  20,9:0,68  24,3t0,56° 20,1+0,91% 21,241,32° 17,9+0,83f 17,9+1,20°
[mg TE/gs.s.] REF 1,26 1,46 0,98 1,39 1,19 0.92

RC 121 123 107 113 111 103
Potencjat CHE  11,9+0,208 12,040,218 16,8+0,25¢ 10,22+0,19" 9,18+0,26" 14,4+0,42°
redukcyjny PAF  20,8%0,15°  22,90,15° 25,0+0,38° 22,240,80° 20,2+0,39¢ 21,941,27
[mg TE/g s.s.] REF 1,75 1,91 1,48 2,17 2,20 1,52

RC 114 115 115 98 88 98

a1 Réznice miedzy $rednimi warto$ciami oznaczonymi réinymi literami w kolumnach byly istotne
statystycznie (p < 0,05)

Hipoteza H4 byla takze weryfikowana w badaniach przedstawionych w [P4].
Wykonujgc badania do publikacji [P2] oraz [P3], zwrocono uwage na niespecyficznosé
metody analitycznej zastosowanej do oznaczenia TPC, ktéra mogla prowadzi¢ do
otrzymania zawyzonych wynikow w wyniku reakcji odczynnika Folina-Ciocalteu z innymi
zwigzkami obecnymi w proszkach. W zwiazku z powyzszym, podj¢to decyzje
o zastosowaniu ultrasprawnej chromatografii cieczowej (UPLC) do analizy zawartosci
zwigzkow fenolowych w proszkach wisniowych. Okre§lono zawartos¢ 6 kwasow
fenolowych, 5 flawonoli i 6 antocyjanéw, wyniki przedstawiono réwniez jako sumy
zwiazkéw w tych 3 grupach (odpowiednio: PA, FLV i ANTH), oraz catkowita zawarto$¢
zwigzkow fenolowych (POLY). Obliczono rowniez RC poszczegdlnych zwigzkow,
zsumowanych zwigzkéw w 3 grupach oraz catkowitej zawartosci POLY (Tabele 8-10).

Poréwnujac warianty otrzymane metoda tradycyjna oraz niskotemperaturowa
0 wysokiej zawartosci nosnika (50SD i 50DASD), zanotowano generalnie korzystny

wplyw obnizenia temperatury suszenia (Tabela 8). W przypadku wszystkich no$nikow
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zawarto$¢ PA (suma zidentyfikowanych kwasow fenolowych) byta wigksza w proszkach
wysuszonych metoda DASD. Srednia zawartos¢ POLY (suma zidentyfikowanych
zwigzkoéw fenolowych) w proszkach otrzymanych metoda tradycyjng SD stanowita tylko
69% ich $redniej zawartosci w wariantach DASD. Zmniejszenie wilgotno$ci powietrza
umozliwito otrzymanie proszkow o wigkszej zawartosci kwasu fenolowego 2 (Der2PA),
kwasu fenolowego 1 (DerlPA), kwasu neochlorogenowego (NCA) oraz kwasu
chlorogenowego (CA) w wariantach o wysokiej zawartosci nosnika (50DASD)
w poréwnaniu do proszkow otrzymanych metoda tradycyjna (50SD). Srednia zawarto$¢
Der2PA w wariancie o tradycyjnej zawarto$ci nosnika, otrzymanym w niskiej temperaturze
(50DASD), stanowita tylko do 47% s$redniej zawartosci w proszku otrzymanych metoda
wysokotemperaturowa (50SD), dla Der1PA $rednia zawarto$¢ wyniosta do 54%, dla NCA
byto to do 89%, a dla CA do 91%, zawarto$¢ FLV natomiast nie rdznila si¢ istotnie mi¢dzy
wariantami otrzymanymi w wysokiej i niskiej temperaturze. Proszki wysuszone w nizszej
temperaturze o tradycyjnej zawartosci nosnika (S0DASD) charakteryzowaty sie wicksza
zawarto$cia ANTH niz warianty otrzymane w wysokiej temperaturze (50SD). Srednia
zawarto$¢ ANTH w proszkach 50SD wynosita 87% ich zawartosci w SODASD niezaleznie
od zastosowanego nosnika. Istotnie wigksze wartosci Cy-3-glu, Pe-3-rut oraz Cy-3-glu-rut
stwierdzono w wariantach otrzymanych w niskiej temperaturze przy wickszej zawartosci
nosnika (S0DASD) niz w proszkach wysuszonych metoda tradycyjng (50SD).
Srednio zawarto$é tych zwigzkow w wariantach 50SD wynosita odpowiednio: 85, 74 i 85%
ich zawartosci w proszkach 50DASD. Nalezy podkreslic, ze zmniejszenie dodatku
no$nikow (70DASD) spowodowato zwiekszenie zawartosci wszystkich grup zwigzkow
w otrzymanych proszkach z kazdym z rodzajéw no$nika. Mozna wigc stwierdzié, ze efekt
ten mogt by¢ wywotany zwigkszeniem zawarto$ci koncentratu w roztworach podawanych
do suszenia, jednak byto to mozliwe wytacznie dzigki obnizeniu temperatury suszenia
poprzez aplikacje osuszonego powietrza, ale takze w wyniku wigkszej wartosci RC
niektorych zwigzkow.

Srednia warto$é RC dla POLY wyniosta 19%, co jest wynikiem istotnie mniejszym
niz warto$ci otrzymywane w [P2] oraz [P3] (Rys. 7). Mozna, wigc stwierdzi¢, ze stosowana
w poprzednich publikacjach metoda Folina-Ciocalteu ze wzglgdu na Swoja
niespecyficzno$¢ mogta przyczyni¢ si¢ do zawyzenia zawartosci TPC w poprzednich
badaniach. Zanotowano istotny wptyw temperatury suszenia na RC oraz POLY — proszki
otrzymane w metoda DASD charakteryzowaty si¢ wigkSzymi wartosciami POLY oraz RC.

Retencja kwaséw fenolowych (PA) byla gléwnie zwigzana z retencjg kwasu
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chlorogenowego (CA) (okolo 20%), natomiast istotnie Wwigksza wartos¢ RC,
powyzej 100%, zanotowano w przypadku kwasu 3,5- dikawoilochinowego (DCFA),
ale tylko dla wariantow otrzymanych metodg SD. Ferracane i wsp. [2008] zaobserwowali
termalnie indukowane tworzenie si¢ nowych izomerow dikawoilochinowych w produktach
pochodzenia roslinnego, co moze wskazywa¢ na ich powstanie w wariantach
wysokotemperaturowych. W przypadku Der2PA stwierdzono natomiast wigkszy RC
w przypadku proszkow otrzymanych w niskiej temperaturze, co moze $wiadczy¢
o termolabilnosci tego zwigzku. W zwigzku z powyzszym, mozna stwierdzi¢, ze retencja
wybranych PA jest silnie powigzana z metoda suszenia oraz sktadem surowca. Retencja
sumy wszystkich ANTH wynosita 19%, a najwigksze wartosci zanotowano W proszkach
0 najwyzszym udziale koncentratu (70DASD).

Aktywnos¢ przeciwutleniajgca proszkow zostata zbadana metoda FRAP oraz TEAC
ABTS i zaobserwowano istotny wptyw zawartosci koncentratu soku wisniowego, co byto
efektem obnizenia temperatury suszenia (Tabela 8-9). Wartosci FRAP i TEAC ABTS
w wariantach otrzymanych metoda tradycyjng (50SD) stanowity §rednio odpowiednio 95
i 96% s$redniej wartosci W proszkach o tej samej zawarto$ci no$nika wysuszonych
z zastosowaniem osuszonego powietrza (50DASD). Ponadto, proszki o mniejszym udziale
nosnika (70DASD) wyrdzniatly si¢ Srednio 40 i 30% wigkszymi warto$ciami odpowiednio
FRAP 1 TEAC ABTS niz warianty o standardowej zawartosci nosnika (50DASD)
(Tabela 9-10). Jak wcze$niej wspomniano, zjawisko to byto wynikiem zwigkszenia udziatu
koncentratu w proszku jako efekt zastosowania osuszonego powietrza, przy jednoczesnym
braku zmiany retencji wraz ze zmniejszeniem dodatku nosnikéw, co potwierdzono
warto$ciami RC, wynoszacymi ponad 100% w przypadku FRAP. W przypadku TAEC
ABTS wzrost udzialu koncentratu o 40% (z 50 do 70% w s.s., w/w) nie spowodowat
zwiekszenia warto$ci TAEC ABTS o 40%, a jedynie $rednio na poziomie 30%. Wskazuje
to na mniejsza retencje przeciwutleniaczy, co takze potwierdzono mniejszymi warto§ciami
RC (Rys. 7).
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Tabela 8. Zawarto$¢ zwiazkoéw fenolowych oraz aktywnosé przeciwutleniajaca (mg/g s.s.)
w koncentracie soku z wisni oraz w proszkach zawierajacych 50% (w S.S., w/w)
koncentratu soku z wisni oraz nosniki: maltodekstryng (MD), mieszanke (1:1)
maltodekstryny oraz koncentratu bialek serwatkowych (MDWPC), maltodekstryny
oraz serwatki (MDW), maltodekstryny oraz maslanki (MDBM) i samg serwatke (W),

otrzymanych poprzez konwencjonalne suszenie rozpytowe (SD) [P5].

scic MD50SD MDWPC50SD MDWS50SD MDBM50SD W50SD
NCA 1,924+0,001  0,129+0,004®°  0,129+0,019% 0,136£0,001**  0,136+0,004°  0,122+0,005°
p-CuA 0,162+0,000  0,075+0,004° 0,0510,003° 0,050£0,000°  0,058£0,002°  0,047+0,002°
CA 7,953+0,056  0,597+0,023*  0,552+0,052% 0,591£0,009"  0,598£0,005" 0,519+0,011°
Der1PA 1,743+0,019  0,152#0,010°  0,118+0,002" 0,132#0,003*  0,152#0,003"  0,087+0,012°
DCFA 0,261x0,004  0,127+0,008*¢  0,1310,018'% 0,141£0,0006  0,119£0,013"¢ 0,154+0,0208"
Der2PA 0,125+0,000  0,031+0,002° 0,04040,011° 0,039£0,003°  0,032£0,001°  0,0410,001°
PA 12,167£0,080  1,1110,050°°  1,021:0,104°  1,089:0,011°*° 1,093%0,028"° 0,970%0,024°
Q-3-glu 1,074+0,010  0,071¢0,011°  0,080£0,014°*  0,086+0,001°* 0,066+0,016° 0,074+0,011%
Q-3-gal 2,912+0,003  0,187+0,026° 0,206+0,035° 0,208£0,019°  0,190£0,001°  0,19440,021°
Q-3-gluc 0,363+0,000  0,071%0,007**  0,070£0,000**  0,099+0,010°  0,077%0,005" 0,068+0,007°°
K-3-rut 0,828+0,003  0,062+0,002*"  0,064+0,004% 0,059£0,007**  0,0450,004°  0,038+0,001°
K-7-glu 1,173£0,023  0,0780,000°  0,0880,009  0,103%0,012°**  0,091£0,005°  0,0730,007°
FLV 6,349:0,000  0,468:0,043° 0,5080,062" 0,555£0,049°  0,469:0,019°  0,448+0,011°
Cy-3-s0 0,709+0,011  0,058+0,001*"  0,050+0,009% 5,58+0,09% 5,38+0,53*  0,047+0,006%
Cy-3-glu-rut  2,938+0,036  0,277+0,003°“ 0,194+0,031° 26,1£0,28°* 24,1£2,85®  0,22740,019%°
Cy-3-glu 0,016+0,000  0,005£0,000**  0,003+0,000° 0,43+0° 0,44+0,13*  0,004+0,000°
Cy-3-rut 0,128+0,000 ~ 0,022+0,004°  0,014+0,001% 1,84£0,06" 1,224#0,29"  0,016%0,001°
Pe-3-rut 0,999+0,001  0,065%0,001*"  0,0610,014° 8,36+0,14%°  7,2141,65°°  0,07240,005*
DerlCy 0,267+0,001  0,014+0,001% 0,014+0,002%° 2,08+0,56%°« 1,23+0,46%®  0,019+0,0012><
ANTH 5,058:0,049  0,440%0,010°°  0,337:0,056° 0,44410,011*°  0,3960,059°  0,384:0,031°
POLY 23,347+0,179  2,020£0,007°*°  1,865:0,225"°  2,088+0,050°  1,958+0,086°" 1,802:0,045°
FRAP - 0,047+0,002°  0,039:0,000"°  0,045:0,000"°  0,039:0,001°° 0,037+0,001°
ABTS - 0,042£0,001°  0,058%0,004°*  0,0510,001°*°  0,049:0,003*° 0,04410,001°

NCA — kwas neochlorogenowy; p-CoA — kwasy p-kumarowe; CA — kwas chlorogenowy; DerlPA — pochodne kwasu fenolowego 1; DCFA - kwas 3,5-
dikawoilochinowy; Der2PA — pochodne kwasu fenolowego 2; PA — suma zidentyfikowanych kwaséw fenolowych; Q-3-glu — kwercetyna -3-O-glukozydaza;
Q-3-gal — kwercetyna -3-O-galaktozydaza; Q-3-gluc — kwercetyna-3-O-glukuronidy; K-3-rut — kaempferol-3-O-rutynozyd; K-7-glu — kaempferol-7-O-

glukozyd; FLV — suma zidentyfikowanych flawonoli; Cy-3-so - cyjanidyna-3-O-soforozyd; Cy-3-glu-rut - cyjanidyna-3-O-glukozyl-rutynozyd; Cy-3-glu —
cyjanidyna-3-0-glukozyd; Cy-3-rut — cyjanidyna-3-O-rutynozyd; Pe-3-rut — peonidyna-3-O-rutynozyd; DerlCy — pochodne cyjanidyny 1; ANTH — suma
zidentyfikowanych antocyjanéw; POLY — suma zidentyfikowanych zwigzkéw fenolowych, FRAP - potencjat redukcyjny, ABTS — aktywnos¢
przeciwutleniajaca
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Tabela 9. Zawartos¢ zwigzkow fenolowych oraz aktywno$¢ przeciwutleniajaca (Mmg/g s.s.)
w proszkach zawierajacych 50% (w s.S., w/w) koncentratu soku z wisni oraz nosniki:

maltodekstryng (MD),

mieszankg (1:1) maltodekstryny oraz koncentratu biatek

serwatkowych (MDWPC), maltodekstryny oraz serwatki (MDW), maltodekstryny
oraz maslanki (MDBM) i samg serwatke (W), otrzymanych poprzez suszenie rozpytowe
metodg DASD [P5].

MDS50DASD MDWPC50DASD  MDW50DASD MDBMS50DASD W50DASD
NCA 0,146+0,002% 0,149+0,003° 0,147+0,002° 0,143+0,002% 0,144+0,002%
p-CuA 0,053+0,000° 0,050+0,004° 0,052+0,003? 0,047+0,002? 0,047+0,002?
CA 0,625+0,012¢ 0,642+0,005¢ 0,639+0,002¢ 0,621+0,016 0,622+0,011°
Der1PA 0,108+0,003% 0,269+0,007¢ 0,275+0,006° 0,269+0,004° 0,269+0,007°
DCFA 0,181+0,004" 0,068+0,001%* 0,053+0,001%* 0,042+0,009? 0,056+0,003%
Der2PA 0,045+0,006° 0,095+0,007" 0,079+0,013" 0,071+0,009° 0,100+0,001°¢
PA 1,158+0,027"¢ 1,272+0,023¢ 1,245+0,016% 1,194+0,037°%  1,238+0,022°%
Q-3-glu 0,082+0,014%¢ 0,079+0,003% 0,095+0,01230¢de 0,072+0,015% 0,082+0,011%¢
Q-3-gal 0,245+0,033%¢ 0,204+0,003? 0,200+0,016° 0,214+0,033% 0,219+0,012%
Q-3-gluc 0,099+0,008 0,063+0,006° 0,063+0,0032 0,075+0,009%° 0,088+0,014%°<d
K-3-rut 0,052+0,006% 0,068+0,005%° 0,064+0,010% 0,059+0,008% 0,068+0,008%
K-7-glu 0,097+0,004% 0,107+0,0032b¢ 0,101+0,0012° 0,112+0,006°¢ 0,114+0,006°¢
FLV 0,575+0,029° 0,521+0,004° 0,524+0,003° 0,531+0,042° 0,570+0,039?
Cy-3-s0 0,049+0,008% 0,058+0,007% 0,032+0,0012 0,058+0,009% 0,073+0,002°
Cy-3-glu-rut 0,262+0,0172¢ 0,344+0,003¢ 0,237+0,028% 0,240+0,030%° 0,322+0,018
Cy-3-glu 0,005+0,002% 0,006+0,001%* 0,004+0,000? 0,004+0,002? 0,005+0,001%°
Cy-3-rut 0,013+0,001% ND ND 0,018+0,0022 ND
Pe-3-rut 0,093:+0,00230cde 0,110+0,000%f 0,069+0,005% 0,106+0,001%% 0,097+0,010°cde
DerlCy 0,022+0,002°¢ 0,019+0,0072¢d 0,012+0,000? 0,017+0,0042b¢ 0,015+0,001%
ANTH 0,445+0,032% 0,535+0,004° 0,354+0,034° 0,443+0,048% 0,513+0,032°
POLY 2,177+0,028" 2,328+0,023 2,123+0,049><¢ 2,167+0,063" 2,321+0,087
FRAP 0,045+0,002%° 0,043+0,001°° 0,044+0,003%° 0,040+0,002°° 0,043+0,002%°
ABTS 0,048+0,001°° 0,057+0,004°¢ 0,049+0,0032* 0,050+0,000% 0,053+0,00125<¢

NCA — kwas neochlorogenowy; p-CoA — kwasy p-kumarowe; CA — kwas chlorogenowy; DerlPA — pochodne kwasu fenolowego 1; DCFA - kwas 3,5-
dikawoilochinowy; Der2PA — pochodne kwasu fenolowego 2; PA — suma zidentyfikowanych kwasow fenolowych; Q-3-glu — kwercetyna -3-O-glukozydaza;
Q-3-gal — kwercetyna -3-O-galaktozydaza; Q-3-gluc — kwercetyna-3-O-glukuronidy; K-3-rut — kaempferol-3-O-rutynozyd; K-7-glu — kaempferol-7-O-
glukozyd; FLV — suma zidentyfikowanych flawonoli; Cy-3-so - cyjanidyna-3-O-soforozyd; Cy-3-glu-rut - cyjanidyna-3-O-glukozyl-rutynozyd; Cy-3-glu —
cyjanidyna-3-0-glukozyd; Cy-3-rut — cyjanidyna-3-O-rutynozyd; Pe-3-rut — peonidyna-3-O-rutynozyd; DerlCy — pochodne cyjanidyny 1; ANTH — suma
zidentyfikowanych antocyjanéw; POLY — suma zidentyfikowanych zwigzkéw fenolowych, FRAP

przeciwutleniajaca

- potencjat redukcyjny, ABTS — aktywnos¢
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Tabela 10. Zawarto§¢ zwigzkéw fenolowych oraz aktywno$¢ przeciwutleniajaca
(mg/g s.s.) w proszkach zawierajgcych 70% (w s.s., w/w) koncentratu soku z wiéni
oraz no$niki: maltodekstryng (MD), mieszanke (1:1) maltodekstryny oraz koncentratu
biatek serwatkowych (MDWPC), maltodekstryny oraz serwatki (MDW), maltodekstryny
oraz maslanki (MDBM) i samg serwatke (W), otrzymanych poprzez suszenie rozpytowe
metodg DASD [P5].

MD70DASD MDWPC70DASD MDW?70DASD MDBM70DASD W70DASD
NCA 0,210£0,001¢ 0,225+0,002¢ 0,220+0,005¢ 0,21620,001¢ 0,214+0,009¢
p-CuA 0,074+0,004° 0,077+0,007° 0,078+0,004° 0,074+0,001° 0,080%0,005°
CA 0,904+0,005¢ 0,947+0,008¢ 0,944+0,015¢ 0,923+0,006¢ 0,921+0,020¢°
Der1PA 0,395+0,001f 0,395+0,001f 0,402+0,004f 0,393+0,003f 0,394+0,006f
DCFA 0,088+0,010° 0,093+0,007°% 0,101+0,004f 0,095+0,006°f 0,093+0,000%%
Der2PA 0,121+0,004% 0,150+0,001f 0,129+0,004¢f 0,131+0,010°f 0,146+0,001°f
PA 1,792+0,024° 1,888+0,010 1,874+0,036 1,832+0,006 1,847+0,039
Q-3-glu 0,126%0,013%% 0,129+0,005¢% 0,137+0,015¢ 0,141+0,006° 0,113+0,013bcde
Q-3-gal 0,303+0,004° 0,323+0,017¢ 0,332+0,027¢ 0,317+0,032¢ 0,334+0,011°
Q-3-gluc 0,095+0,0082b<d 0,085+0,00430¢¢ 0,101+0,013b<d 0,102+0,010¢ 0,111%0,011¢
K-3-rut 0,075%0,007" 0,111+0,009¢ 0,112+0,005¢ 0,099+0,013¢ 0,120%0,013¢
K-7-glu 0,136+0,011° 0,160+0,014f 0,152+0,010f 0,147+0,017¢ 0,162+0,013f
FLV 0,734+0,014° 0,808+0,032° 0,83310,039° 0,805+0,045° 0,841+0,039"
Cy-3-so0 0,09620,005¢ 0,091+0,011¢ 0,098+0,003¢ 0,09620,004¢ 0,095+0,011¢
Cy-3-glu-rut 0,477+0,017° 0,501+0,013¢ 0,467+0,002¢ 0,489+0,018° 0,476+0,007°
Cy-3-glu 0,008+0,000¢ 0,008+0,000°¢ 0,008+0,000¢ 0,008+0,001° 0,008+0,000¢
Cy-3-rut ND ND ND ND ND
Pe-3-rut 0,121+0,020¢f 0,151+0,0118 0,144+0,002f 0,109+0,002¢%f 0,152+0,0098
DerlCy 0,017+0,0022¢ 0,022+0,004°< 0,026+0,002¢ 0,028+0,001¢ 0,026+0,002<
ANTH 0,719+0,044° 0,773+0,039° 0,744+0,009° 0,731+0,025¢ 0,757+0,029°
POLY 3,245+0,068° 3,468+0,002° 3,452+0,070° 3,368+0,041° 3,445+0,061°
FRAP 0,061+0,001° 0,059+0,000° 0,062+0,001° 0,061+0,002° 0,061+0,007°
ABTS 0,060+0,000°¢ 0,075+0,001° 0,067+0,003¢f 0,068+0,002°f 0,064+0,008%f

NCA — kwas neochlorogenowy; p-CoA — kwasy p-kumarowe; CA — kwas chlorogenowy; Der1PA — pochodne kwasu fenolowego 1; DCFA - kwas
3,5- dikawoilochinowy; Der2PA — pochodne kwasu fenolowego 2; PA — suma zidentyfikowanych kwaséw fenolowych; Q-3-glu — kwercetyna
-3-0-glukozydaza; Q-3-gal — kwercetyna -3-O-galaktozydaza; Q-3-gluc — kwercetyna-3-O-glukuronidy; K-3-rut — kaempferol-3-O-rutynozyd;
K-7-glu — kaempferol-7-0-glukozyd; FLV — suma zidentyfikowanych flawonoli; Cy-3-so - cyjanidyna-3-O-soforozyd; Cy-3-glu-rut - cyjanidyna-
3-0-glukozyl-rutynozyd; Cy-3-glu — cyjanidyna-3-0-glukozyd; Cy-3-rut — cyjanidyna-3-O-rutynozyd; Pe-3-rut — peonidyna-3-O-rutynozyd;
DerlCy — pochodne cyjanidyny 1; ANTH — suma zidentyfikowanych antocyjandw; POLY — suma zidentyfikowanych zwigzkéw fenolowych,

FRAP - potencjat redukcyjny, ABTS — aktywnos¢ przeciwutleniajgca
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Rys 7. Wspotczynnik retencji (Retention coefficient - RC) zidentyfikowanych zwigzkow
fenolowych oraz zdolnosci przeciwutleniajacej zmierzonej jako TAEC ABTS oraz FRAP
w proszkach o zawartosci 50 oraz 70% (w s.s., w/w) koncentratu soku z wisni z no$nikami:
maltodekstryng (MD), mieszanka (1:1) maltodekstryny oraz koncentratu biatek
serwatkowych (MDWPC), maltodekstryny oraz serwatki (MDW), maltodekstryny
oraz maslanki (MDBM) i samej serwatki (W) [P5].

NCA — kwas neochlorogenowy; p-CoA — kwasy p-kumarowe; CA — kwas chlorogenowy; DerlPA — pochodne kwasu fenolowego 1;
DCFA - kwas 3,5- dikawoilochinowy; Der2PA — pochodne kwasu fenolowego 2; PA — suma zidentyfikowanych kwaséw fenolowych;
Q-3-glu — kwercetyna -3-O-glukozydaza; Q-3-gal — kwercetyna -3-O-galaktozydaza; Q-3-gluc — kwercetyna-3-O-glukuronidy; K-3-rut
— kaempferol-3-O-rutynozyd; K-7-glu — kaempferol-7-O-glukozyd; FLV — suma zidentyfikowanych flawonoli; Cy-3-so - cyjanidyna-
3-O-soforozyd; Cy-3-glu-rut - cyjanidyna-3-O-glukozyl-rutynozyd; Cy-3-glu — cyjanidyna-3-O-glukozyd; Cy-3-rut — cyjanidyna-3-O-
rutynozyd; Pe-3-rut — peonidyna-3-O-rutynozyd; DerlCy — pochodne cyjanidyny 1; ANTH — suma zidentyfikowanych antocyjandw;
POLY — suma zidentyfikowanych zwigzkéw fenolowych.

W tabeli 11 przedstawiono podsumowanie wplywu obnizenia temperatury suszenia
roztworow o standardowej zawartosci nosnika (50% s.s., w/w) oraz zmniejszenia
zawartosci nosnika na badane wlasciwosci biologiczne 1 ich retencje w proszkach
z miodem [P1], melasg z morwy biatej [P2] oraz koncentratem soku wisniowego [P3 i P4].
Na podstawie otrzymanych wynikdw mozna stwierdzi¢, ze obniZenie temperatury suszenia
w proszkach o standardowym udziale no$nika pozwolito na istotne zwigkszenie zawartosci
polifenolowych ogétem (TPC) [P4], z wyjatkiem proszku z mieszanka MDW.
Jednakze, nalezy zwroci¢ uwage na dobor metody analitycznej do 0znaczenia zawartosci
zwigzkow polifenolowych, poniewaz w [P2] oraz [P3] zastosowano niespecyficzng metodg
Folina-Ciocalteu, a w [P4] metod¢ UPLC o wysokiej czutosci. Otrzymanie wigkszych
wartosci badz brak istotnych réznic w wariantach wyprodukowanych w wysokiej

temperaturze w [P2] oraz [P3] moglo by¢ wigc efektem wytworzenia si¢ zwigzkow
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w wyniku reakcji Maillard’a, ktore takze weszty w reakcj¢ z odczynnikiem Folina-
Ciocalteu. Nalezy takze podkresli¢, ze zmniejszenie zawartosci no$nikow w przypadku
wszystkich badan pozwolito na istotng poprawg TPC, jednakze wyniki dotyczace
wspolczynnika retencji (RC) wskazuja, ze zjawisko to byto gtownie efektem zwigkszenia
udzialu surowcéw w proszku, a nie poprawy retencji. Zawartos¢ antocyjanéw ogodtem
(TAC) w proszkach wisniowych badanych w ramach [P3] oraz [P4] w zaleznos$ci
od rodzaju zastosowanego no$nika ulegta istotnemu zwigkszeniu w wariantach o tej samej
zawarto$ci koncentratu, wysuszonych w nizszej temperaturze. Tak jak w przypadku TPC,
zaobserwowano zwigkszenie TAC po zmniejszeniu udzialu nosnikéw we wszystkich
prowadzonych badaniach. Jednakze, mozna stwierdzi¢, ze podwyzszenie wartosci TAC
bylo nie tylko efektem zwigkszenia zawarto$ci koncentratu wisniowego, ale w przypadku
wigkszosci wariantow takze konsekwencja poprawy retencji (RC) tych zwigzkow.
Analizujac  dane, dotyczace  wlasciwosci  przeciwutleniajacych  (aktywnosé
przeciwutleniajagca oraz potencjal redukcyjny), mozna zaobserwowaé, ze obnizenie
temperatury suszenia w proszkach o standardowej zawartos$ci no$nika nie wplyneto istotnie
na ich poprawe. Jednakze, jak w przypadku poprzednich wilasciwosci biologicznych,
zanotowano korzystny wptyw zmniejszenia zawarto$ci no$nikow na poprawg wlasciwosci
przeciwutleniajacych. Tak jak wcze$niej wspomniano, gldéwng przyczyng takiego efektu
bylo zwigkszenie udzialu surowcéw w proszku, poniewaz nie stwierdzono w wigkszosci
wariantow istotnej poprawy retencji (RC) zaréwno aktywnosci przeciwutleniajacej,
jak 1 potencjatu redukcyjnego.

Porownujac  wyniki, dotyczace ogolnej zawartosci zwigzkow fenolowych
w proszkach wisniowych w [P3] (Tabela 7, wartosci TPC dla proszkow z MD) oraz [P4]
(Tabele 8-10, wartosci POLY dla proszkow z MD), badanych odpowiednio metoda
spektrofotometryczng oraz metodg UPLC, zaobserwowano mniejsze wartosci (0 81,9; 80,5
I 78,5% odpowiednio w proszkach SD50, DASD50 i DASD70 z MD) po oznaczeniu
metoda UPLC. Podobne zjawisko zostato zaobserwowano przez Bouayed i wsp. [2012]
oraz Raczkowska i wsp. [2011], ktorzy badali zawarto$¢ zwigzkoéw fenolowych w jabtkach
oraz winach dostepnych na polskim rynku. Jak wcze$niej wspomniano, otrzymane réznice
mogty by¢ efektem niespecyficznosci metody Folina-Ciocalteu, wptywajacej na wigksze
warto$ci uzyskane w przypadku proszkow badanych tg metodg. Autorzy w swoich pracach
podkreslaja takze, ze w metodzie Folina-Ciocalteu mogly zosta¢ wykryte zwiazki

niezidentyfikowane przez UPLC oraz zwiazki fenolowe zwigzane makroczasteczkami.
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Tabela 11. Podsumowanie wplywu obniZenia temperatury suszenia rozpytowego (¥T)
roztworow o standardowej zawarto$ci nosnika (50% s.s., w/w) oraz zmniejszenia
zawartoéci noénika (¥nosnik) na badane whasciwosci biologiczne i ich retencje (RC)
w proszkach z miodem, melasg z morwy biatej i koncentratem soku wisniowego; kolorem
czerwonym zaznaczono brak istotnego wplywu, kolorem zielonym zaznaczono
wystepowanie istotnego wptywu.

[P1] | [P1] | [P2] | [P3] [P4] [P2] | [P3] | [P3] | [P4] | [P4] | [P4] | [P4]
w MD|MD | MD | MD | MD | MD
PP WPC| W | BM

[P4]

TPC T RC
dnosnik

TAC i1
dnosnik

Aktywnos¢ | |1
przeciw-
utleniajaca

dnosnik

Potencjat | |T
redukcyjny

dnosnik

TPC — ogdlna zawarto$¢ zwigzkow polifenolowych, TAC — ogdlna zawartos¢ antocyjandw

Wyniki przedstawione w publikacjach [P1], [P2], [P3] i [P4] pozwolily
na czesciowe potwierdzenie hipotezy badawczej H4, mowiacej, ze suszenie rozpylowe
z wykorzystaniem osuszonego powietrza, poprzez obnizenie temperatury suszenia,
pozwala na otrzymanie proszkéw o podwyzszonej zawartosci zwigzkow fenolowych
i aktywno$ci przeciwutleniajacej oraz poprawe¢ retencji tych zwiazkéw wybranych
surowcow. Na podstawie otrzymanych danych stwierdzono istotny wptyw doboru metody
analitycznej w interpretacji wynikow, dotyczacych zawartosci polifenoli ogolem,
ze wzgledu na niespecyficzno$¢ metody Folina-Ciocalteu. Ponadto, obnizenie temperatury
suszenia w wiekszo$ci wariantow nie spowodowato poprawy badanych wiasciwosci
biologicznych proszkéw o standardowej zawartosci nosnika. Jednakze, zanotowano
korzystny wplyw zmniejszenia zawarto$ci nosnikéw na analizowane wtasciwosci. Mozna
wywnioskowaé, ze generalnie bylo to efektem zwigkszenia udzialu surowcow
w proszkach, co bylo jednak mozliwe wylacznie dzigki zastosowaniu 0suszonego

powietrza 1 w konsekwencji obnizenia temperatury suszenia.
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5.5. Badanie mozliwosci zastapienia maltodekstryny innymi nosnikami o wartosci
dodanej

Weryfikacja hipotezy H5: Maltodekstryna moze by¢ zastgpiona innymi no$nikami,
ktore wzbogacajg otrzymane proszki w warto§¢ dodang.

Celem tego etapu badan bylo zbadanie mozliwosci zastgpienia tradycyjnej MD
innymi no$nikami, ktéore moga wzbogaci¢ otrzymane proszki w warto$¢ dodang.
Wyniki weryfikujace te¢ hipoteze zaprezentowano w publikacjach [P1], [P2], [P3] i [P4].
MD, ktora jest najczesciej stosowana jako nos$nik suszarniczy ze wzgledu na wysoka
wartos$¢ Tg, dobrg rozpuszczalno$¢ w wodzie, niska lepkos$¢ oraz neutralny smak i zapach,
charakteryzuje si¢ wysokim indeksem glikemicznym [Stevenson i wsp. 2017, Bednarska
I Janiszewska-Turak 2019]. Dzisiejsi konsumenci maja duza swiadomos$¢ oraz wiedze,
1 chetniej siggaja po produkty, ktore w swoim sktadzie nie majg tego dodatku. Konieczne
wiec jest poszukiwanie alternatyw, ktore speinig oczekiwania nie tylko konsumentdw,
ale takze producentéw zywnosci — nosnik powinien spetni¢ wymagania technologicznie,
tzn. skutecznie zapobiegac efektowi ,,stickiness”.

W publikacji [P1] hipoteze¢ H5 weryfikowano, zastepujac MD odtluszczonym
mlekiem w proszku (MP) w czasie wytwarzania proszkow z miodem gryczanym.
Zanotowano istotny wptyw rodzaju zastosowanego no$nika na wydajnos$¢ procesu suszenia
oraz wlasciwosci fizykochemiczne proszkéw. Wydajnos¢ procesu suszenia byta istotnie
wicksza w przypadku wariantu z dodatkiem MP o najnizszym udziale nosnika
(DASDMP75) w porownaniu do proszku z MD na tym samym poziomie dodatku
i wyniosta 97% (Tabela 3), co bylo efektem zdolnosci biatek do tworzenia ochronne;j
otoczki na powierzchni czastek, zapobiegajac ich sklejaniu. Ponadto, zaobserwowano,
ze proszki, w ktorych zastosowano MP oraz osuszone powietrze (DASDMP50,
DASDMP75) wyrdzniaty si¢ bardziej sferycznymi czastkami o gladszej powierzchni
oraz mniejszej tendencji do sklejania si¢ niz odpowiadajagce im warianty z MD
(DASDMD50, DASDMDY75) (Rys. 2). Zjawisko to ponownie $wiadczy o zdolno$ci
nos$nika zawierajgcego biatko do tworzenia ochronnej otoczki na powierzchni czastek,
co zapobiega ich kurczeniu i pekaniu oraz zapewnia ochron¢ przed zmiang ksztattu
w wyniku odparowania wody. Zarowno Suhag i Nanda [2016] oraz Samborska i wsp.
[2020] doszli do tych samych wnioskéw podczas suszenia miodu z WPC oraz MP.
Dodatkowo, rodzaj nosnika miat istotny wptyw na rozktad wielkos$ci czastek. Otrzymane

wyniki wskazuja, ze MP moze by¢ lepszym no$nikiem niz tradycyjna MD, poniewaz
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pozwala na otrzymanie proszkéw o jednorodnym rozktadzie wielkosci czastek. Warianty
z MP charakteryzowaly sie takze mniejsza $rednig $rednica czastek®®, co wskazuje
na latwiejszy przebieg procesu suszenia, wynikajacy z mniejszej tendencji do sklejania sig.
Do podobnych wnioskéw doszli takze Shi i wsp. [2013] oraz Samborska i wsp. [2015],
ktérzy zanotowali mniejsza Srednice czastek w proszkach miodowych, w ktorych
zastosowano odpowiednio izolat biatka serwatkowego oraz dodatek kazeinianu sodu
w poroéwnaniu do proszkow z MD. Nalezy podkresli¢, ze zmiana tradycyjnego nosnika
polisacharydowego na MP w przypadku suszenia rozpylowego miodu gryczanego
spowodowala otrzymanie proszkéw o wyzszej MC oraz nizszej aw>°. Jak wcze$niej
wspomniano, mieszanka no$nikdw zawierajagca biatko spowodowata utworzenie
na powierzchni czastek ochronnej otoczki, ktéra w konsekwencji doprowadzita do
zwigzania wody wewnatrz czastek. Pomimo wystgpienia tego zjawiska, zawarto§¢ wody
w proszkach z dodatkiem MP nie przekroczyta granicznej wartosci 5%, a aktywno$¢ wody
granicznej wartosci 0,2, co swiadczy o ich stabilno$ci przechowalniczej. Warto takze
zwréci¢ uwage na gesto$¢ nasypowa luzng otrzymanych proszkow (Dr), poniewaz
zaobserwowano istotny wptyw rodzaju zastosowanego nosnika. Proszki z dodatkiem MP
wyrézniaty sie wyzsza D(°l. Mozna wiec stwierdzié, ze proszki z dodatkiem no$nika
zawierajacego bialko charakteryzowaly si¢ mniejszg iloscia wolnych przestrzeni
miedzyczgsteczkowych wypelionych powietrzem, co zmniejsza ryzyko utleniania
zwigzkow bioaktywnych w trakcie przechowywania. Zalezno$¢ te potwierdza istotny
wplyw rodzaju nos$nika na porowato$¢ proszkow (e). Warianty z dodatkiem MP
wyrézniaty sie mniejsza porowato$cig ztoza®?. Barwa otrzymanych proszkéw takze istotnie
roznita si¢ migdzy wariantami z odttuszczonym MP oraz z MD. Proszki z MP byly
ciemniejsze®®, co zostalo takze zaobserwowane przez Samborska i wsp. [2015] - autorzy

otrzymali ciemniejsze proszki z dodatkiem kazeinianu sodu niz z MD.

49 Dgy = 20,9 + 0,8 - SDMP50, Dsg = 21,8 + 0,4% - DASDMP50, Dso = 21,2 = 0,82 - DASDMP75, Dso = 50,0 +
2,4% - SDMP50, Dso = 21,8 + 0,42 - DASDMP50, Dso = 21,2 + 0,8 - DASDMP75

50 MC = 3,3 + 0,3%¢ - SDMP50, MC= 5,0 % 0,4% - DASDMP50, MC = 4.6 + 0,2%¢ - DASDMP75, MC = 0,9 +
0,2%? - SDMD50, MC = 2,8 + 0,3%¢ - DASDMD50, MC = 2,0 £ 0,1%" - DASDMD75; &y = 0,088 = 0,005 -
SDMP50, a, = 0,170 + 0,003¢ - DASDMP50, ay = 0,140 + 0,002° - DASDMP75, a,, = 0,188 + 0,003¢ -
SDMDS50, ay = 0,190 + 0,005¢ - DASDMD50, ay = 0,146 + 0,003" - DASDMD75

51D = 0.58 + 0.02° g/mL - SDMP50, D = 0.73 = 0.01¢ g/mL - DASDMP50, D = 0.59 =+ 0.02° g/mL -
DASDMP75, D, = 0.51 + 0.01% g/mL - SDMD50, D, = 0.65 = 0.01¢g/mL - DASDMD50, D = 0.51 % 0.02?
g/mL - DASDMD75

52 o = 59,9 + 0,8%° - SDMP50, &L = 50,5 + 0,6%? - DASDMP50, & = 60,6 % 1,0%¢ - DASDMP75, & = 63,3 +
0,8%¢ dl SDMD50, &= 56,6 % 0,6%P - DASDMD50, & = 67,8 + 0,8%¢ - DASDMD75

53 % = 79,8 + 0,12 - SDMP50, L* = 84,9 = 0,3¢ - DASDMP50, L* = 83,1 + 0,3° - DASDMP75, L* = 83,7 + 0,3¢
- SDMD50, L* = 86,7 + 0,5 - DASDMDS0, L* = 84,3 + 0,4¢ - DASDMD75
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Bylo to spowodowane utworzeniem si¢ bragzowych kompleksow miedzy biatkami
a zwigzkami fenolowymi. Ponadto, warianty z dodatkiem no$nika zawierajacego biatko
wyrdznialy si¢ wiekszym udzialem barwy zo6itej®®, co razem z danymi dotyczacymi
jasnos$ci wskazuje na wyzszy stopien brgzowienia, ktore zaszto w trakcie suszenia.
Aktywnos¢ przeciwutleniajaca (ECsg ABTS) otrzymanych proszkow byla istotnie wigksza
w przypadku wariantow z odtluszczonym MP niz z MD (Tabela 5), co takze zostato
zaobserwowane w badaniach proszkéw miodowych suszonych z zastosowaniem
osuszonego powietrza z MP przez Samborska i wsp. [2020]. Nalezy podkresli¢, ze moze
to wynika¢ ze sktadu samego no$nika, w ktorym zawarte nosniki same posiadaja
wlasciwosci przeciwutleniajace, jednakze nie odzwierciedla to wynikow otrzymanych
w przypadku proszkow o réznej zawartosci tego nosnika. Tak jak wczeSniej wyjasniono,
istotnym jest, aby wziag¢ takze pod uwage mozliwy wplyw zastosowanej metody
analitycznej, ktorej niespecyficzny charakter mogt wptyna¢ na uzyskane wyniki.

W publikacji [P2] hipotez¢ badano na podstawie suszenia rozpylowego melasy
Z morwy biatej z innowacyjna, prebiotyczng N. Nalezy podkresli¢, ze niewiele badan
opisuje wptyw N jako no$nika na wlasciwosci proszkéw otrzymanych metoda suszenia
rozpylowego. Niezaleznie od zastosowanej metody suszenia (SD i DASD) i poziomu
zawarto$ci nosnika (od 50 do 90% s.s., w/w) wydajno$¢ suszenia byla wysoka,
od 64,0 + 3,9% do 96,5 + 4,9% (Tabela 1). Miravet i wsp. [2016] takze badali wptyw N
jako nosnika w suszeniu rozpylowym soku z grejpfruta i zaobserwowali wydajno$¢ procesu
suszenia na poziomie 49,6 - 75,0%. Autorzy jednocze$nie otrzymali proszki z MD
i zanotowali wydajno$¢ procesu suszenia tylko w zakresie od 0 do 64,3%. Samborska
1 wsp. [2020] badali wplyw réznych nos$nikéw, w tym N, na suszenie rozpylowe
koncentratu soku jabtkowego. Badacze stwierdzili wicksza wydajno$¢é procesu suszenia
w wariantach z dodatkiem N (55,8%) niz z kleptozg (32,1%) oraz MD (44,6%),
jednakze mniejszg niz z odtluszczonym MP (81,7%). Higroskopijnos¢ otrzymanych
proszkow wynosita od 22,7 + 0,3% do 30,1 + 0,6%. Samborska i wsp. [2020] w swoich
badaniach stwierdzili, ze proszki jabtkowe z N wyrdéznialy si¢ najwyzsza
higroskopijnoscia, co takze zaobserwowali Samborska i wsp. [2019a] w suszeniu
rozpytowym miodu rzepakowego. Powyzsze wyniki §wiadcza o wiekszej zdolnosci tego
no$nika do adsorpcji wody niz w przypadku MD. Nalezy takze zwrdci¢ uwage na wpltyw

prebiotycznej N na aktywno$¢ przeciwutleniajagcag oraz na zawartos¢ zwigzkoéw

54 h* = 23,8 + 0,9 - SDMP50, b* = 15,8 + 0,49 - DASDMPS0, b* = 17,3 + 0,3¢ - DASDMP75, b* = 13,7 0,3 -
SDMD50, b* = 10,4 + 0,4 - DASDMD50, b* = 14,3 + 0,2 - DASDMD75
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bioaktywnych w proszkach. Otrzymane proszki z melasy z morwy biatej charakteryzowaty
si¢ og6lng zawartoscig zwigzkow fenolowych (TPC) od 1412 £ 13 do 2852 + 48 mg
GAE/100 g s.s. (Tabela 6). Samborska i wsp. [2020] zanotowali wyzszg TPC w proszkach
z koncentratu soku jabtkowego z N (1025 mg GAE/kg s.s.) niz w przypadku kleptozy
(945 mg GAE/kg s.s.), jednak nizszg niz z MD (1141 mg GAE/kg s.s.) oraz MP
(1233 mg GAE/kg s.s.). Jednakze, w przypadku suszenia rozpylowego miodu
zaobserwowano wieksza TPC w proszkach z dodatkiem N (625 mg GAE/kg s.s.) niz z MD
oraz mniejszg w porownaniu do MP (706 mg GAE/kg s.s.). Wyniki otrzymane w publikacji
[P2] oraz zamieszczone w danych literaturowych wskazuja na potencjal nosnika
prebiotycznego w przypadku suszenia rozpytowego niektorych materialéw 1 poprawe
wiasciwosci fizykochemicznych proszkow.

W publikacji [P3] hipotez¢ weryfikowano na podstawie suszenia rozpytowego
koncentratu soku wisniowego z MD oraz mieszankg MDPP (1:1). W badaniach
zanotowano istotny wpltyw rodzaju zastosowanego nos$nika na temperatur¢ przemiany
szklistej otrzymanych (Tg) proszkoéw. Zastgpienie czgsci MD przez PP spowodowato
zmniejszenie Tgw poréwnaniu do wariantéw tylko z maltodekstryng jako no$nikiem®. MD
charakteryzuje si¢ wysoka Tg (200°C), a wigc zastgpienie czeSci tego nosnika PP
0 mniejszej Ty (165-184°C dla czystego biatka grochu) musialo doprowadzi¢ do
zmniejszenia Tq otrzymanych proszkéw [Roos i Drusch 2015, Matveev i wsp. 1997].
W konsekwencji, dodatek PP istotnie wptynat na zmniejszenie wydajnosci procesu
suszenia proszkow wisniowych (Tabela 3). Jayasundera i wsp. [2011] takze zaobserwowali
zmniejszenie wydajnos$ci procesu suszenia w modelowych proszkach o wysokiej
zawarto$ci cukrow, w ktorych zastosowano PP jako nos$nik. Wynika to z wigkszej
podatnosci proszkow o niskiej Ty do sklejania si¢ czastek miedzy soba oraz przyklejania
sie do §cian komory suszenia, co $wiadczy o bardziej problematycznym przebiegu procesu
suszenia. Ponadto, zaobserwowano istotnie wiekszg $rednig $rednice czastek proszkow,
gdy zastosowano mieszanke MDPP®® niz w proszkach z samg MD®’, co takze potwierdza
trudniejszy przebieg procesu suszenia. Nalezy takze zwrdci¢ uwage, ze warianty
z dodatkiem PP takze roznity si¢ istotnie morfologia czastek od proszkow z samg MD -

czastki miaty mniej kulisty ksztatt, co takze wskazywato na problemy w przebiegu procesu

55 T, = 33,9 + 0,2°C° - SDMDPP50, Ty = 32,3 + 0,2°C° - DASDMDPP50, T, = 13,3 + 0,1°C? - DASDMDPP70,
Ty=41,8 +0,1°C¢ - SDMD50, Ty = 44,5 + 0,1°Cf - DASDMD50, Ty = 21,9 + 0,2°C® - DASDMD70

% Dgo = 176,2 + 6,7 um'- SDMD50, Dso = 51,2 = 4,4 um® - DASDMDPP50, Dso = 139,7 + 8,4 um® -
DASDMDPP70

57 Dgo = 67, 8 + 4,2 um® - SDMD50, Dso = 23,9 + 0,9 pm? - DASDMD50, Dso = 34,3 + 0,8 um® - DASDMD70

79



suszenia, wynikajace z niskiej Ty (Rys. 4). Zawarto$¢ wody w proszkach z dodatkiem PP
byta istotnie wicksza®® niz w przypadku wariantow z sama MD®, co bylo wynikiem
zdolnosci wodochtonnych biatek oraz do tworzenia ochronnej otoczki na powierzchni
czastek, ktora utrudniata efektywne odparowanie wody. Nalezy jednak podkresli¢,
ze pomimo wysokiej zawartosci wody w wariantach z mieszanka nos$nikéw,
charakteryzowaty si¢ one jednoczesnie niska aktywnos$cig wody (<0,202), co wskazuje
na zjawisko zwigzania wody strukturalnie, a wigc takze na stabilno$¢ przechowalnicza
proszkow. Zanotowano takze istotny wptyw rodzaju nosnika na porowatos$¢ otrzymanych
proszkéw. Warianty z mieszankg MDPP wyrézniaty sie mniejsza porowatoscig®

niz proszki tylko z MD jako no$nikiem®!

, co wskazuje na mniejszg liczbe porow
mig¢dzyczasteczkowym wypelnionych powietrzem, a wigc w konsekwencji lepsza
stabilno$¢ przechowalnicza. Barwa proszkéw istotnie réznita si¢ w zaleznosci od
zastosowanego rodzaju nos$nika. Warianty z dodatkiem PP byty ciemniejsze®? niz
te wylacznie z MD®®, co $wiadczy o utworzeniu si¢ bragzowych kompleksow migdzy
nos$nikiem biatkowym, a zwigzkami fenolowymi. Ponadto, proszki z dodatkiem PP
charakteryzowatly sie mniejszym udziatem barwy czerwonej® niz z samg MD®®, co moze
$wiadczy¢ o niewystarczajacej zdolnosci PP do ochrony antocyjandéw przed ich degradacja
termiczng. Poréwnujac wptyw rodzaju zastosowanego no$nika na zawarto$¢ polifenoli
ogotem (TPC, CHE) nalezy zwr6ci¢ uwage na ich wieksza zawarto$¢ w proszkach
wylacznie z MD niz z mieszankg MDPP (Tabela 7). Istotne jest jednak, aby zwrocic¢ takze
uwage na potencjalng frakcje biodostepng zwigzkow fenolowych (PAF), poniewaz w tym
przypadku warianty z dodatkiem PP charakteryzowaty si¢ wigkszg biodostepnosciag in vitro
niz proszki o tym samym udziale MD. Moze to by¢ efektem uwolnienia zwigzkow
fenolowych zawartych w PP. Ponadto, wzrost wlasciwosci przeciwutleniajacych frakcji
potencjalnie biodostepnej w przypadku proszkow z dodatkiem PP moze by¢ spowodowany
uwolnieniem bioaktywnych peptydow z biatka, co zaobserwowali takze Khalesi
1 FitzGerald [2021]. Wspodiczynnik retencji (RC) zwigzkow  bioaktywnych

oraz wlasciwosci przeciwutleniajagcych byt wiekszy w przypadku proszkéw z MD jako

% MC = 5,3 +0,1%" - SDMDPP50, MC = 5,6 + 0,6%° - DASDMDPP50, MC = 8,4 + 0,3%*® - DASDMDPP70
% MC = 3,3 +0,3%?- SDMD50, MC = 4,7 + 0,6%" - DASDMD50, MC = 6,2 + 0,5% - DASDMD?70,

80 g =57,3 + 1,4%"? - SDMDPP50, & = 59,0 + 0,4%* - DASDMDPP50, &= 61,0 + 1,2%" - DASDMDPP70
61 g = 68,9 + 1,4%° - SDMD50, &= 62,5 + 2,8%° - DASDMD?50, & = 68,1 = 1,2%" - DASDMD70

62 | * = 26,0 + 1,2% - SDMDPP50, L* = 38,5 + 0,7¢ - DASDMDPP50, L* = 28,2 + 0,2° - DASDMDPP70

83 L * = 39,0 £ 0,6 - SDMD50, L* = 44,9 + 0,9¢ - DASDMD50, L* = 36,4 + 0.5 - DASDMD70

64 a* = 8,5+ 2,12 - SDMDPP50, a* = 36,1 + 0,4° - DASDMDPP50, a* = 39,3 + 0,7° - DASDMDPP70

85 a* = 39,8 + 0,6° - SDMD50, a* = 42,7 + 1,04 - DASDMD50, a* = 44,2 + 0,59 - DASDMD70
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no$nikiem niz wariantow z mieszanka MDPP. Wigkszo$¢ otrzymanych wariantow
charakteryzowata si¢ wartoscig RC powyzej 100%, co mogto by¢ wynikiem utworzenia si¢
nowych zwigzkéw w wyniku przebiegu reakcji Maillard’a, badz reakcjami, ktore mogty
zaj$¢ z udziatem no$nikoéw. Chen i wsp. [2021] stwierdzili zmniejszenie si¢ TPC w wyniku
suszenia rozpylowego soku z mandarynki z MD oraz gumg arabska jako no$nikami,
jednocze$nie obserwujac zwickszenie zawartosci hesperydyny o 594,6%. Badacze
wywnioskowali, ze w trakcie procesu z prekursoréw zwigzanych z glikozydami zostaty
uwolnione aglikony fenolowe. Nalezy tez zwroci¢ uwage, ze wartosSci RC w przypadku
wariantéw z dodatkiem PP byly blizsze wartosci 100%, co mogto §wiadczy¢, ze mieszanka
no$nikoéw przyczynita si¢ do inhibicji reakcji, mogacych zajs¢ w trakcie suszenia, a wiec
powstawania zwigzkow, ktore mogly reagowa¢ z odczynnikiem Folina-Ciocalteau.
Jesli przyjmie si¢, ze RC, ktore ma wartos¢ blizsza 100% za bardziej pozadana,
mozna wtedy zalozy¢, ze mieszanka MDPP korzystnie wplyneta na retencje zwigzkow
bioaktywnych. Podsumowujac, czgsciowe zastapienie MD przez PP przyczynito si¢ do
poprawy tylko niektorych wiasciwosei fizykochemicznych proszkow z koncentratu soku
wisniowego, a w niektorych przypadkach wplynelo na pogorszenie tych wilasciwosci
w porownaniu do zastosowania samej MD.

Hipoteza H5 byta rowniez weryfikowana w badaniach przedstawionych w [P4].
Zaobserwowano wplyw rodzaju zastosowanego no$nika na wydajno$¢ procesu suszenia
(Tabela 3). Najwicksze wartosci zanotowano W przypadku proszkow z mieszanka MD
oraz WPC (koncentrat biatek serwatkowych) oraz dodatkowo stwierdzono brak istotnego
efektu obnizenia temperatury suszenia poprzez zastosowanie osuszonego powietrza,
poniewaz wydajno$¢ procesu suszenia byla wysoka takze w tradycyjnym suszeniu
wysokotemperaturowym. W zwiagzku z tym, ze celem badan bylo réwniez zbadanie
mozliwosci zastagpienia WPC w mieszaninie z MD no$nikami, ktore s mniej
przetworzone, podjeto probe wprowadzenia W (serwatka) oraz BM (maslanka),
ktore w przemysle spozywczym sg traktowane jako produkty uboczne. Proszki
z mieszaning MD oraz W, ktore otrzymano metodg niskotemperaturowg (MDWS50DASD,
MDW?70DASD), charakteryzowaly si¢ wydajnoscia procesu suszenia zblizong do
wariantow z dodatkiem WPC. Proszki z mieszaning MD oraz BM wyrdzniaty si¢ mniejsza
wydajnoscig, a wiec w konsekwencji W zostata wybrana jako surowiec, ktory zostat
zastosowany jako samodzielny nosnik bez dodatku MD. W tym przypadku otrzymane
wydajnosci (49,0+£0,3 - 61,9+4,0%) mozna uznaé¢ za akceptowalne, jednakze byly one
mniejsze niz w przypadku wariantéw z mieszaning MDWPC i MDW. W przypadku
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morfologii czastek proszkoéw, zaobserwowano wyrdzniajacy si¢ wariant - otrzymany
w wysokiej temperaturze MDWPC50SD (Rys. 5). Czastki byly wyraznie wydluzone, co
byto efektem wysokiej lepkosci roztworu podawanego do suszenia. Najbardziej
problematyczny przebieg procesu suszenia, niezaleznie od zastosowanej temperatury oraz
zawartosci nos$nika, zanotowano W przypadku wariantow z mieszaning MD i BM oraz W,
co stwierdzono na podstawie morfologii (otrzymano duze, posklejane czastki tworzace
konglomeraty) oraz takze najmniejszej wydajnosci procesu suszenia. W przypadku MC
uzyskanych proszkow zaobserwowano, ze dodatek no$nikéw pochodzenia mlecznego
spowodowal istotne zwiekszenie tego parametru®® w poréwnaniu do wariantéw z sama
MD, ale otrzymanych metoda DASD®’. Zjawisko to mogto byé spowodowane zdolnoscia
biatek do wigzania wody lub utworzeniem si¢ na powierzchni ochronnej otoczki, ktora
utrudniala odparowanie wody. Ponadto, zanotowano istotny wptyw zastosowanego rodzaju
no$nika na porowato$¢ otrzymanych proszkéw. Warianty z dodatkiem samej MD oraz
z mieszankg MDWPC suszonych w niskiej temperaturze wyrdznialy si¢ najlepsza
sypkoscia (HR)%. Dodatkowo, zanotowano takze dobra sypko$é¢ proszkéw wysuszonych
metoda SD z samg W jako nos$nikiem (W50SD). Wariant ten wyrdzniat si¢ najwiecksza
$rednica czastek oraz wystepowaniem konglomeracji miedzy czasteczkami, co wptyngto
korzystnie na ich sypko$¢. Pozytywnym efektem zastgpienia cz¢sci MD przez inne nosniki
byto takze zmniejszenie porowatosci proszkéw®, co w konsekwencji moze prowadzié¢ do
przedtuzenia stabilnosci przechowalniczej produktu. Zaobserwowano takze zmniejszenie

warto$ci parametru barwy a* przy zastgpieniu cze$ci MD nosnikami pochodzenia

mlecznego’®. Podobne obserwacje zanotowali Sarabandi i wsp. [2017], ktorzy otrzymali

% MC = 5,9 + 0,7%" - MDWPC50DASD, MC = 5,9 + 0,4% - MDW50DASD, MC = 6,9 + 0,1% -
MDBM50DASD, MC = 8,0 + 0,2%* - W50DASD; MC = 8,7 + 0,5%°% - MDWPC70DASD, MC = 8,3 £ 0,5%° -
MDW?70DASD, MC = 9,4 + 0,4% - MDBM70DASD, MC = 9,6 + 0,4% - W70DASD

87 MC = 4,4 + 0,4%° - MD50DASD, MC = 6,1 + 0,5%° - MD70DASD

% HR = 1,31 £ 0,02¢ - MD50SD, HR = 1,49 % 0,04' - MDWPC50SD, HR = 1,42 + 0,029" - MDW50SD, HR =

1,33 +0,05% - MDBM50SD, HR = 1,11 + 0,02% - W50SD, HR = 1,24 + 0,02% - MD50DASD, HR = 1,23 + 0,02

- MDWPC50DASD, HR = 1,45 + 0,03" - MDW50DASD, HR = 1,41 + 0,03%"- MDBM50DASD, HR = 1,32 +
0,02¢"- W50DASD, HR = 1,15 + 0,02® - MD70DASD, HR = 1,19 + 0,01° - MDWPC70DASD, 1,37 + 0,027~
MDW70DASD, HR = 1,25 +0,02¢ - MDBM70DASD, HR = 1,33 + 0,03% - W70DASD

89 ¢ = 68,9+ 0,9%" - MD50SD, & = 68,2 = 1,5%° - MDWPC50SD, & = 62,6 + 2,5%" - MDW50SD, &= 59,1 +
2,1%°- MDBM50SD, &, = 25,4 + 1,0%® - W50SD, &, = 63,2 + 2,5%" - MD50DASD, & = 52,4 + 1,7%"-

MDWPC50DASD, & = 64,5 + 0,7%%- MDW50DASD, & = 63,7 + 0,6%°- MDBM50DASD, &= 63,3 + 1,0%"-

W50DASD, & = 68,5 + 0,8% - MD70DASD, &= 54,1 = 1,2%" - MDWPC70DASD, &_= 68,0 + 0,3%" -
MDW?70DASD, & = 65,6 + 0,6%% - MDBM70DASD, ¢ = 63,8 + 1,6%°- W70DASD

0 a* = 39,8 + 0,6/ - MD50SD, a* = 30,1 + 0,5* - MDWPC50SD, a* = 38,5 + 0,3 - MDW50SD, a* = 36,1 + 0,3¢

- MDBM50SD, a* = 32,4 + 0,8" - W50SD, a* = 42,8 + 0,49 - MD50DASD, a* = 33,6 + 0,3¢-
MDWPC50DASD, a* = 42,4 + 0,49 - MDW50DASD, a* = 41,8 + (0,29 - MDBM50DASD, a* = 39,7 + 0,4'-
W50DASD, a* = 44,2 + 0,6"- MD70DASD, a* = 42,7 + 0,3° - MDWPC70DASD, a* = 44,7 + 0,2"-
MDW70DASD, a* = 42,5 + 0,69 - MDBM70DASD, a* = 40,5 + 0,67 - W70DASD
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mniejszy udzial barwy czerwonej proszkow z koncentratu soku wisniowego z dodatkiem
WPC. Nalezy takze zwro6ci¢ uwage, ze proszek z mieszankg MDWPC, otrzymany metoda
SD, wyroézniat sie mniejszym indeksem brazowienia (Bl) niz wariant z MD'. Mozna wigc
stwierdzi¢, ze WPC pehit rol¢ ochronng przed reakcjami bragzowienia, ktére moga zajs¢
w trakcie suszenia rozpylowego. Badania zawarto$ci zwigzkow bioaktywnych oraz ich
aktywnosci przeciwutleniajacej wskazaly na istotny wplyw rodzaju zastosowanego
nosnika (Tabela 8-10). Najmniejsza zawarto$¢ zwigzkéw fenolowych (POLY) zostata
zanotowana w wariantach wytacznie z MD (rozpatrujac $rednig wartos¢ dla wszystkich
rodzajow suszenia), natomiast najwicksza w proszkach z mieszanka MDW (rozpatrujgc
srednig warto$¢ dla wszystkich rodzajow suszenia), co takze potwierdzono wartoscig RC.
Mozna wiec stwierdzi¢, ze zastosowane alternatywne no$niki petnily istotna role
w ochronie zwigzkow fenolowych przed ich degradacja w trakcie suszenia rozpytowego.
Akbarbaglu i wsp. [2021] oraz Michalska i wsp. [2021] w swoich badaniach doszli do
wniosku, ze rézne rodzaje nosnikdw (polisacharydowe, biatkowe, mieszane) majg r6zna
zdolno$¢ ochrony zwiazkéw bioaktywnych w trakcie obrobki surowca, co zwigzane jest
z rodzajem grupy badanych zwigzkéw fenolowych. Zanotowano takze, ze zastosowanie
mieszanki MDW pozwolito na otrzymanie proszkéw o najwyzszej zawartosci kwasow
fenolowych (PA), a kwas chlorogenowy (CA) byt kwasem wystepujacym w najwigkszej
ilosci, niezaleznie od zastosowanego no$nika. Ponadto, zaobserwowano istotny wptyw
rodzaju nos$nika na zawarto$¢ poszczego6lnych kwaséw fenolowych. Warianty z MD
wyroznialy si¢ najwigkszym udzialem kwasu 3,5-dikawoilochinowego (DCFA)
oraz kwasu p-kumarowego (p-CuA), natomiast proszki z mieszankg MDW
charakteryzowatly si¢ najwicksza zawartoscig kwasu neochlorogenowego (NCA), kwasu
cholorogenowego (CA) oraz pochodnej kwasu fenolowego 1 (DerlPA). Podobnie jak
w przypadku kwasoéw fenolowych (PA), zastosowanie mieszanki MDW umozliwilo
zachowa¢ wigcej flawonoli (FLV) niz warianty z wylacznie MD jako nos$nikiem
(z wyjatkiem proszkow wysuszonych w niskiej temperaturze z tradycyjng zawartoscig
nosnika - 50DASD). Nalezy takze zwroci¢ uwage, ze proszki z sama W oraz mieszanka
MDWPC wyrozniaty si¢ najwigksza retencja antocyjanow posrod wszystkich
zastosowanych nosnikéw (Rys. 7). Do podobnych wnioskéw doszli Oliveira i wsp. [2018]
oraz Parthasarathi i Anandharamakrishnan [2016], ktorzy udowodnili, ze dodatek WPC

przyczyniat si¢ do wigkszej zawarto$ci antocyjanow w proszkach z ekstraktu odpowiednio

L B| = 50,8 + 1,58~ MDWPC50SD oraz Bl = 64,2 = 1,5% - MD50SD
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ze skorek winogronowych oraz z jagdd. Badacze stwierdzili, ze mozliwym powodem byto
zajscie reakcji przez wigzania hydrofobowe pomie¢dzy zwigzkami zawartymi w roztworach
poddawanych suszeniu oraz antocyjanami. W konsekwencji, ograniczyto to degradacje
antocyjanéw w wyniku wysokiej temperatury. Nalezy zwroci¢ uwage takze na aktywnos¢
przeciwutleniajagcg proszkéw wisniowych, poniewaz wybor nosnika istotnie wplynat
na otrzymane warto$ci. Wspotczynnik retencji aktywnosci przeciwutleniajacej (ABTS RC)
byt najwickszy w wariantach z mieszaning MDWPC i osiagnal warto$¢ bliska 100%
(Rys. 7). W przypadku tych samych wariantow zanotowano takze najwicksza warto$¢
TEAC ABTS oraz jednoczesnie najmniejsza proszkow wyltacznie z samg MD. Zjawisko
to moze by¢ efektem wtasciwosci przeciwutleniajagcych WPC. Najwickszy wspotczynnik
retencji FRAP oraz wartosci FRAP zostaly zaobserwowane w przypadku proszkow z sama
MD oraz mieszaniny MDW. Podsumowujac, no$niki oparte o materialy pochodzenia
mlecznego, uznawane w przemysle spozywczym za produkt uboczny, moga zastgpié
czeSciowo tradycyjng MD, poprawiajagc niektore wilasciwosci fizykochemiczne
oraz wzbogacajac proszki w warto$¢ dodang w postaci niektorych zwigzkow bioaktywnych
I zwigkszonej aktywnos$ci przeciwutleniajgcej.

Wyniki przedstawione w publikacjach [P1], [P2], [P3] oraz [P4] pozwolily
na czeSciowe potwierdzenie hipotezy badawczej H5, mowiacej, ze MD moze by¢
zastgpiona innymi no$nikami, ktére wzbogacaja otrzymane proszki w warto§¢ dodana.
Nalezy podkresli¢, ze w zaleznosci od zastosowanego rodzaju nosnika mozliwa byta
poprawa niektorych wlasciwosci fizykochemicznych.

Potencjalne zastosowanie otrzymanych proszkéw jako podtproduktéw powinno by¢
dostosowane do charakteru produktu finalnego. Aplikacja proszkow z dodatkiem PP moze
by¢ wskazana jako alternatywa dla stosowania no$nikoéw pochodzenia zwierzgcego
w produktach klasyfikowanych jako ,vegan”. Proszki, w ktorych zastosowano
prebiotyczng inuling mogga postuzy¢ jako polprodukt do tworzenia produktow
funkcjonalnych o dodatkowym dziataniu prozdrowotnym. Natomiast proszki z no§nikami
mlecznymi, uznawanymi jako produkty uboczne, moga zosta¢ zaaplikowane jako sktadnik
produktéw, wpisujacych si¢ w trend ,,zero waste”. Ponadto, wszystkie z otrzymanych
proszkéw mogg zosta¢ zastosowane jako jeden ze sktadnikéw produktoéw, ktore okres§lane
sg jako ,.,clean label”. Dalszy kierunek badan powinien obejmowac badanie zastosowania
no$nikow w innych surowcach oraz takze aplikacje nowych no$nikéw, ktére takze wpisuja

sie¢ w trendy ,,clean label” oraz ,,zero waste”.
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6. PODSUMOWANIE | WNIOSKI

Zrealizowane badania pozwolity na zweryfikowanie zalozonych hipotez
badawczych oraz ich czgSciowe potwierdzenie, jednoczesnie wskazujac na zasadnos¢
zastosowania osuszonego powietrza w suszeniu rozpylowym jako metody
umozliwiajacej otrzymanie innowacyjnych proszkéw spozywczych. Na podstawie
uzyskanych wynikéw sformutowano ponizsze stwierdzenia i wnioski:

1. Suszenie rozpylowe z wykorzystaniem osuszonego powietrza, w wyniku obnizenia
temperatury suszenia, umozliwia zmniejszenie dodatku nosnika suszarniczego,
a takze w niektorych przypadkach jego eliminacj¢. Ponadto, wydajno$¢ procesu
suszenia w niskiej temperaturze przy obnizonej zawartos$ci nosnika jest w wigkszosci
przypadkdw  wigksza niz proszkoOw  otrzymanych metoda tradycyjna
- wysokotemperaturows.

2. Proszki o zmniejszonej zawartosci no$nika charakteryzuja si¢ akceptowalnymi
wlasciwosciami fizykochemicznymi, a w niektorych przypadkach lepszymi niz
proszki o standardowej zawartosci nosnika (50% s.s., w/w). Otrzymane wyniKi
wskazujg na zwigkszenie zawarto$ci wody wraz ze zmniejszajacym si¢ udziatlem
no$nika, ktore jest efektem wyzszego udzialu surowca, a co za tym idzie takze
wigkszej zawartosci cukrow prostych w suszonym roztworze, przy Czym
jednoczesnie proszki charakteryzuja si¢ aktywnoscig wody wskazujaca na stabilnosc¢
produktu finalnego.

3. Mozliwo$¢ zmniejszenia dodatku nosnika dzieki zastosowaniu suszenia z osuszonym
powietrzem jest uzalezniona od sktadu chemicznego surowca (profilu cukrowego,
naturalnej obecno$ci innych zwiazkéw wielkoczasteczkowych, mogacych spetnic¢
role natywnego nosnika).

4. Zastosowanie 0suszonego powietrza, poprzez zmniejszenie temperatury suszenia
w proszkach o standardowej zawarto$ci nosnika (50% s.s., w/w), umozliwia poprawe
niektorych witasciwosci fizykochemicznych, dzigki obnizeniu ryzyka wystapienia
lub zmniejszenia intensywnosci efektu ,,stickiness™.

5. Zastosowanie osuszonego powietrza w suszeniu rozpylowym nie pozwala
na poprawe sprawno$ci cieplnej procesu suszenia. W zwigzku z powyzszym,
zastosowanie tej metody na skale przemystowa powinno by¢ poprzedzone analizg
korzysci, wynikajacych m.in. ze zwigkszonego udziatu surowca w proszku, a takze

uwzgledniajaca negatywne efekty w postaci niskiej sprawnosci cieplne;j.
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. Dobér metody analitycznej 0znaczenia zawartosci zwigzkow fenolowych ma istotny

wplyw na interpretacje otrzymanych wynikow.

. Obnizenie temperatury suszenia w wyniku osuszenia powietrza suszgcego

w wiekszo$ci przypadkéw nie poprawia wiasciwosci biologicznych proszkéw
o standardowej zawarto$ci no$nika (50% s.s., w/w). Istotny wptyw ma jednakze
zmniejszenie udziatu no$nika/zwigkszenie udziatu surowca, mozliwe tylko w efekcie

obnizenia temperatury suszenia.

. Maltodekstryna jako no$nik tradycyjny moze by¢ z powodzeniem zastgpiona innymi

no$nikami, ktére dodatkowo wzbogacaja produkt w warto$¢ dodang. Istotng role
w poprawie wilasciwosci fizykochemicznych ma jednak wiasciwy dobdr rodzaju

no$nika do stosowanego surowca.

. Innowacyjne proszki spozywcze moga by¢ potencjalnie zastosowane

jako potprodukty w przemysle spozywczym, jednak nalezy mie¢ na uwadze charakter
produktu finalnego. Aplikacja proszkéw z dodatkiem biatka grochu moze by¢
korzystna w produktach, bedacych alternatywa dla produktow pochodzenia
zwierzecego. Proszki z prebiotyczng nutriozg moga postuzyé do formulacji
produktow funkcjonalnych, a te z nos$nikami mlecznymi — do produktow
nabiatowych lub docelowo z takimi spozywanymi. Wszystkie otrzymane proszki

moga zosta¢ wykorzystane do dalszego tworzenia produktow o ,,czystej etykiecie”.
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Abstract: Buckwheat honey is proven to demonstrate health beneficial properties; however, its
application in the industry is limited due to its high viscosity and syrupy-like consistency. The paper
aimed to investigate process performance and physiochemical properties of carrier-reduced buck-
wheat honey. Honey was spray dried conventionally (inlet/outlet drying temperature: 180 °C/80 °C)
and at low drying temperature with dehumidified air application (inlet/outlet drying temperature:
80 °C/45 °C) with maltodextrin as traditional carrier and alternatively with skim milk powder.
The results of this study indicate that lowering the humidity of drying air enabled a decrease in
carrier content of up to 25% (w/w solids), following powder recovery over 87%, which has not
been recorded before for buckwheat honey powders. The results for the physicochemical properties
proved that the application of the dehumidified air and skim milk powder as a carrier ameliorated
their physiochemical properties and the antioxidant activity. Furthermore, the energy consumption
of dehumidified-air-assisted spray drying was investigated as a basis for potential industrial applica-
tion of this innovative method, which has not been studied in the literature before. The industrial
application of this method must be carefully analyzed with regard to its advantages, as the energy
consumption is significantly higher than in conventional spray drying.

Keywords: buckwheat honey; spray drying; dehumidified air; skim milk powder; physiochemical
properties; energy consumption

1. Introduction

Honey is recognized as a traditional medicine and has been applied in many cul-
tures as a treatment for wounds, burns and microbial infections. The health beneficial
properties of honey have been widely studied, and multiple papers have reported on the
anti-inflammatory, antibacterial, radical scavenging and antioxidant properties resulting
from its composition of phenolic acids, carotenoids, flavonoids, ascorbic acid, products
of Maillards’s reactions, catalase and peroxidase [1-6]. Generally, the antioxidant activity
of honey is associated either with its phenolic content or its color—darker honeys tend to
present higher antioxidant potential [2]. The main characteristics of buckwheat honey are
dark brown to black color, specific strong aroma and molasses-like flavor [1]. This type of
honey has been widely investigated over the years and has been proven to demonstrate
multiple health beneficial properties. Jiang et al. (2020) reported that buckwheat honey
positively affects intestinal microbes, which results in the increase in probiotics [7]. Ham-
mond et al. (2016) noted that antibiotic-resistant pathogens were susceptible to buckwheat
honey originating from the USA [8]. Baranowska-Wojcik et al. (2020) investigated 47 differ-
ent honeys as a source for acetyl- and butyrylcholinesterase inhibitors (AChE and BChE),
which are a possible therapeutic strategy in maintaining Alzheimer’s disease [9]. The acetyl-
cholinesterase activity (AChE) can decrease the acetylcholine neurotransmitter, leading
to Alzheimer’s disease. The authors draw attention to the highest capacity of buckwheat
honey for AChE inhibition and accentuate its possible use in medical treatments.
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Due to its favorable organoleptic and health beneficial properties, honey is widely
applied in the food industry. However, its use is limited due to its syrupy-like consistency
and viscosity. In order to solve this problem, honey powder was introduced to broaden
the possibility of its dosing, transportation and storage, as the risk of crystallization and
fermentation decreases the potential use as a dietary supplement and functional food
ingredient [10,11]. Spray drying is a method that enables a production of free-flowing
powder in a single operation and is usually used in honey powder production [11,12].
However, it should be underlined that, as a result of high content of low molecular weight
sugars (fructose and glucose), honey spray drying can be a difficult operation because
of the low glass transition temperature (Tg) of fructose and glucose: 5 °C and 31 °C,
respectively [13]. Problems associated with spray drying of sugar-rich materials such
as honey are manifested by inter-particle stickiness, particles’ stickiness to the walls of
the drying chamber, or by the material remaining in the form of a syrup. These issues
lower product yield and quality. It is crucial to adjust drying parameters, device design or
material composition with the addition of carriers to prevent the aforementioned problems.
As observed in the literature, the most widely applied carrier in spray dried sugar-rich
materials is maltodextrin. However, consumers are increasingly becoming more aware of
products’ composition, consequently looking for healthier alternatives, as maltodextrin is
characterized by high glycemic index (GI) [14]. The protein-based carriers are attracting
considerable interest due to their skin-forming properties and promising results in sugar-
rich materials spray drying. Suhag and Nanda (2016) noted that whey protein concentrate
(WPC) in honey spray drying led to the highest powder recovery (Ry), the lowest bulk
density and good flowability in comparison to the traditional carriers of maltodextrin and
Arabic gum [15]. Moreover, the authors reported that WPC fully protected vitamin C and
enabled them to obtain more spherical powder particles. Samborska et al. (2015), who
spray dried buckwheat and rapeseed honey with the addition of 1% w/w sodium caseinate
(NaCas) and Arabic gum as carriers, observed higher R, and better powder flowability [12].
Barariska et al. (2019), who obtained multifloral honey powders, concluded that skim milk
powder as a carrier and milk as a diluent made possible an increase in honey content in the
product of up to 70% [16]. Samborska et al. (2020) reported that it was possible to increase
honey content in honeydew honey powders as a result of skim milk powder application as
a carrier [17]. Furthermore, authors noted very high R, and powder particles scattered and
of small diameters, which is distinctive for spray drying of non-sticky materials. Apart from
the film-forming properties of proteins present in milk, the presence of lactose is important
as well in relation to the reduction of stickiness during drying when the skim milk powder
is applied as a carrier. Lactose of high T, (101 °C) increases the overall T of spray dried
material and prevents problems that may occur during powder preparation [13]. Few
researchers have questioned the application of lactose as a carrier; however, Angel et al.
(2009) analyzed the effectiveness of lactose-maltodextrin blends in passion fruit juice spray
drying [18]. The authors concluded that the low lactose-maltodextrin blends (8:5, 10:5,
12:5% w/v) enabled successful spray drying and prevented stickiness-related problems.

A major disadvantage of honey spray drying is the high amount of carrier (35-50%)
that is added in order to avoid problems of stickiness [10]. The dehumidified air as a drying
medium is increasingly becoming a vital factor in resolving previously mentioned problems
in spray drying. As a result of lowering the air humidity, it is possible to lower drying tem-
perature as a consequence of higher intensity of water evaporation. This phenomenon leads
to successfully avoiding the issues resulting from the material’s low T, [19]. Several studies,
for instance Jedliniska et al. (2019), Goula and Adamopoulos (2008) and Chasekioglou et al.
(2017) have been carried on dehumidified-air-assisted spray drying [20-22]. Jedlifiska et al.
(2019) reported that application of dehumidified air as a drying medium successfully
enabled the lowering of the carrier content to 20% while maintaining above 90% the
powder recovery in rapeseed honey spray drying [20]. As aforementioned, the carrier
content in honey spray drying typically ranges from 35 to 50%; thus the achievement of
Jedliniska et al. (2019) in increasing honey content in powders should be highlighted [20].
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Goula and Adamopoulos (2008) noted product recovery of tomato pulp powders ranging
from 80 to 90%, and these values were significantly higher than results presented in other
studies [21]. Authors underlined that such high R;, values were a result of the low humidity
of drying air. Chasekioglou et al. (2017) spray dried olive mill wastewater and reported
87-94% powder recovery when dehumidified air was used as a drying medium in com-
parison to traditional spray drying with and without carrier and noted R, was <3% and
1-24%, respectively [22]. It should be pointed out that previous studies did not address the
energy consumption of dehumidified-air-assisted spray drying, and authors focused solely
on process performance and powder properties. This is a major drawback, as it does not
provide information on the economic aspects of this innovative technology that might be
implemented into the industry.

The aim of this study was to investigate the process performance and energy con-
sumption of buckwheat honey spray drying using the traditional method (SD) and with
the application of dehumidified air (DASD) in order to lower the carrier content. Despite
the increasing interest in dehumidified-air-assisted spray drying, no one to the best of
the authors” knowledge has studied the economic aspects of this technology. Moreover,
previous works have not focused on the application of dehumidified-air-assisted spray
drying with reduced carrier in this type of honey. Skim milk powder (MP) was used as
an alternative carrier and was compared to common maltodextrin (MD). Furthermore,
obtained powders were analyzed to compare their physiochemical properties.

2. Materials and Methods
2.1. Materials

Buckwheat (Fagopyrum esculentum Moench) honey was supplied by Miody Mazurskie
(Tomaszkowo, Poland). The characterization of used buckwheat honey is presented in
Table 1. Maltodextrin DE 15 (MD; Amylon, P¥ibyslav, Czech Republic) and skim milk
powder (MP; Polsero, Poland) were used as carrier agents. The chemicals that were used
in antioxidant activity analysis were supplied by POCH (Gliwice, Poland).

Table 1. Characterization of raw buckwheat honey.

Parameter Result
Sugar extract [%] 80.9
Sum of fructose and glucose [g-100 gfl] 70.6
Sucrose [g-100 g 1] <0.5
Total sugars [g-100 g '] 70.6
Free acidity [mval-kgfl] 48.5
Electrical conductivity [mS-cm™1] 4.24
Color Dark brown
Aroma Strong, resembling buckwheat flowers
Flavor Sweet and pungent

2.2. Feed Solutions

Liquid feeds with 50% (w/w) honey and carrier (distilled water was used as a diluent)
were prepared to achieve powders of different composition (Table 2). In order to increase
honey content in feed solutions and honey powders, the content of carrier solids was 50
and 25% (w/w), and the content of honey solids was 50 and 75% (w/w).

Table 2. Variants of spray dried buckwheat honey.

Variant Carrier Type Ratio of Honey to Carrier Solids (w/w) Spray Drying Method Drying Air Temperature (Inlet/Outlet)
SDMD50 * Maltodextrin 50:50 SD 180°C/80 °C
DASDMDS50 Maltodextrin 50:50 DASD 80°C/45°C
DASDMDY75 Maltodextrin 75:25 DASD 80°C/45°C
SDMP50 Milk powder 50:50 SD 180°C/80 °C
DASDMP50 Milk powder 50:50 DASD 80°C/45°C
DASDMP75 Milk powder 75:25 DASD 80°C/45°C

* SD—conventional spray drying; DASD—spray drying with the application of dehumidified air.
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2.3. Viscosity Determination

Viscosity was analyzed on rheometer MARS40 Haake (Thermo Fisher Scientific,
Waltham, MA, USA) with coaxial cylinder geometry. Samples were measured at 25 °C,
with an operating shear rate of 0 to 100 s~!. Reograms were determined using empirical
models, and the apparent viscosity was then calculated as the relationship of shear stress
and rate.

2.4. Spray Drying

A laboratory spray dryer MOBILE MINOR (GEA, Skanderborg, Denmark), equipped
with rotary atomizer (rotation speed of 26,000 rpm), was used to spray dry buckwheat
honey solutions. Spray drying of 500 g liquid feeds was performed at a drying air tempera-
ture of 180 °C/80 °C (inlet/outlet) for conventional spray drying (SD) and 80 °C/45 °C
(inlet/outlet) for spray drying using dehumidified air (DASD) in duplicates for every
variant (under proposed conditions). Thus, each variant was represented by two indi-
vidual samples of the final product, for which the results were averaged. Liquid feeds
were pumped at a feed ratio speed of 0.20 mL-s~!. The application of dehumidified air
was achieved using an air dehumidification system composed of a cooling unit TAEevo
TECHO020 (MTA, Codogno, Italy), a condensation unit (SWEGON, Vistra Frolunda, Swe-
den) and an adsorption unit ML270 (MUNTERS, Kista, Sweden). The inlet air humidity for
DASD variants was 0.5 g-m 3, while for SD it was 9.0 g-m 3. Each powder sample was
stored at 4 °C in the dark in two PET/PE sealed bags before the performed analyses.

2.4.1. Powder Recovery

Powder recovery (Ry) of spray drying was expressed in [%] as the ratio of solids
content in the produced honey powder to the amount of solids in the feed solution prior to

spray drying.

2.4.2. Energy Consumption and Energy Efficiency

The rate of energy consumption Q [kW] was expressed according to Al-Mansour et al.
(2011) by the equation Q = (Ef — E;)/t, where E; and E; [kWh] were the initial and final
values of energy consumption read from the power meter (Pawbol, Andrychéw, Poland),
respectively, and ¢ was time of spray drying for each variant [23]. The specific energy con-
sumption (Es) was expressed as the energy used during spray drying per kg of evaporated
water. The energy efficiency () was calculated as the ratio of the energy used for water
evaporation to the energy supplied to the spray dryer.

2.5. Powder Characterization
Physiochemical Properties

Analysis of the particle morphology was performed utilizing SEM microscope TM-
3000 (HITACHI, Tokyo, Japan) at 500x magnification. Prior to analysis, samples were
prepared by metalizing the surface of the sample placed on double sticky tape by coating
with a layer of gold using automatic coater Cressington 108auto (EO Elektronen-Optik-
Service GmbH, Dortmund, Germany).

Particle size distribution was carried out using laser diffraction on apparatus 1190
(CILAS, Orléans, France). Powders were suspended in ethanol at the obscuration of 10%.
The results were presented as particle size distribution diagrams and expressed as the
median diameter Djs.

Moisture content (MC) was determined using an oven method: approximately 1 g of
powder was dried at 105 °C for 4 h.

Water activity (a,,) was determined on apparatus Hygro Lab1 (Rotronic, Bassersdorf,
Switzerland) at 24 + 2 °C.

Hygroscopicity (H) was analyzed as a weight gain of 1 g powder samples incubated
at 25 °C, 75% RH (saturated NaCl solution) during 144 h. Results were calculated as the
amount of water absorbed per 100 g powder solids and expressed in percent.
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Powder loose bulk density (D) ) was determined as the weight of powder that occupied
a 25 mL cylinder. The automatic tapper STAV 2003 (Engelsmann AG, Ludwigshafen,
Germany) was employed to measure tapped bulk density (D7) after 100 taps and determine
the volume occupied by the powder. The Hausner ratio (HR) was calculated to evaluate
powder flowability and was expressed as HR = D7/Dj .

Apparent density (D,p) was carried out on helium pycnometer Stereopycnometer
(Quantachrome Instruments, Boynton Beach, FL, USA). Loose bulk porosity was calculated
aseg =1— (DL/Dup)-

The Colorimeter CR-5 (Konica-Minolta, Tokyo, Japan) was applied to determine color
in CIE L*a*b* system.

Antioxidant Activity

Prior to determination of antioxidant activity, the extracts of buckwheat honey and
obtained powders were prepared in duplicate. Samples were diluted in distilled water
and filtrated at ambient temperature using Chemland medium filter papers (125 mm) and
rinsed twice with 10 mL of distilled water. Antioxidant activity was analyzed using an
ABTSe+ (2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical cation method with
minor modifications [24]. The ABTSe+ solution was diluted with distilled water, and it was
measured at 734 nm using a spectrophotometer Helios Gamma (Thermo Fischer Scientific,
Waltham, USA) to establish 0.7 + 0.1 absorbance. A total of 3 mL of ABTS solution was
added to an adequate volume of honey and powder extracts. The samples were stored
in darkness at ambient temperature for 6 min. The absorbance was measured at 734 nm
against distilled water. Each sample was prepared in duplicate. The antioxidant activity
was expressed as ECsg ABTS.

2.6. Statistical Analysis

All of the determinations were performed in triplicate and the results were presented
as average * standard deviation. The ANOVA and Tukey tests were performed at « = 0.05
in order to determine significant differences between average values of analyzed param-
eters (powder recovery, energy consumption, energy efficiency, viscosity of liquid feeds,
physiochemical properties and antioxidant activity of obtained powders). Moreover, the
Pearson correlation coefficient was determined to assess the correlations between investi-
gated physiochemical properties of obtained powders (MC, ay, H, Dsp, Dy, D, HR, Dy, €1,
color parameters), R, and antioxidant activity. Hierarchical cluster analysis (HCA) was
used to present the similarities between the variants of spray dried buckwheat honey as
a dendrogram graph. The statistical analysis was done with software STATISTICA 13.3
(Statsoft, Tulsa, OK, USA).

3. Results
3.1. Buckwheat Honey Characterization

The characterization of raw buckwheat honey is presented in Table 1. Sugar ex-
tract of spray dried honey (80.9%) was similar to the results presented by Dzugan et al.
(2020), who analyzed the physiochemical properties of 23 samples of buckwheat honey
from different beekeepers in Poland [1]. The authors noted the sugar extract varying
from 76.6 £ 0.5 to 82.1 £ 0.2%. The sum of glucose and fructose is in compliance with
the Codex Alimentarius standards and COUNCIL DIRECTIVE 2001/110/EC, which
require a sum higher than 60 g-100 g~!, and is consistent with results of Deng et al.
(2018), who reported the sum of glucose and fructose of analyzed buckwheat honey as
71.2 g-100 g~ ! [25-27]. As for the sucrose content, the obtained result is also in complete
agreement with Codex Alimentarius standards, COUNCIL DIRECTIVE 2001/110/EC
(<5%) and in line with the research of Deng et al. (2018) (0.60 + 0.03 g-100 g~!) and
Kowalski et al. (2013) (0.30 &£ 0.2-0.67 £ 0.13 g/100 g) [25-27]. The free acidity of buck-
wheat honey (48.5 mval-kg~!) supports previous findings in the literature. Kowalski et al.
(2013) reported that the free acidity of three commercial buckwheat honeys purchased in
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Poland varied from 46.19 + 0.54 to 62.61 £ 0.88 mval-kg_1 [28]. Moreover, the authors
noted that the electrical conductivity of commercial honeys ranged from 2.74 £ 0.002 to
4.88 4 0.002 mS-cm ™!, which is in line with analysis done on spray dried buckwheat honey
(4.24 mS-cm™1).

3.2. Viscosity of Feed Solutions

The viscosity was measured, as it is considered to be an important factor affecting
the course of spray drying and thus the properties of obtained powders. It varied from
16.5 £+ 0.8 to 51.7 &+ 2.6 mPa-s (Table 2). Obtained results point to the significant effect
of the carrier type: the viscosity of liquid feeds with MP was significantly higher than
with MD, comparing the solutions of the same carrier share in solids. Samborska et al.
(2015), who spray dried buckwheat honey powders, noted liquid feed viscosity ranging
from 30.2 £ 1.6 to 34.6 &= 0.8 mPa-s, though different solution concentration (30% w/w),
carrier type and content (Arabic gum at honey:carrier solids ratio 50:50, with additional
1-2% of NaCas) were applied [12]. Moreover, it can be noted in this research that viscosity
decreased with increasing honey share in solids. This is in complete agreement with the
results of Samborska et al. (2015) and Jedliniska et al. (2019), who observed the same
relationship between honey content and viscosity of spray dried liquid feeds [20,29].
Jedlifiska et al. (2019) concluded that carriers generally tend to increase viscosity more than
diluted honey [20].

3.3. Powder Recovery

Spray drying performed at laboratory or pilot scale is considered to be successful
when R, is higher than 50% [13]. Results noted in this research varied from 62.9 + 2.1
to 96.8 £ 5.2%, indicating successful spray drying of all of the variants (Figure 1). More-
over, in the case of DASD variants, values exceeded 75%. Several studies, i.e., Suhag
and Nanda (2015), Shi et al. (2013), Samborska et al. (2015), Samborska et al. (2020) and
Jedlifiska et al. (2019), have been conducted on honey spray drying and process perfor-
mance [12,17,20,30,31]. The R, of buckwheat honey spray drying was presented only by
Samborska et al. (2015), and the authors observed results ranging from 67.8 £ 2.1% to
75.8 £ 4.9% [12]. However, the authors spray dried honey conventionally with different
carriers and their content than presented in this paper (sodium caseinate and/or Arabic
gum as a carrier, honey solids to carrier solids 50:50).
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Figure 1. Powder recovery (Ry) after conventional spray drying (SD) and dehumidified-air-assisted
spray drying (DASD) of buckwheat honey solutions containing 50 and 75% honey solids and
maltodextrin (MD) or milk powder (MP) as carriers. a—c The differences between mean values with
the same letter in rows are statistically insignificant (p < 0.05).

The results obtained in this paper have confirmed the previous observations made by
Jedliriska et al. (2019) and Samborska et al. (2020): that the application of dehumidified
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air enables the production of honey powders with significantly higher R, than presented
in previous literature for SD [17,20]. Truong et al. (2005) explained in their work that the
greater difference between material’s T¢ and product’s temperature (T)) leads to greater
stickiness and consequently to lower Ry, [32]. As dehumidified air enables lower drying
temperature, the degree of stickiness is smaller because of the smaller T and T}, difference,
which was noted in this research as manifested in high R, in DASD variants.

It is crucial to underline that the highest R, values (87% and 97%) were obtained at
the lowest carrier content, in variants DASDMD?75 and DASDMP75, respectively. This
non-evident relationship can be explained in relation to cyclone efficiency. D,, and D5y
are parameters that influence particle separation from drying air in a cyclone [33,34].
Powder particles of bigger D,, and Dj5 result in more effective particle separation, thus
manifesting in greater Ry,. This presumably explains the high R, of variants DASDMD75
and DASDMP75, which had high D5y and D), respectively (Table 3). On the contrary,
SDMD50, which had the highest D5, did not show high Ry, due to increased stickiness at
high temperature SD.

Table 3. Viscosity of feed solutions, physiochemical properties and antioxidant activity expressed as EC50 ABTS of
buckwheat honey and powders containing 50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP)
as carriers by conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

Variant SDMD50 DASDMD50  DASDMD75 SDMP50 DASDMP50 DASDMP75
Viscosity [mPa-s] 370+ 12°¢ 165 +£0.82 51.7 +2.64 243+£02°
H [%] 162 +05¢ 155+ 03¢ 10.14+0.62 205+ 0449 16.0 £ 0.7 ¢ 1194+ 03P

Dsp [um] 50.0 +2.49 254 +0.1P 381+1.6¢ 209 +0.82 21.8+042 212 +0.82

Dy [g-em ™3] 0.51 £0.012 0.65 £ 0.01 ¢ 0.51 +£0.022 0.58 +£0.02b 0.73+0.014 0.59 +£0.02b
Dr [grem ™3] 0.69 + 0.01P 0.76 4 0.01 € 0.58 4 0.02 2 0.74 +0.02 ¢ 0.87 +0.014 0.74 +0.02

HR 1.34 +0.024 1.20 +0.02 2P 1.17 £ 0.022 1.26 +£0.01°¢ 1.23 + 0.02 be 1.23 4 0.02 b¢

Dap [g-cm ™3] 1.45+0.02P 1.50 £ 0.00 € 1.42 +0.022 1.47 +0.00P 1.46 +0.00° 1.51 4+ 0.00 €
er, [%] 63.3+0.84 56.6 + 0.6 ° 67.8 £ 0.8¢ 59.9 + 0.8 ¢ 50.5 4 0.6 2 60.6 +1.0¢

ECso ABTS 5.14 +0.11°¢ 8.24 +0.36¢ 5.72 +0.04 4 0.27 £0.012 0.18 £ 0.00 @ 0.39 £+ 0.022

[mg solids/mL]

27¢ The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

Moreover, obtained results indicate the significance of the carrier used, which can
be observed in the variants with the lowest carrier content. The R, of buckwheat honey
powder spray dried with MP as a carrier was significantly higher than with MD, though
only for sample DASD75 was the difference statistically significant. As presented before
by Jayasundera et al. (2009), Shi et al. (2013) and Bhusari et al. (2014), obtained results
confirm that carriers containing proteins with film-forming ability prevent inner particles’
sticking and particles sticking to the walls of the drying chamber, which in turn increases
Ry [31,35,36]. Despite the fact that lactose characterizes with significantly lower T¢ (101 °C)
than MD (100-243 °C, depending on dextrose equivalent), due to the additional combina-
tion of film-forming properties of milk proteins, variants with MP as carrier resulted in
higher R, [13].

3.4. Energy Consumption and Energy Efficiency

Previous works studying dehumidified-air-assisted spray drying have been limited
only to the process characterization, mainly focusing on powder recovery. As this technol-
ogy is leading to increased interest from researchers and industry, it is crucial to address
the economic aspects, which have been never presented in the literature before. The rate
of energy consumption (Q) during spray drying ranged from 3.4 &+ 0.0 to 7.3 = 0.0 kW,
while the specific energy consumption (E;) varied from 22.9 & 2.6 to 41.8 £ 0.9 MJ/kg H,O
(Table 4). Few researchers have addressed the issue of the E; of traditional spray drying;
however, Bhandari (2008) stated that spray drying consumes 5 MJ/kg H,O in industrial
scale operations [37]. The author highlights that spray drying is not a cost-effective method
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of drying in comparison to other methods, but it enables drying thermolabile materials
and obtaining products of high quality; it is also less energy-consuming than freeze drying.
Baker and McKenzie (2005) reported that the E; for industrial spray dryers usually varies
from 3 to 20 MJ/kg H,O, while for pilot scale spray dryers of lower throughput it can
increase up to five times; this is confirmed as well by this research [38]. The effect of
dehumidified air application can be observed: both Q and Es increased for spray drying in
the case of DASD, which resulted from an extra energy expenditure related to air dehumid-
ification. The Es of spray drying can be improved if a higher feed rate is applied; thus, the
same amount of supplied energy is used for the evaporation of higher amounts of water.
However, as was presented by Jedlifiska et al. (2019) and Samborska et al. (2020), during
DASD, especially at an inlet drying temperature as low as 80 °C, the feed rate has to be
relatively low to make the evaporation possible [17,20].

Table 4. Rate of energy consumption (Q), specific energy consumption (Es) and energy efficiency (1)
of conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD) of buckwheat
honey solutions containing 50 and 75% honey solids and maltodextrin (MD) or milk powder (MP)

as carriers.

SDMD50 DASDMD50 DASDMD?75 SDMP50 DASDMP50 DASDMP75

Q [kW] 344002 73400¢ 72408¢ 39+04%  66+00bc 69405¢

Es IEIM(])/]kg 248 +013>  418+09°¢ 406+29¢ 2294262 376+10°  3954+26°
2

M [%] 9.6 + 0.0 be 574002 59+ 042 105+12¢ 64+£002% 6.1+002

4 The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

The energy efficiency (1) of spray drying ranged from 5.7 & 0.0 to 10.5 & 1.2% (Table 4).
The effect of the drying method can be clearly observed; however, there was no statistically
significant importance of the carrier type and content, which is in good agreement with the
conclusions of Aghbashlo et al. (2012) [39]. The authors spray dried fish oil and reported
that there was no effect of carrier type on the 1, as the solvent content in liquid feed
prior to drying was the same. Regarding spray dried buckwheat honey, the difference
in amount of water added to the liquid feeds was negligible. In contradiction to the
findings of Aghbashlo et al. (2012) and Julklang and Golman (2015), the 1 increased
with an increase in temperature [39,40]. However, previous studies did not include the
drying air dehumidification that affected the 1 in this research due to additional heat
consumption by the air dehumidification system. Due to such low energy efficiency of
dehumidified-air-assisted spray drying, its application on an industrial scale has to be
carefully deliberated, taking into account the possible benefits (higher content of sugar-rich
material) and disadvantages (low feed rate and energy efficiency).

3.5. Physiochemical Properties of Powders
3.5.1. Particle Morphology and Size

Particles of obtained buckwheat honey powders (Figure 2) were mostly spherical,
with the exception of SDMD50, which had more irregular particles that were bigger in size
(the highest Dsp). Spray drying at higher drying temperatures, as in the case of SDMD50,
leads to early structure formation of rigid particles, which results in greater D5j. Samborska
et al. (2020) stated that an increase in particle size is usually observed when the stickiness
related to low Tg, increases [17]. This implies that variant SDMD50 was more difficult to
spray dry than other variants, which was confirmed previously by the lowest R, and can
be observed as well on cumulated particle size distribution curves (Figure 3). Moreover,
particles were usually scattered, except for DASDMDY75, in which clusters were formed.
The cluster-type morphology is also characteristic of materials difficult to spray dry due to
a stickiness; thus the variant DASDMDY75, with high honey content, can be classified as
problematic as well based on morphology analysis. Moreover, difficulties in spray drying
of this variant can also be seen on cumulated particle size distribution curves (Figure 3).
However, this was not confirmed by R, presumably due to the increased size of created
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clusters that can be observed in high D5 (Table 3), which promoted the effective powder
separation in a cyclone. Smaller bridges between particles were also present in SDMP50
and DASDMP75 variants, with SDMP50 having the lowest Rp. However, DASDMP75 had
the highest R, even though the morphology indicated that it could have been a variant that
caused problems during spray drying, as particles were visibly more piled up together as a
result of the high honey content. This lends support to previous findings in the literature
by Samborska et al. (2017), who noted the same results when carrier content in honey
spray drying was decreased from 50 to 25% [41]. As discussed before, R, is a factor that
can also be dependent on other properties like D,y due to the impact on cyclone efficiency.
DASDMD50 and DASDMP50 had small, scattered particles, indicating easy drying at low
temperature and with a high content of carrier.

0498 x500 200 um

Figure 2. Scanning electron microphotographs (SEMs) of buckwheat honey powders containing
50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP) as carriers by
conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

Variants where MP was used as a carrier (DASDMP50, DASDMP75) in comparison to
variants with the same carrier content where MD was applied (DASDMD50, DASDMD?75)
were more spherical, smooth, uniform, less conglomerated and had particles that were less
scattered. These results validate the usefulness of MP as a carrier with regard to particle
morphology and prove its skin-forming properties. These findings are in good agreement
with Suhag and Nanda (2016), who traditionally spray dried honey with a protein-based
carrier (WPC) and observed particles with a smooth surface that were less susceptible to
cracking [15]. Samborska et al. (2020), who spray dried honey conventionally and with the
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application of dehumidified air, observed the same relationship when MP was used as a
carrier [17].
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Figure 3. Particle size distribution and cumulated particle size distribution of buckwheat honey
powders containing 50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP)
as carriers by conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

Generally speaking, if the powders were characterized solely based on the particle
morphology, the most problematic drying would be reported for SODMD50 and DASDMD75
variants, SDMP50 and DASDMP75 would be less problematic, and DASDMD50 and
DASDMP50 would be considered as having issue-free processes. These findings highlight
an important role of the application of dehumidified air in the powder production of
particles that are more spherical and smaller in size and that have smooth surfaces.

Particle size distribution and cumulated particle size distribution figures (Figure 3)
confirm the above-presented differences between variants. Particle diameters of variants
with MD as a carrier ranged up to 150 um, whereas variants with MP as a carrier ranged up
to 90 um. Powders with MP as a carrier (SDMP50, DASDMP50, DASDMP75) had uniform
particle size distribution, while for powders with MD as a carrier (SDMD50, DASDMD50,
DASDMDY75), the distribution varied depending on the drying parameters and carrier
content. Obtained results would seem to suggest that MP might be a better carrier to pro-
duce buckwheat honey powders with uniform particle size distribution—regardless of the
given parameters—than MD, as was confirmed as well by particle morphology. Moreover,
a variant spray dried at lower drying temperatures with MD as a carrier (DASDMD50)
was distinguished with bimodal particle size distribution, which presumably was an effect
of many smaller particles filling the space between bigger particles; this can be observed
as well on SEM photographs (Figure 2). Values of median diameter Dy are presented in
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Table 3, and obtained results revealed that particles of powders where MP was used as
a carrier (SDMP50, DASDMP50, DASDMP75) were characterized with the smallest D5,
and there was no statistically significant difference between variants, regardless of the
parameters and carrier content. This is in good agreement with Shi et al. (2013), who noted
a decrease in Dj5) (from 66.8 to 16.5 pm) when MD was replaced with protein carrier in a
solution containing 60% honey solids [31]. Samborska et al. (2015) observed a decrease as
well after addition of 2% sodium caseinate to honey and gum Arabic solutions [12].

There was no reported relationship between the feed’s viscosity and D5y, as generally
it can be observed that the greater the viscosity, the larger the powder’s particles [42]. It has
been suggested by Samborska et al. (2015) that, in honey spray drying, viscosity does not
influence particles size as it is more affected by feed solution composition (carrier/honey
content) [29]. The same observation was noted in more recent research by Jedlifiska et al.
(2019) [20].

The Pearson correlation coefficient was determined to confirm correlations between
investigated physiochemical parameters (Table A1), and it showed that D5y was highly
correlated with MC. MC decreased with an increase in drying temperature when both
carriers were applied and was affected by carrier type. At the same time, D5 increased
with an increase in drying temperature, and it was significantly influenced by carrier type.

3.5.2. Moisture Content and Water Activity

The MC of obtained buckwheat honey powders did not exceed 5% (0.9 £ 0.2-5.0 &= 0.4%),
which in combination with water activity (a,) well below 0.3 (0.088 £ 0.005-0.190 + 0.005)
(Figure 4), indicates good storage stability due to low free water availability for potential
microbial growth and biochemical reactions [31,43]. It can be observed that the MC of
powders spray dried with MD as a carrier was significantly lower than powders with
MP as a carrier, and a,, was higher. This phenomenon was related to proteins’ ability to
hold water in the amorphous matrix, resulting from the formation of a film on the particle
surface; this was noted as well by Bhusari et al. (2014), who spray dried tamarind pulp
powder with whey protein concentrate (WPC) as a carrier [36]. Suhag and Nanda (2016)
studied honey powders with different carrier agents, including MD and WPC, noting
significantly higher moisture content when WPC was used a carrier than when MD was
applied [15].

Variants SDMD50 and SDMP50, which were spray dried at high drying temperatures,
had lower MC than corresponding DASD variants due to higher heat transfer. The MC
values of spray dried buckwheat honey powders were in compliance with results noted by
other authors. Shi et al. (2013) reported an MC of honey powders spray dried traditionally at
150 °C with MD and whey protein isolate as carriers (WPI) (honey solids to MD solids and
WP solids was 40:60 and 70:30, respectively) that ranged from 3.1 & 0.5% to 5.0 4= 0.9% [31].
Samborska et al. (2015) recorded an MC of rapeseed and buckwheat honey spray dried
at 180 °C with sodium caseinate and/or Arabic gum as a carrier (honey solids to carrier
solids 50:50) varying from 3.7 £ 0.1% to 5.8 £ 0.3% [12]. However, it should be highlighted
that in this work the drying temperature and carrier content were lower than in the
present literature. Nevertheless, it was possible to obtain stable honey powders that were
characterized with a WC below 5% as a result of the application of dehumidified air.

Obtained results for a,, are also consistent with the literature, i.e., the results of
Jedliriska et al. (2019), who spray dried rapeseed and honeydew honey with the appli-
cation of dehumidified air and NUTRIOSE® as a carrier agent and noted a,, values from
0.074 £ 0.003 to 0.178 4 0.006 [20]. Powders where MP was used as a carrier and its content
was the highest (SDMP50 and DASDMP50) were characterized with lower a;, than variants
where MD was applied. This phenomenon might be the result of the high water capacity
of protein-based carriers in an amorphous state, which in turn lowers the a;, of obtained
powders [44]. Moreover, it can be observed that powders spray dried with MP had the
lowest ay, but at the same time the highest MC (thus, there was no significant Pearson
correlation between these two parameters, as presented in Table A1). This phenomenon
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points to the likelihood that water present in the powder was bound in the structure, being
unavailable for microbial growth and thus ensuring stability. Furthermore, milk proteins
form a protective membrane on the particles” surface, which lowers water availability and
results in lower a,,. There was no statistically significant difference observed for powders
with the lowest carrier content (DASDMD?75 and DASDMP75). Obtained results point
to the usefulness of MP as a carrier for buckwheat honey spray drying with regard to ay,
which results in better storage stability.
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Figure 4. Moisture content (MC) and water activity (a,) of buckwheat honey powders containing
50 and 75% honey solids obtained with maltodextrin (MD) or milk powder (MP) as carriers by
conventional spray drying (SD) and dehumidified-air-assisted spray drying (DASD).

3.5.3. Hygroscopicity

Honey powders have shown to be highly hygroscopic due to their high sugar con-
tent, and fructose has been proven to exhibit a high capacity for absorbing moisture [30].
Nurhadi et al. (2012) presented that powders with H higher than 20% are considered
to be very hygroscopic [45]. The H of obtained buckwheat honey powders ranged from
10.1 £ 0.6 to 20.5 £ 0.4 (Table 3), whereas Suhag and Nanda (2015), Jedlifiska et al. (2019),
and Samborska et al. (2020) noted H values of different honey powders varying from
20.11% to 27.28%, from 20.1 to 27.4% and from 23.9 to 31.4%, respectively [17,20,30]. The
results presented in this research thus offer evidence that it is possible to obtain honey
powders that are less hygroscopic, in contrast to previous studies. It is interesting to note
that the variants with the highest honey content (DASDMD?75 and DASDMP75) were char-
acterized with the lowest H, in contradiction with findings by Shi et al. (2013), Jedliriska
et al. (2019) and Samborska et al. (2020) [17,20,31]. Shi et al. (2013), who traditionally
spray dried capilano natural Australian honey (blend of Australian eucalyptus and ground
flora honeys) also found that H increased with an increase in honey content, comparing
variants with 40, 60 and 70% of total soluble honey solids and using MD and WPI as carrier
agents [31]. Jedliriska et al. (2019) noted the same relationship when spray drying honey
powders with the application of dehumidified air and using NUTRIOSE® as the carrier;
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H content decreased up to 20% [20]. Samborska et al. (2020) chose the same approach as
in this research, spray drying honeydew honey with the application of dehumidified air
(inlet/outlet temperature of 75/50 °C) and using MP as a carrier; H content decreased
up to 25% [17]. The authors observed the same relationship as in previous studies—H
increased with a decrease in carrier content. It is worth highlighting that the aforemen-
tioned literature describes the properties of different honey types, with the exception of
Samborska et al. (2015), who also spray dried buckwheat honey powder, though using
different methods and drying parameters [12]. The authors described the H of two honey
types (buckwheat and rapeseed honey) and noted the honey variety’s effect. Moreover, this
study supports the previous findings of Bringas-Lantingua et al. (2016), who traditionally
spray dried multifloral honey powders and observed that H decreased with a decrease in
drying temperature [46].

3.5.4. Bulk Density and Flowability

The loose bulk density (D;) of obtained buckwheat honey powders varied from
0.51 £0.02t0 0.73 £ 0.01 g/ cm? (Table 3). Obtained results differed to some extent from
those of Samborska et al. (2015), Bringas-Lantingua et al. (2016) and Leyva-Moguel et al.
(2019) [12,46,47]. Samborska et al. (2015), who traditionally spray dried rapeseed and
buckwheat honey powders, with gum Arabic as a carrier and with the addition of 1-2%
of w/w NaCas, noted Dy from 0.43 + 0.01 to 0.61 + 0.01 g/cm? [12]. Bringas-Lantigua
et al. (2016) observed Dy values of multifloral honey powders with maltodextrin as a
carrier ranging from 0.42 to 0.59 g/cm?3 [46]. Leyva-Moguel et al. (2019), who spray dried
honey powder of stingless bee Scaptotrigona pectoralis, reported a Dy of 0.33 g/cm3 [47].
However, it should be highlighted that authors spray dried honey powders traditionally,
using different carriers and different content and drying parameters than presented in this
study. Moreover, the effect of carrier type can be noted: powders with MP had higher Dy
than variants with MD. Generally speaking, high D; indicates that there are fewer spaces
filled with air between particles, which in turn lowers the risk of oxidative degradation
of health beneficial compounds during powder storage. This implies that MP might be a
better carrier than MD with regard to compound degradation during storage, regardless of
carrier content and drying parameters. Normally, the D; decreases with increasing particle
size [48]. Contrary to expectations, obtained results did not confirm this relationship
entirely, except for variants SDMD50 and DASDMDY75. It should be noted that these
variants had the biggest particle size (Table 3) as well as the most visible particle stickiness
and agglomeration (Figure 2), which in turn led to the lowest Dy . Interestingly, there was
no statistically significant difference between variants spray dried traditionally with higher
carrier content and variants spray dried at lower drying temperatures with lower carrier
content, with both MD and MP applied as carriers (compare SDMD50 with DASDMD?5,
SDMP50 with DASDMP75).

The Hausner ratio (HR) is a parameter used to describe powder flowability, which
indicates its quality. According to Geldart et al. (1984), obtained buckwheat honey powders
showed good (<1.2) and average (1.2-1.4) flowability [49]. The results reported in this paper
are consistent with previous studies on honey powder spray drying. The authors reported
an HR of honey powders ranging from 1.30 = 0.04 to 1.38 & 0.02, from 1.27 to 1.36 and from
1.20 to 1.49 [17,41,46]. Broadly speaking, particle size diameter affects powder flowability;
with increasing particle size diameter, flowability ameliorates, which is confirmed in this
paper (excluding variant SDMD50, which presented significant stickiness) [49]. Powder
of the best flowability (<1.2 HR) and greater D5y was noted for variant spray dried at
low drying temperature and with the lowest carrier content (DASDMD?75); this was an
effect of particles’ agglomeration (Figure 2), which ameliorated overall flowability despite
high honey content. Shishir et al. (2014), who spray dried pink guava (Psidium guajava)
powder, also observed that flowability deteriorated with increased drying temperature and
MD concentration [50]. It should be highlighted that powders where MP was used as a
carrier did not differ with regard to flowability. Samborska et al. (2020) reported as well
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that there was no effect of drying temperature (traditional spray drying and spray drying
with the application of dehumidified air) on the flowability of honeydew honey when
MP was used as a carrier, which was an effect of similar particle size in MP variants [17].
Obtained results point to the probability that MP might be a better carrier than MD in
buckwheat honey spray drying, ensuring its uniform flowability regardless of carrier
content and drying parameters. This might be a result of protein-based carriers’ ability
to form film on the surface of the particles, which prevents their stickiness and ensures
uniform flowability, as mentioned before. Moreover, the significant effect of carrier content
and drying parameters can be noted in variants with MD. The variant with the highest
carrier content spray dried at higher temperature (SDMD50) showed the poorest flowability
of all of the obtained buckwheat honey powders. According to Santhalakshmy et al. (2015),
flowability is correlated to a powder’s moisture content; however, this relationship was
not observed in this paper (Pearson correlation was not significant; see Table A1), as the
variant with the lowest MC (0.9%) had the poorest flowability (SDMD50) [51].

3.5.5. Apparent Density and Loose Bed Porosity

The apparent density (D,,) of obtained buckwheat honey powders ranged from
1.42 + 0.02 to 1.51 + 0.00 g/cm? (Table 3). Generally speaking, the values are consistent
with previous results presented in the literature concerning honey powders. Barariska et al.
(2019) noted D,y of multifloral honey powders spray dried at 180 and 80 °C with MD and
MP as carrier agents ranging from 1.44 + 0.00 to 1.54 + 0.00 g/cm? [16]. Jedlifiska et al.
(2019) reported D, of honeydew and rapeseed honey powders spray dried traditionally
and with the application of dehumidified air and with NUTRIOSE® as a carrier varying
from 1.49 £ 0.01 to 1.56 + 0.01 g/ cm?® [20]. Presented results revealed that there was a
statistically significant effect of drying temperature and carrier content in variants where
MD was applied. However, the influence of drying temperature could not be observed
for variants where MP was used as a carrier, though the effect of the carrier content could
be noted. Moreover, a statistically significant difference could be observed as well when
comparing variants with the same carrier content but different carrier type, with the
exception of variants spray dried traditionally at high drying temperatures (SDMD50 and
SDMP50). In contrast to the earlier findings of Jedlifiska et al. (2019), who noted higher
values of Dy in variants spray dried traditionally than in variants spray dried with the
application of dehumidified air, a similar relationship was not observed in this paper [20].
It would seem to appear that a higher drying temperature increased the rate of evaporation,
which in turn resulted in lower D,, and more porous powders.

The loose bed porosity (e1) of produced buckwheat honey powders varied from
50.5 £ 0.6 to 67.8 = 0.8% (Table 5). Bed porosity is an important parameter in terms of a
product’s stability and its storage, as it describes the relative share of free spaces between
particles that are filled with air. As a result, at higher porosity the compounds that are
susceptible to oxidation are more likely to degrade [52]. The greatest ¢, was noted for
variant DASDMD?5, which was due to the lowest D; and highly conglomerated particles,
as observed on SEM photographs (Figure 2). The Pearson negative correlation between ¢f,
and Dy was observed: powders with higher D;, had lower ¢, (Table Al).

The results found in this study are lesser with respect to those reported in the literature.
Samborska et al. (2020) produced honey powders of porosity ranging from 58.2 + 1.1 to
70.5 £ 3.4%, using traditional spray drying and with the application of dehumidified air
and decreasing carrier content, as presented in this paper [17]. Jedlifiska et al. (2019), who
applied the same spray drying methods to obtain honey powders, noted porosity varying
from 63.3 £ 0.7 to 72.5 & 0.92% [20]. In comparison to previous values, it seems likely
that the type of a carrier and honey lowered ¢;. The statistically significant difference
between variants both with MD and MP with the same carrier content but spray dried at
different drying temperatures could be observed (SDMD50 and DASDMD50, SDMP50 and
DADMP50). Lowering drying temperature as a result of the application of dehumidified air
significantly lowered ;. Moreover, variants where MP was used as a carrier in comparison
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with variants with MD were characterized by lower ¢;. The utility of the application of
dehumidified air and MP in buckwheat honey spray drying is thus proven with regard to
powder porosity.

Table 5. Color parameters L*a*b* of buckwheat honey powders obtained by high temperature tradi-
tional spray drying (SD) and low temperature spray drying with the application of dehumidified air
(DASD) with maltodextrin (MD) and milk powder (MP) as a carrier, containing 50-75% honey solids.

Variant L* a* b*

SDMD50 83.7 +£03¢ +0.6+0.1¢ 13.7 £ 03P
DASDMD50 86.7 £05f 0.0+0.0Pb 104 +£ 042
DASDMDY75 843 + 044 +0.4+0.04d 143 +02°¢

SDMP50 798 £0.12 +0.6+0.1°¢ 238+ 09f
DASDMP50 849+ 03¢ —05+012 15.8 + 0.4 4
DASDMP75 83.1+ 03P +02+0.1°¢ 173 +03¢

af the differences between mean values with the same letter are statistically insignificant (p < 0.05).

3.5.6. Color

The lightness of obtained buckwheat honey powders, expressed as L* parameter,
ranged from 79.8 £ 0.1 to 86.7 & 0.5 (Table 5). Reported results revealed that powders
where MP was used as a carrier were darker than powders with MD. This is in good
agreement with Samborska et al. (2015), who noted a decrease in lightness when NaCas
was applied to honey powders as a carrier, which is a consequence of proteins’ ability to
form brown complexes with polyphenols, which decreases lightness [12].

In comparison with study of Samborska et al. (2015), who observed buckwheat
and rapeseed honey powders’ lightness after spray drying varying from 33.5 £ 0.2 to
38.1 & 0.3, the powders obtained in this study were considerably lighter [12]. It is worth
highlighting that powders spray dried with the application of dehumidified air were
significantly lighter than powders spray dried traditionally, which underlines the validity
of this innovative method in honey spray drying. The a* parameter indicates the green/red
color, and reported results point to the effect of drying temperature, carrier content and
type. It can be noted that increasing carrier content in honey powders spray dried at lower
drying temperature (DASDMD50 and DASDMP50) decreased their redness. It is worth
highlighting that for traditional spray drying there was no effect of the carrier type. The b*
parameter, which signifies the yellowness, was considerably higher for variants where MP
was applied as a carrier. This observation, along with that for the L* parameter, according
to Cui et al. (2008), suggests a higher degree of browning that occurred during spray drying
with MP than for variants with MD as a carrier; this correlation was confirmed by the
Pearson correlation coefficient (Table A1) [53].

3.6. Antioxidant Activity

The antioxidant activity of raw buckwheat honey and spray dried powders, ex-
pressed as EC5y ABTS—a material’s ability of scavenging 50% of free radicals in ABTS
solution—was 2.69 + 0.00 mg solids-ml~! for raw honey, and for powders it ranged from
0.18 £ 0.00 to 8.24 £ 0.36 mg solids-ml~1 (Table 3) [54]. Obtained results point to the
significant effect of carrier type in all variants and drying parameters for variants where
MD was used as a carrier. The highest antioxidant activity was noted for variants where
MP was applied as a carrier, which further strengthened the authors confidence in MP’s
validity in buckwheat honey spray drying. Samborska et al. (2020) reported the same effect
of MP in dehumidified-air-assisted spray drying of honey [17]. The authors noted better
results in powders’ antioxidant activity in comparison to other carriers (maltodextrin, klep-
tose, NUTRIOSE®). It should be emphasized as well that higher antioxidant activity was
observed for powdered honey in the case of MP variants (in contrast to MD variants) than
for raw buckwheat honey. Samborska et al. (2019) underlined that a concentration of milk
present in the honey powder as a carrier should be considered in antioxidant activity as-
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sessment, as milk itself manifests antioxidant activity due to its composition [55]. However,
the presented results do not seem to confirm this observation, as carrier concentration did
not affect powders’ antioxidant activity with regard to MP variants. It should be outlined as
well that the formation of products of Maillard reaction could have affected the antioxidant
activity of MP variants in comparison to MD variants. The color analysis (Table 5) indicated
that MP variants were more susceptible to browning than MD variants, suggesting greater
formation of Maillard reaction products in the powder and consequently ameliorating
the antioxidant activity of final product. However, this correlation was not assessed by
the Pearson coefficient (Table Al). Nevertheless, the findings of this research likely imply
the protective effect of MP on buckwheat honey spray drying. Moreover, there was no
statistically significant effect of drying parameters on antioxidant activity with regard to
powders spray dried with MP as a carrier. Generally speaking, high drying temperatures
deteriorate antioxidant activity [55]. However, in this research this relationship was not
observed. As can be noted, MD variants manifested lower antioxidant activity than MP
variants, and variants spray dried at lower drying temperature and with high carrier
content (DASDMD50) can be considered as the worst variants to scavenge free radicals.
However, obtained results would seem to suggest that smaller particles in variant DAS-
DMDO50 consequently increased the particle surface exposed to the heat, which resulted in
greater compound degradation and lower antioxidant activity than in high temperature
variant SDMD50.

3.7. Hierarchical Cluster Analysis

The HCA analysis (Figure 5) supported previous findings that variants SDMD50 and
DASDMDY75 are considered as the most problematic during spray drying, as they create one
cluster. This was especially manifest in particle morphology, R, and on cumulated particle
size distribution curves. Variants DASDMD50, DASDMP50, SDMP50 and DASDMP75
were grouped in two other clusters; however, they also created one cluster, confirming that
these variants were less problematic to spray dry, as was explained before.

SDMD50

DASDMD75

DASDMD50

DASDMP50

SDMP50

DASDMP75

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

Distance
Figure 5. Dendrogram plot from HCA of obtained buckwheat honey powders.

4. Conclusions

This study investigated the possibility of low temperature spray drying of buckwheat
honey with the application of dehumidified air and its properties in comparison to tradi-
tional spray drying, which has not been done before for this type of honey. The findings
of this study indicate the successful spray drying of all of the variants. The production of
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honey powders with high Ry, (87% and 97% for variants DASDMD?75 and DASDMP?75,
respectively) and, at the same time, with low carrier content (25%) was accomplished.
This paper also describes the energy consumption analysis of dehumidified-air-assisted
spray drying, which has not been presented in the literature before. This provides practical
information for a possible implementation of this innovative technique in industry.

Obtained results point to the statistically significant differences in the physiochem-
ical properties of powders spray dried conventionally and at low drying temperatures.
Powders produced with the application of dehumidified air showed smaller and more
spherical particles with smooth surfaces in comparison to variants spray dried traditionally.
Moreover, variants with skim milk powder as a carrier, in comparison to maltodextrin,
were more spherical and less conglomerated and had particles that were less scattered. All
of the buckwheat honey powders had low moisture content and water activity, below 5%
and 0.3, respectively, which ensured their stability. It is worth underlining that powders
with skim milk powder as a carrier had lower ay, which highlights the usefulness of MP
as a carrier in buckwheat honey spray drying as it points to its better storage stability. It
should also be emphasized that powders with skim milk powder as a carrier exhibited the
highest antioxidant activity. The results presented in this paper provide further evidence
of the validity of dehumidified-air-assisted spray drying and of skim milk powder as a
carrier of buckwheat honey as an example material.
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Appendix A

Table Al. Pearson correlation coefficients of between powder recovery (Rp,) and physiochemical properties of buckwheat honey

powders obtained by high temperature traditional spray drying (SD) and low temperature spray drying with the application of
dehumidified air (DASD) with maltodextrin (MD) and milk powder (MP) as a carrier, containing 50-75% honey solids.

MC e H Dso DL Dy HR D, o I+ e b* ECsy ABTS
R, 059 0142 0721 0495 0178 0046 0720 0314 0.025 0188  —0360  —0.050 0215
MC —0271 o034 0886 o705 0718 —0355 0510 0700  —0054  —0700 0335 —0.704
o 0294 0456 0.184 0.130 0.105 0012 —0201  0884*  —0406 0% 0.616
H 0224 0265 0.502 0.539 0169  —0445  —0474  0.117 0503 —0282
Dsp —0705  —0616 0459  —0616 0619 0.161 0504 —0427 0.539
b X —0.966 ~0.909
. 0.910 —0256 0431 ! 0.347 ! —0.062 ~0.305
Dr 0.145 053 %7 o113 —o732 0113 —0475
HR ~0002 0003  —0366 0399 0.195 ~0.179
Dy —0452 0064  —0241 0021 ~0.163
o1 0249 0821*  0.000 0.353
I _059 0% 0.650
& 0.329 0.163
e ~0.79

* Values with significant correlation for p < 0.05.
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1 | INTRODUCTION

White mulberry (Morus alba L.) originates in Western Asia and its

Abstract

White mulberry molasses was powdered with the addition of prebiotic carrier by conven-
tional spray drying (inlet/outlet air temperature: 180/80°C) and by dehumidified air-
assisted spray drying at low temperature (inlet/outlet: 80/45°C). As a consequence of
decreasing the drying temperature, it was possible to obtain powder containing 90% of
molasses (solids, wt/wt), which was not presented for this kind of material before. More-
over, highly satisfactory powder recovery (64.0-96.5%) was observed for the variants
spray dried at low temperature. Physicochemical properties of powders were investi-
gated. All of obtained powders characterized with water activity (Aw) below 0.25, which
classify them as physiochemically and microbiologically stable. Powder spray dried tradi-
tionally was characterized with irregular particles of bigger dimension than powders
obtained at low drying temperature. Furthermore, total phenolics content and antioxidant
capacity of molasses before and after drying were studied. The expression of retention
coefficient was proposed to describe the effect of drying on total phenolics content of
dried material. In this calculation the presence of carrier is excluded because it is not the
source of phenolics in powder. Spray drying at low drying temperature enabled better
preservation of the polyphenolics (TPC varying from 1,491 + 38 to 2,852 + 48 mg
GAE/100 g solids) and antioxidant capacity (ECso ABTS ranging from 0.15 + 0.01 to
0.10 + 0.01 mg solids/mL) of white mulberry molasses than conventional spray drying
(TPC 1,412 + 13 mg GAE/100 g solids and ECso ABTS 0.23 + 0.04 mg solids/mL).

Practical Applications

White mulberry molasses powders may be a more practical alternative to concentrated
molasses because of the high viscosity of molasses leading to problems with dosing, stor-
age, and transportation. Molasses powdered at low temperature contains only 10% of a
carrier, and as a result of high antioxidant capacity may be implemented in functional foods.

contain significant amount of polyphenolics such as flavonols and
phenolic acids. According to Sanchez-Salcedo, Mena, Garcia-Viguera,
Martinez, and Herndndez (2015) benzoic acid derivatives

fruits are widely popular in Turkey where they are processed into
juices, jams, jellies, pastes, molasses “pekmez” or consumed fresh or
dried. Mulberry fruits have been used in traditional medicine in Asia
for centuries and studies have proved over the years that they owe

their pro-healthy properties to bioactive compounds. Mulberry fruits

(protocatechuic acid, p-hydroxybenzoic acid, and vanillic acid),
cinnamic acid derivatives (chlorogenic acid, neochlorogenic acid), and
flavonols (quercetin, kaempferol) were the main groups of phenolics
detected in Morus alba fruits. These compounds are responsible for

antioxidant, antimutagenic, anticarcinogenic, and antidiabetic effects
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of the product. Additionally, they play an important role in protecting
humankind against multiple lifestyle diseases (Gungor & Sengul, 2008;
Khalifa, Zhu, Li, & Li, 2018; Lochynska, 2015). Wang, Xiang, Wang,
Tang, and He (2013) highlighted the importance of the mulberry fruits
in decreasing the risk of diabetes which caused a growth in interest in
developing functional foods containing mulberries. Furthermore, Yuan
and Zhao (2017) draw attention to the fatty acid profile of mulberries
in which they emphasized the presence of linoleic acid. Linoleic acid
must be consumed with food as it is not synthetized within the human
body and the authors stressed just how important the intake of lin-
oleic acid is for human development and disease prevention. It is
worth underlining that Yang, Yang, and Zheng (2010) fully justified
the hypolipidemic and antioxidant effect on hyperlipidaemia rats of
freeze-dried white mulberry powder as a dietary supplement validat-
ing the use of white mulberry powder in creation of functional foods.

The consumption of fresh mulberry fruit is limited by its short
period of harvest and challenging storage, and transportation
demands due to its high water content (>80%). These conditions force
scientists to search for solutions to extend their use and to preserve
their health beneficial properties (Trung, Luyen, Nam, & Dat, 2018).
One of the methods is the production of “pekmez”—a Turkish con-
centrated fruit juice with syrupy-like, thick texture and deep brown
color. White mulberry molasses primarily consists of monosaccharides
(glucose and fructose), organic acids, and minerals which point to its
great use as a source of energy for communities living in areas
exposed to harsh weather, for children and for athletes (Karababa &
Isikli, 2005; Sengdl, Ertugay, & Sengtil, 2005).

Nevertheless, syrupy-like liquids, due to their high viscosity, are
challenging for the industry with dosing, transportation, storage,
cleaning the equipment and production lines. Moreover, it is worth
highlighting that syrupy-like products have high water activity (Aw)
that lowers product stability. Koca and Karadeniz (2009) noted Aw of
sour apple “pekmez” ranging from 0.550 to 0.867 and according to
Rockland and Nishi (1980), food products can be considered stable
when Aw is 0.1-0.3. Precisely for this reason, spray drying enables
the production of free-flowing powders that solve the above men-
tioned problems. Spray drying transforms liquid feed into a dried par-
ticulate state by atomizing the feed into the drying chamber where it
contacts a drying medium (Kiritsakis, Goula, Adamopoulos, &
Gerasopoulos, 2018). Spray drying, as a consequence of a short con-
tact time of the material with the drying medium, is a suitable method
for drying compounds that are easily degradable in high temperatures.
The phenomenon of cooling effect due to water evaporation is an
additional reason that this drying method is recommended for ther-
molabile compounds as the drying temperature is significantly lower
than the inlet temperature throughout the entire process (Samborska
et al., 2020). However, those effects appear more in the case of
enzymes that are stabilized by fast water removal (proteins are more
heat sensitive at high water content conditions), than other thermola-
bile compounds.

Materials containing high content of low molecular weight sugars
are susceptible to stickiness during spray drying that directly influence

powders' properties and recovery. Stickiness is a consequence of low

SAMBORSKA ET AL.

glass transition temperature (T,): for glucose in anhydrous state it is
15°C, while for fructose in anhydrous state 5°C. To obtain free-
flowing powder it is crucial that the feed material changes from a lig-
uid to a glassy state. However, when the temperature in a drying
chamber is higher than the T, of the material, it stays in a viscoelastic
rubbery state that sticks to the chamber's walls in the syrupy-like form
causing the problems mentioned above (Bhandari & Howes, 1999;
Samborska, Gajek, & Kaminska-Dworznicka, 2015). It is possible to
avoid such difficulties by adding carrier agents that are high molecular
weight compounds such as carbohydrates or proteins. Nevertheless,
products containing lower amounts of additional substances are
attracting considerable interest among consumers, additionally with
health benefits if the carrier's application is crucial for the production
process. Researchers are seeking lower glycemic index alternatives to
the popular maltodextrin as a response to consumer demand. Miravet,
Alacid, Obén, and Fernadndez-Lépez (2016) spray dried pomegranate
juice and used a NUTRIOSE fiber of a prebiotic nature as an alterna-
tive to a typical carrier agent. Lefranc-Millot (2008) reported that
NUTRIOSE is a resistant dextrin that is produced from either maize
(FM) or wheat starch (FB) that goes under the dextrinization process.
First, the hydrolysis occurs and then repolymerization that transforms
starch into fiber as an effect of the formation of nondigestible glyco-
sidic bonds. The health beneficial effects of NUTRIOSE as a prebiotic
were confirmed in multiple studies over the years. It has been proved
that NUTRIOSE stimulates the increase of beneficial o- and
B-glucosidase following colonic fermentations (Van den Heuvel, Wils,
Pasman, Saniez, & Kardinaal, 2005), as well an increase in Bacteroides
responsible for a healthy colonic ecology and a decrease in possibly
dangerous C. perfringens (Lefranc-Millot et al., 2012). More evidence
revealed that it reduces body-weight, body-fat percentage and hunger
in overweight men (Guérin-Deremaux et al., 2011). NUTRIOSE pos-
sesses the characteristics of neutral taste, good solubility, stability in
high temperatures and in varying pH levels that offer vital evidence to
its utility as a drying carrier agent in spray drying (Lefranc-
Millot, 2008). Another approach that resolves spray drying's problems
and enables lower carrier content is an application of dehumidified air
as a drying medium. Jedlinska et al. (2019) successfully used the afore-
mentioned method to obtain honey powders that contained 80% of
honey solids when compared to common honey powders that contain
about 50% of honey. Moreover, the reduction of drying temperature
due to air dehumidification can further decrease the degradation of
thermolabile compounds that have beneficial health properties. It
was presented by Samborska et al. (2019) that phenolic content and
antioxidant activity of honey were not deteriorated compared to
pure honey before drying. It is a common problem in the research
dealing with spray drying that the biological properties of food
materials after drying are not compared with the raw material, and
taking into account the content of the carrier (these contents being
excluded in the calculation as it is not the source of biological activ-
ity). Thus, one of the aims of this work was to propose the retention
coefficient for the description of the degradation and the retention
of biological properties after drying, which also takes into account

the exclusion of the content of carrier in the final powder. The
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details regarding the suggested coefficient are presented in
section 2.

This paper presents the investigation on white mulberry molasses
spray drying by two approaches: conventional high temperature spray
drying (SD), and innovative, modified spray drying, where
dehumidified air was applied as a drying medium in order to lower
drying temperature (DASD). The investigation aimed to: (a) validate if
the reduction of drying temperature will decrease carrier content;
(b) compare the powders' physicochemical properties; (c) apply prebi-
otic NUTRIOSE as a carrier agent; (d) introduce the new coefficient to

describe the retention of biological activity after drying.

2 | MATERIALS AND METHODS

21 | Materials

White mulberry molasses produced in Turkey was obtained from
NaturAvena (Piaseczno, Poland). The total soluble solids content and
carbohydrates profile of molasses is presented in Table 1. NUTRIOSE
FM10 (Roquette, Lestrem, France) was used as a carrier agent.
Chemicals for chemical determinations were obtained from POCH
Company (Gliwice, Poland). Distilled water was used as a diluent to
prepare 50% (wt/wt) liquid feeds of white mulberry molasses with
NUTRIOSE. As one of the aims of the work was to produce a powder
containing as low carrier content as possible, the feed solutions prior
to spray drying contained from 50 to 90% (wt/wt) of molasses solids,
and so the carrier content varied from 10 to 50% solids (wt/wt)
(Table 2).

2.2 | Spraydrying

Spray drying was performed utilizing a laboratory spray dryer MOBILE
MINOR (GEA, Skanderborg, Denmark) equipped with rotary atomizer
(rotation speed 26,000 rpm). The feed solutions of 500 g for each dry-
ing were pumped at a feed ratio speed 0.2 mL/s, and drying air tem-
perature was 180/80°C (inlet/outlet) for traditional spray drying
(SD) and 80/45°C (inlet/outlet) for spray drying using dehumidified air
(DASD) (Table 2). Every variant was dried in duplicate. Dehumidified
air was produced using an air dehumidification system that consisted
of a TAEevo TECHO020 cooling unit (MTA, Codogno, Italy),

TABLE 1 Total soluble solids and carbohydrates content in white
mulberry molasses

Parameter Result
Total soluble solids (%) 80.10
Fructose (g/100 g) 36.12
Glucose (g/100 g) 26.14
Sucrose (g/100 g) 1.99
Total sugars (g/100 g) 64.25

condensation unit (SWEGON, Gothenburg, Sweden), and a ML270
adsorption unit (MUNTERS, Kista, Sweden). The inlet air humidity for
dehumidified air was 0.4 g/m® and the atmospheric air humidity was
9 g/m.

Powder recovery Rp (%) of each drying process was calculated as
the ratio of solids content in obtained powder to the amount of solids

in the feed solution.

2.3 | Powders characterization

Particle morphology was analyzed using a Phenom XL SEM micro-
scope (Phenom World, Eindhoven, the Netherlands) at 1,000x magni-
fication. Preparation of each sample consisted of putting the small
amount of powder on the double sticky tape, removing the excess of
the powder with an air compressor, and metalizing the surface of the
sample with a layer of gold before taking the picture with microscope.

Particle size distribution was determined using a laser diffraction
particle size analyzer 1190 (CILAS, Orléans, France). Powders were
dispersed in ethanol and the experiment was conducted at an
obscurance of 10%. The results were presented as particle size distri-
bution and expressed as the median diameter Ds.

Moisture content (MC) was determined using an oven method
where approximately 1 g of powder was dried at 105°C for 4 hr.
Water activity (Aw) was measured using Hygro Labl equipment
(Rotronic, Bassersdorf, Switzerland) at 25°C. Hygroscopicity (H) was
determined as a weight gain of 1 g powder samples incubated in 25°C
and 75% RH (saturated NaCl solution) for 144 h, and expressed in
percentage (calculated as the amount of water absorbed per 100 g of
powder solids).

Powders bulk density (D) was measured as a weight occupied by
25 mL of powder. Tapped bulk density (D7) was measured using an
automatic tapper STAV 2003 (Engelsmann AG, Ludwigshafen am
Rhein, Germany) by determining the volume of powder after 100 taps.
The Hausner ratio (HR) was expressed as HR = D7/D and was used to
describe the powder's flowability. Apparent density (D,,) was

TABLE 2 Variants of spray drying of white mulberry molasses

Ratio of white mulberry Drying air

molasses to carrier Drying temperature
Variant solids (wt/wt) method (inlet/outlet)
SD50° 50:50 SD 180/80°C
DASD50 50:50 DASD 80/45°C
DASD60 60:40 DASD 80/45°C
DASD70 70:30 DASD 80/45°C
DASD80 80:20 DASD 80/45°C
DASD90 90:10 DASD 80/45°C

Abbreviations: DASD, dehumidified air-assisted low temperature spray
drying; SD, conventional spray drying at high temperature.

2Conventional spray drying at high temperature (SD) and dehumidified air-
assisted spray drying at low temperature (DASD), samples contained from
50 to 90% of molasses solids.

85US01 SUOWILLIOD BA 81D 3|qedt(dde ay) Aq pausenob afe sapp e YO ‘9sn Jo Sa|ni 10} AkeiqiT aUluQ AS|IAA UO (SUORIPUOD-pUR-SWLLIBI WD AS | 1M AReIq 1 BUUO//SANIY) SUO I IPUOD PUR WS | 34} 88S *[€202/TT/ZT] U0 ARlqiT 8uljuQ 481 ‘S90UBI0S 8417 Jo AIsIBAIUN Mese AQ 826€T 90} /T TTT 0T/10p/woo A3 1M Areiq Ul |uo//Sdny Wouj papeojumoq ‘T ‘2202 ‘0ESrSYLT



4 of 14 Journal of
O—I—Wl LEY—‘ Food Process Engineering_

analyzed using a helium pycnometer Stereopycnometer
(Quantachrome Instruments, Graz, Austria). Loose bulk porosity was
expressed as ¢, = 1 — (D/D,p). Color was measured using colorimeter
CR-5 (Konica-Minolta, Tokyo, Japan) in CIE L*a*b system.

The total phenolic content (TPC) of white mulberry molasses
and obtained powders was analyzed in distilled water extracts pre-
pared in duplicates by diluting samples and filtrating them in an
ambient temperature. 0.4 g of powders and molasses samples were
mixed with 20 mL of distilled water, than filtrated through
Chemland 125 mm filter papers into flasks and filled with distilled
water to 50 mL. According to the Folin-Ciocalteu method, an ade-
quate volume of the extracts were transferred to the tubes, and
then diluted with distilled water and a Folin-Ciocalteu reagent was
added. After 3 min, a 17.7% sodium carbonate solution was dosed.
After mixing, the samples were stored in a dark place for 1 h in an
ambient temperature and the absorbance at 750 nm was measured
using spectrophotometer Helios Gamma (Thermo Fischer Scien-
tific, Waltham, Massachusetts, USA). As was presented by Amorati
and Valgimigli (2015) and Lammerskitten et al. (2019), Folin-
Ciocalteu reagent may react as well with reducing sugars, ascorbic
acids or products of enzymatic browning present in the extract.
However, TPC determination by this method is widely recognized
and applied for wide variety of food materials, including spray
dried powders (Gawatek, Domian, Ryniecki, & Bakier, 2017;
Ghalegi Ghalenoe, Dehnad, & Jafari, 2021; Kaderides &
Goula, 2019; Moghbeli, Jafari, Maghsoudlou, & Dehnad, 2020) that
is why this method was used.

TPC was calculated using a gallic acid standard curve and
expressed as mg GAE/100 g solids (further it was calculated as well as
mg GAE/100 g raw molasses C, as presented below describing the cal-
culation of retention coefficient).

Retention coefficient (RC) was expressed as

C1-S
C-Sm

RC= x 100%.

RC takes into account:

e The concentration of a given compound in the powder C;
(expressed in mass units per 100 g of powder solids).

e Solids content in the raw food material S (expressed in %).

e The concentration of a given compound in the raw material
C (expressed in the same mass unit as C; per 100 g of the raw
material).

e The share of the raw material in powder solids Sy (expressed as a

percentage of powder solids).

In this work the total phenolic content was expressed: for raw
molasses as the absolute value (mg GAE/100g solids) and
C (mg GAE/100g); for powders as the absolute value C;
(mg GAE/100 g solids) and as the retention coefficient RCypc (%). The
importance and meaning of introducing RC in this paper are described

in detail in section 3.

SAMBORSKA ET AL.

Antioxidant capacity was analyzed using a 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) solution for white
mulberry molasses and spray dried powders in the same extracts pre-
pared for TPC analysis. An adequate volume of extracts were trans-
ferred to the tubes then a 3 mL of ABTS solution was added. The
samples were stored for 6 min in darkness in an ambient temperature
and the absorbance at 734 nm was measured using a spectrophotom-
eter Helios Gamma (Thermo Fischer Scientific). Samples were pre-
pared in duplicates of each extract. Antioxidant capacity (ECso ABTS)
was expressed as powder sample concentration (mg solids/mL able to

capture 50% of free radicals in ABTS solution).

24 | Statistical methods

All determinations were done in triplicate and results were expressed
as average with standard deviation. The results were statistically ana-
lyzed using the STATISTICA 13.3 software (StatSoft Polska, Krakéw,
Poland). One-way analysis of variance ANOVA and a division into
homogeneous groups using Tukey test were performed (« = .05).
Principal components analysis (PCA) was used to observe the inter-
correlated quantitative dependent variables describing powders' prop-
erties. A hierarchical cluster analysis (HCA) was performed to visualize
the similarities between the spray dried variants as a dendrogram
graph.

3 | RESULTS AND DISCUSSION

3.1 | Process performance and powder recovery

It was not possible to spray dry material at high drying temperature
with carrier content below 50% because of the white mulberry molas-
ses characterization (Table 1). High content of glucose and fructose,
that as mentioned before present low T, in consequence did not
make it possible to obtain free flowing powder in traditional, high
temperature spray drying. Therefore, the carrier content of 50% was
the starting variant for the application of the dehumidified air, and its
content was decreased from this level by 10% until the drying was
possible (assuming that the decrease of drying temperature will allow
to avoid stickiness problem at increased molasses content). Indeed,
the drying was possible at 90% of molasses solids content (10% of
carrier), which is the most striking result to emerge from the spray
drying of this sugar-rich material not observed previously in the litera-
ture. Highly satisfactory (above 60%) powder recovery was observed
for powders characterizing with unusually high molasses content
(Figure 1). Generally, powder recovery (Ry) after spray drying ranged
from 64.0 + 3.9 to 96.5 + 4.9% (Figure 1). Most authors consider 50%
powder recovery as an indicator of successful spray drying (Bhandari,
Datta, & Howes, 1997; Du et al, 2014; Jayasundera, Adkikari,
Howes, & Aldred, 2011). Thus, results in this research were satisfac-
tory especially given that R, was above 85% in the case of DASD of
variants containing 80% molasses solids. Variants that were spray
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FIGURE 1 Powder recovery after 100
spray drying of white mulberry molasses

with NUTRIOSE by conventional spray P

drying at high temperature (SD) and
dehumidified air-assisted spray drying at
low temperature (DASD); powders
contained from 50 to 90% of molasses
solids; a-e: the differences between mean 70
values marked by different letter were
statistically significant (p < .05)
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dried using dehumidified air were statistically different than tradition-
ally spray dried variant (SD50), with the exception of DASD90, which
had the highest molasses content. Broadly speaking, it can be
observed that dehumidified air enabled a higher R, to be obtained due
to lower drying temperatures than in SD. This phenomenon occurred
as a result of a lower drying temperature which prevented the unde-
sirable stickiness caused by a low glass transition temperature (Ty). It
is worth highlighting that the variant of very low carrier content (10%
solids) was characterized as well by acceptable R,. It was a result of
the reduced outlet air temperature to 45°C which prevented the
problem of stickiness. On the contrary, variant containing 60% of
molasses dried at high temperature (SD) was not finished successfully
so the material was not transformed into glassy powder and did not
leave the drying chamber. For comparison, Akkaya et al. (2012) spray
dried carob molasses at the inlet/outlet temperature 160 and
210/75°C with maltodextrin (DE 18.6) at the carrier to molasses ratio
50:50, and noted stickiness that forced the authors to increase the
carrier to molasses ratio up to 75:25.

Recently, several studies have been performed on the application
of dehumidified air to the traditional spray drying that highlight its
importance in significant increases of R, and reduce of carrier content.
Samborska et al. (2019), who spray dried rapeseed honey using
dehumidified air, were able to reduce carrier content up to 20% with
R, over 80%. Jedlifiska et al. (2019) spray dried rapeseed and honey-
dew honey using the same method, reducing carrier content up to
20% as well with R, over 90% for honeydew honey.

It is worth highlighting that Miravet et al. (2016) studied the
effect of NUTRIOSE and maltodextrin (DE19 and DEé) on R, in pome-
granate spray drying. Authors noted that NUTRIOSE increased R, to
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49.6-75%, whereas maltodextrin enabled the observation of R, vary-
ing only from O to 64.3%. Samborska et al. (2020) compared an effect
of different carriers on R, on apple concentrate powders spray dried
with the application of dehumidified air. The authors demonstrated
that R, was higher when NUTRIOSE was used as a carrier (55.8%)
than when kleptose (32.1%) and traditional maltodextrin were applied
(44.6%). However, powders with skim milk powder were character-
ized with the highest R, of 81.7%.

3.2 | Particles morphology

Particles of obtained powders were spherical, which is typical for
spray dried materials, and showed amorphous surfaces while hexago-
nally shaped particles with sharp edges indicated the crystalline state
of the material. Fast water evaporation in spray drying leads to the
amorphous state of the particles as a consequence of the insufficient
time to form a crystalline state of sugar molecules (Samborska
et al., 2018). Variants containing more than 50% of molasses in pow-
der solids had smooth surfaces, while SD50 and DASD50 had irregu-
larities and dents on the surfaces (Figure 1). Generally speaking,
irregular particles in the powders' morphology may be a result of rapid
water evaporation during spray drying. Similarly, irregular particles
appearance was observed by Jedlinska et al. (2019) when tradi-
tionally spray drying rapeseed and honeydew honey. Moreover,
SD50 and DASD50 were characterized by more scattered parti-
cles than other variants, and weaker adherence of smaller parti-
cles to particles of larger diameter, which was a consequence of

low stickiness of powder containing 50% of carrier. Furthermore,
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it could be observed that particles of SD50 were significantly big-
ger in dimension, which was confirmed by the particle size ana-
lyses (Figure 2). Particles in variant with the lowest carrier
content (DASD90) were visibly more conglomerated and merged
with liquid bridges than in other variants, which was associated
with the stickiness caused by the highest molasses content, as
confirmed by the lowest powder recovery. Samborska, Wiktor,

DASD70

DASD80

DASD90

SAMBORSKA ET AL.

et al. (2019) and Samborska et al. (2020) reported the same rela-
tionship while spray drying honey while decreasing carrier con-
tent. It is worth highlighting that white mulberry molasses powder
containing only 10% of the carrier (DASD90) showed less con-
glomerated and glued particles than honey powders containing
20% of the carrier obtained by Samborska, Wiktor, et al. (2019)
and Jedlinska et al. (2019).

FIGURE 2  Scanning electron
microphotographs of white
mulberry molasses powders
obtained by conventional spray
drying at high temperature

(SD) and dehumidified air-assisted
spray drying at low temperature
(DASD), containing from 50 to
90% of molasses solids
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There has been little discussion on the effect of the NUTRIOSE
on the particles morphology compared to other carriers. However,
Samborska et al. (2020) examined the influence of different carriers
on the particles morphology of apple concentrate and honey powders
including prebiotic NUTRIOSE. Analyzing SEM microphotographs of
apple concentrate, particles of powders with NUTRIOSE were hexag-
onal in shape, conglomerated, however comparable with sample with
kleptose. Powders with skim milk powder as a carrier were visibly
more scattered and regular in shape. It is worth underlining that in the
case of honey, particles of powders with prebiotic carrier were com-
parable to those with maltodextrin (regular in shape and round),
though more conglomerated than sample with skim milk powder.
Samborska, Wiktor, et al. (2019) compared the morphology of rape-
seed honey powders spray dried with traditional maltodextrin and
NUTRIOSE as carriers. The authors observed that particles where pre-
biotic carrier was added, were difficult to distinguish from one

another as a result of the presence of many liquid bridges.

3.3 | Particle size

Particle size distribution presented in Figure 2 and values of median
diameter (Dso) presented in Table 3 shown significant differences
between the particle size of powders spray dried at high (SD) and low
temperature (DASD). SD50 was characterized by particles size distri-
bution shifted to the right and ranged to 300 um, showing larger Dsq
than DASD, while the particle size distribution for DASD powders
ranged to 100 pm. Higher drying temperature (SD50) resulted in
larger particles, which was a result of a faster drying rate, that in con-
sequence created a particles structure at the very beginning of the
process, preventing particle shrinkage. A similar phenomenon was
noted by Tonon, Brabet, and Hubinger (2008) who spray dried acai
powder at different temperatures (138-202°C) but constant carrier
content (20%). It can be observed as well that powders DASD50 and
DASD60 had bimodal particle size distribution contrary to variants
with lower carrier content (DASD70, DASD80, and DASD90), show-
ing onemodal distribution (Figure 3). This tendency could be a conse-

quence of the presence of many small, loose particles between the

TABLE 3

particles of bigger dimension, which can be noted in Figure 1. More-
over, Dsp increased (Table 2) with increasing molasses content in
DASD variants, which resulted from more intensive stickiness, leading
to more difficulties while spray drying and manifesting also in decreas-
ing R, (Figure 1). Samborska et al. (2020), who spray dried honey and
apple concentrate, described a similar relationship when the carrier

content decreased.

3.4 | Moisture content and water activity

Moisture content (MC) of obtained powders was below 6% (Table 3).
The liquid feed of SD50 that was spray dried at high temperature
(characterized with significantly lower MC than other powders) which
was caused by the highest heat transfer. The variant containing the
highest amount of molasses (DASD90), characterized with the highest
MC. At the same time, this variant presented the lowest water activity
(Aw), making it unavailable for microorganisms and chemical reactions
as water was bound in the structure of the particles, assuring its
stability.

The water activity (A,,) of obtained powders was below 0.25
(Table 3). According to Rockland and Nishi (1980), food products can
be considered stable when A,, is 0.1-0.3. In this regard, all of the
obtained powders can be classified as physiochemically and microbio-
logically stable. Generally speaking, the value of A,, decreased with
decreasing carrier content. A similar relationship was observed by
Samborska, Wiktor, et al. (2019) who spray dried rapeseed honey
using dehumidified air with maltodextrin and/or NUTRIOSE as carriers
content decreased from 40 to 20% of solids. However, Quek, Chok,
and Swedlund (2007), who spray dried watermelon powders, and Kha,
Nguyen, and Roach (2010) who produced Gac fruit aril powders,
observed reverse relationship between carrier content and A,, (with
decreasing carrier content, A,, increased). Nevertheless, these authors
spray dried powders traditionally and used different carriers than
NUTRIOSE at different concentrations than in this paper. Moreover,
comparing variants with the same molasses content, but dried at dif-
ferent conditions of temperature and air humidity, A,, differed signifi-
cantly: SD50 had lower A,, than DASDS50. It was a result of high inlet

Physical properties of obtained powders: median value of particle size distribution (Dsg), moisture content (MC), water activity (A,),

hygroscopicity (H), bulk density (D), bulk tapped density (D7), Hausner ratio (HR), apparent density (D,p), loose bed porosity () of white mulberry
molasses powders containing 50-90% molasses solids, obtained by conventional spray drying at high temperature (SD) and dehumidified air-

assisted low temperature spray (DASD)

Variant Dsg (pm) MC (%) A H (%)

13+0.7° 0.152+0.003° 26.1+0.3°
42+0.7° 0.233+0.006¢ 22.7+0.3
DASD60 21.7+19% 32+04° 0.186+0.009° 26.1+0.8°
DASD70 267 +14° 49+10° 0.184+0.009¢ 27.9 +0.7°
DASD80 24.2+1.8%® 35+04° 0.155+0.005° 28.6+2.0%

DASD90 26.6+32° 55+0.8% 0.133+0.004* 30.1+0.6

SD50 544 +1.7°
DASD50 21.7 +1.4°

D (g/cm®) D (g/cm®) HR D., (g/cm®) & (%)
0.65+0.01° 0780019 120+001®® 149+001* 56.0+09%
0.69+0.02° 078+001Y 1.14+0.03" 151+001*® 545+14°
0.63+£0.04° 073002 1.17+0.09® 1.54+001° 59.2 + 3.2
0.60%0.02° 072+001* 1.19+0.06® 156+001¢ 61.3+1.5“
0.540.01° 067+002° 1.26+0.05° 152001° 64.7+1.0%
048+ 0.07° 059+007° 1.24+0.08® 151+001° 68.5+4.2°

Note: The differences between mean values marked by different letter in columns were statistically significant (p < .05).
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FIGURE 3 Particle size
BED distribution of white mulberry
molasses powders obtained by
DASDS0 conventional spray drying at high
= = — DASD&0 temperature (SD) and
— . = DASD70 dehumidified air-assisted spray
......... DASDS0 drying at low temperature

(DASD), containing from 50 to
90% of molasses solids

0,1

Particles size [um]

temperature of SD that was reported as well by Jedlinska et al. (2019)
who spray dried rapeseed and honeydew honey using traditional
spray drying and DASD. Furthermore, it is worth underlining that
powder with the lowest carrier content obtained by DASD (DASD90)
had significantly lower A,, than powder obtained by SD with a higher
carrier content (SD50) indicating better physicochemical and microbi-
ological stability. It should be emphasized that although the drying
temperature was low (80°C) during DASD, it was possible to obtain
powders that were characterized with low MC and A,,. This phenome-
non was a consequence of low air humidity that became an additional

driving force of water evaporation.

3.5 | Hygroscopicity

The hygroscopicity (H) of white mulberry molasses powders varied
from 22.7 + 0.3 to 30.1 + 0.6% (Table 3). Jedlinska et al. (2019) spray
dried rapeseed and honeydew honey (which can be considered similar
to white mulberry molasses in respect to comparable content of glu-
cose and fructose) powders with similar value of H varying from 20.1
+ 0.2 to 27.4 + 0.1% when the carrier content decreased from 50 to
20% and dehumidified air was applied as well. Schuck, Jeantet, and
Dolivet (2012) characterized powders with H varying from 0.151 to
0.200 g H,0O/g solids (from 15.1 to 20%) and considered them as
highly hygroscopic, thus obtained white mulberry molasses powders
can be classified as greatly hygroscopic. It can be observed that for
powders with the same molasses content (SD50 and DASD50) but
dried at different temperatures, the variant that was dried using
DASD had lower H. Broadly speaking, high moisture content in the
powder was responsible for a weaker concentration gradient between
water in the powder and in the environment during determination
that resulted in lower absorption. Moreover, H increased with
decreasing carrier content in powders that were obtained using
DASD. It could be caused due to various reasons. First, decreasing

carrier content increased the powder's bed porosity (g), which in

1000

consequence affected H. More porous powders are more susceptible
to water absorption as a result of larger surface of exposure to humid-
ity. Second, reduced carrier content increased the low molecular
weight sugars content in obtained powders which consequently
increased H as a result of decreasing powder's Ty (Muzaffar &
Kumar, 2015). Ferrari, Germer, and de Aguirre (2012), de Souza,
Thomazini, de Carvalho Balieiro, and Favaro-Trindade (2015), and
Tonon et al. (2008) noted the same relationship of carrier content and
H as in this paper, although they spray dried different materials at
higher temperatures and with different carrier agents at different
concentrations.

A recent review of the literature on the topic of advances in spray
drying of sugar-rich materials made an attempt to summarize past
findings of the effect of prebiotic carriers on powders properties
(Sobulska & Zbicinski, 2020). However, very few attempts have been
made in order to compare the influence of NUTRIOSE on H of spray
dried powders in comparison to other carriers. Samborska
et al. (2020) spray dried apple concentrate and honey with different
carrier agents observed that powders with NUTRIOSE characterized
with highest H (respectively 270+4 g/kg and 256 +4 g/kg).
Samborska, Wiktor, et al. (2019) noted the same influence of prebiotic
carrier when applied to rapeseed honey in comparison to maltodex-
trin. These results support the idea that powders with NUTRIOSE as a
carrier may be more susceptible to water absorption than powders
with different carriers such as maltodextrin, skim milk powder, and
kleptose. However, further experimental studies regarding different
spray dried materials need to be carried out to establish the effect of
NUTRIOSE on H.

3.6 | Bulk density and flowability

Bulk density (D) of white mulberry molasses powders ranged from
0.48 + 0.07 to 0.69 + 0.02 g/mL (Table 2). Powders with the lowest
content of the carrier (DASD80 and DASD90) had the lowest values

85UB01 7 SUOLULIOD dA1I.1D) 3[cedl|dde 8Ly Aq peusenob a.1e sajole YO 9sN Jo SajnJ 10} ARiq1T 8Ul|UO A1 UO (SUONIPUOD-PUB-SWB)LI0O™AB | 1M Afe.q) 18U [UO//ScIY) SUONIPUOD pue SIS | 8Ly 88S " [£202/TT/ZT] U0 A%iqi8uliuO A8|IM ‘s90usios 8417 Jo AISIBAIuN mesiem Aq 8Z65T 9d)(/TTTT 0T/I0p/uod™A8|im Afeid1jeuluoy/sdny Wwoly pepeojumoq ‘T 'Z202 ‘08SSr.T



SAMBORSKA ET AL. Journal of

9 of 14
| Food Process Engineering -Wl LEYJ;

of bulk and tapped bulk density (significantly lower than the rest of
the variants). It was caused by increased stickiness during drying
resulting in changes in morphology as presented in Figure 2. Particles
were more conglomerated, creating free spaces between particles
filled with air. The same phenomenon was observed by Jedlinska
et al. (2019) who spray dried honey using DASD method with
decreasing carrier content up to 20%. There was no statistically signif-
icant difference in D and Dt noted between variants containing 50%
of molasses after SD and DASD drying although the difference in par-
ticle size was observed. Stickiness that resulted from increasing sugar
content in powders affected more D and D+ than drying temperature.

Flowability of obtained white mulberry molasses powders
expressed as the Hausner ratio (HR) ranged from 1.14 + 0.03 to
1.26 + 0.05 (Table 3). Powders with HR higher than 1.25 are consid-
ered to have poor flowability, thus obtained powders might be clas-
sified as powders with satisfying flowability, except DASD80 variant
(Dantas, Pasqual, Cavalcanti-Mata, Duarte, & Lisboa, 2018).
Samborska, Langa, Kaminska-Dworznicka, and  Witrowa-
Rajchert (2015) obtained better flowability of honey powders (1.11
+0.01 to 1.16 £ 0.01); however, powders were spray dried tradi-
tionally at 180/80°C (inlet/outlet) and honey ratio of solids to car-
rier solids was 50:50. The significant difference can be observed
only between DASD50 and DASDS8O. It is worth highlighting that
the increase in molasses content did not deteriorate powders' flow-
ability, which was reported as well by Jedlinska et al. (2019) who
spray dried honey with decreasing carrier content up to 20% with
the dehumidified air as a drying medium. However, the authors
obtained powders of reduced flowability (1.30 £ 0.02 to 1.55
+ 0.02) than in this paper.

3.7 | Apparent density and loose bed porosity

Apparent density (D,,) of obtained powders varied from 1.49 + 0.01
to 1.56 + 0.01 g/cm>. There was no statistically significant difference
between SD50 and DASD50 as observed as well for D and D+. In
comparison with powders of sugar rich materials such as honey, white
mulberry molasses powders characterized similar apparent density.
Samborska et al. (2020) obtained honeydew honey powders of D,,
varying from 1.46 + 0.01 to 1.54 + 0.01 by DASD method with differ-
ent carriers and decreasing content (honey solids to carrier solids was
both 50:50 and 75:25 regarding milk powder). The values of bulk
density and apparent density were used for the calculation of porosity
(e)), which varied from 54.5+ 1.4 to 68.5+4.2% (Table 2). This
parameter relates to the number of pores between particles that are
filled with air. Consequently, porosity may provide information on vul-
nerability to possible degradation of chemical compounds due to their
oxidation during storage (Santhalakshmy, Don Bosco, Francis, &
Sabeena, 2015). Similarly as in the case of some previous physical
properties, there was no significant difference between variants with
the same molasses content but spray dried with different methods
(SD50 and DASD50). However, it can be noted that with decreasing

carrier content, g increased. This phenomenon resulted from

increasing particles' stickiness with increasing molasses content that
created free spaces filled with air. As observed on Figure 1, variant
with the highest molasses content (DASD90) had particles connected
by liquid bridges due to their stickiness and simultaneously demon-
strated the highest porosity. However, it should be emphasized that
the porosity of obtained white mulberry molasses powders was lower
than similarly sugar—rich honey powders produced as well with the
application of a DASD method and decreasing carrier content up to
20% by Jedlinska et al. (2019). The porosity of mentioned honey pow-
ders ranged from 63.3 + 0.7 to 72.5 + 0.92%.

3.8 | Color

The results of the color parameters of obtained white mulberry
molasses powders are presented in Table 4. L* values indicate the
lightness, a* the red color, and b* the yellow. It can be observed that
drying temperature significantly influenced the L*, a*, and b* values
of the powders. SD50 that was dried at a higher temperature was
darker, redder, and yellower than the DASD50 dried at a lower tem-
perature but with the same carrier content. Decreased lightness was
likely caused by the sugars browning at a higher temperature. Quek
et al. (2007) noted the same effect on watermelon juice spray dried
at different temperatures. Carrier content affected the L*, a*, and b*
parameters as well. Decreasing carrier content resulted in decreas-
ing lightness but an increase in redness and yellowness. Regarding
the L* parameter, this is in agreement with de Souza et al. (2015)
who observed the same relationship drying a pigment from the vini-
fication of byproducts of the Bordo grape (Vitis labrusca). The
authors noted that powders with decreasing carrier content showed
lower values of L* parameter, which was a result of the lower per-
centage of the white carrier in the powder. With reference to red-
ness and yellowness, the relationship concurred well with the
findings of Daza et al. (2016) who noted that as a consequence of
decreasing carrier content, powders of Cagaita (Eugenia dysenterica
DC) fruit extracts characterized with increasing value of a* and b*
parameters following the dilution of the liquid feed.

TABLE 4 Color parameters L*a*b* of white mulberry molasses
powders obtained by conventional spray drying at high temperature
(SD) and by dehumidified air-assisted spray drying at low temperature
(DASD), containing from 50 to 90% of molasses solids

Variant L* a* b*

SD50 56.8 + 0.6° 7.9+£0.2° 33.6 + 0.6"
DASD50 63.3 +0.4° 58+0.2° 30.9 + 0.4
DASD60 60.5 + 0.4° 71+0.2° 334+0.7°
DASD70 56.9 +0.3° 8.6 +0.3¢ 35.9 + 0.5
DASD80 534 +0.4° 10.8 £ 0.3° 39.0+0.5¢
DASD90 51.2 + 0.3 11.9 + 0.1° 403 +0.2¢

Note: The differences between mean values marked by different letter in
columns were statistically significant (p < .05).
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3.9 |
capacity

Total phenolic content and antioxidant

Total phenolic content (TPC) of raw white mulberry molasses was
noted at the level of 3,646 + 103 mg GAE/100 g solids (it was further
recalculated as C to express as RCypc, as described in section 2.3, data
not shown). TPC of produced powders ranged from 1,412 + 13 to
2,852 + 48 mg GAE/100 g solids (Table 5). Do and Nguyen (2018),
who spray dried black mulberry juice at the temperatures varying from
120 to 160°C and with different carrier ratios of gum Arabic and
microcrystalline cellulose, observed TPC at level 3,435 + 98-3,832
+ 36 mg GAE/100 g solids. However, it is worth highlighting that
according to Ercisli and Orhan (2007) and Mahmood, Anwa, Abbas,
and Saari (2012), raw black mulberry fruits are characterized with
higher TPC than white mulberry fruits, which might explain the higher
TPC in powders obtained by Do and Nguyen. Ercisli and Orhan (2007)
noted TPC of M. alba on the level of 181 mg GAE/100 g solids and of
M. nigra 1,422 mg GAE/100 g solids. Mahmood et al. (2012) reported
TPC of M. nigra varying from 575 + 12 to 2,287 + 41 mg GAE/100 g
solids and for M. alba from 1,071 + 31 to 1,872 + 57 mg GAE/100 g
solids. It should be highlighted that obtained powders had higher TPC
comparing to TPC observed by some authors. The unfavorable effect
of Folin-Ciocalteu reagent may be responsible for observed higher
TPC results, as it reacts as well with reducing sugars, ascorbic acids or
products of enzymatic browning, that could have been present in the
molasses (Amorati & Valgimigli, 2015; Lammerskitten et al., 2019).
However, TPC determination by Folin-Ciocalteu method is widely
recognized and applied. Further research on white mulberry molasses
TPC would be needed to determine the possible source of the
differences.

The obtained results regarding the content of polyphenolics in
powders may point to potential use of obtained powders as health-
promoting ingredient due to polyphenolic's properties—reducing the
risk of cardiovascular diseases, cancer, and neurodegeneration
(Yuan & Zhao, 2017).

Furthermore, it is worth exploring the effect of NUTRIOSE on the
retention of bioactive compounds to understand its importance on
preserving the beneficial health properties of powders. A recent

advances in prebiotics as carriers and their effect on the retention of

TPC (mg GAE/

Variant 100 g solids) RCrpc (%)
White mulberry molasses 3,646 + 103f -
SD50 1,412 +13° 774 +0.7°
DASD50 1,491 + 38% 81.8 +2.1?
DASD60 1,810 + 154° 82.8 +7.1°
DASD70 2,145 + 63° 84.0+25?
DASD80 2,459 + 257¢ 84.3+88°
DASD90 2,852 + 48° 86.9 +1.5?

SAMBORSKA ET AL.

the bioactive compounds in spray dried powders were described by
Samborska et al. (2020). NUTRIOSE outperformed the kleptose by
preserving TPC better (1,025 mg GAE/kg material solids and 945 mg
GAE/kg material solids for NUTRIOSE and kleptose, respectively);
however, both traditional maltodextrin (1,141 mg GAE/kg material
solids) and skim milk powder (1,233 mg GAE/kg material solids) pres-
ented better preserving properties in apple concentrate spray drying.
It should be underlined that the authors did not take the influence of
the carrier into consideration and the final results were expressed in
relation to the raw material solids present in the powders. In relation
to honey, the authors noted that powder with NUTRIOSE reported
higher value of TPC (625 mg GAE/kg material solids) than powder
with traditional maltodextrin, though there was no statistically signifi-
cant difference when kleptose was used as a carrier and powders with
skim milk powder as a carrier characterized with the highest value of
TPC (706 mg GAE/kg material solids). These results point to promising
applications of NUTRIOSE as a carrier agent and its relationship to
the retention of the bioactive compounds in powders. Further data
collection would be needed to determine exactly how NUTRIOSE
affects the retention of TPC in different materials spray dried using
different drying parameters.

Obtained results indicated that TPC of powders increased with
increasing molasses content. TPC of powder spray dried at higher
temperature (SD50) was lower than of the dried at lower temperature
(DASD50), yet the difference was not significant. These results show
that this method of describing phenolic degradation might not be the
most accurate as it is expressed in relation to powder solids including
the carrier. This is the reason why retention coefficient of TPC (RCypc)
was introduced in this paper as it directly compares the content of
bioactive compounds in food material present in powder with raw
material before drying. Generally speaking, the retention of bioactive
compounds after drying in the literature is most often not properly
described, because the content of a certain compound in the powder
is usually expressed in relation to powder solids including carrier.
Additionally, it is not compared to the content in raw material (with
taking into account also solids content of raw concentrate, juice, etc.).
Thus, we propose for the first time to describe the retention of a
given compound in the powder (in this case phenolic compound) by

the RC. The RC directly compares the content of bioactive

TABLE 5 Total phenolic content
(TPC), phenolics' retention coefficient
(RCtpc), and antioxidant capacity

ECso ABTS
(mg solids/mL)

0.05 +0.00° expressed as ECsq ABTS of white

0.23 + 0.04¢ mulberry molasses powders obtained by

0.15 + 0.01° conventional spray drying at high

1 e G temperature (SD) and by dehumidified
. . air-assisted spray drying at low

0.12+£0.00 temperature (DASD), containing from 50

0.13 +0.01° to 90% of molasses solids

0.10 £ 0.01°

Note: The differences between mean values marked by different letter were statistically

significant (p < .05).
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compounds in food material present in powder with raw material
before drying (excluding carrier content). It enables to compare the
degradation between variants containing different content of carrier
and express the retention in percentage of initial content in raw mate-
rial. Apart from RC, the value of C; is also very important because it
informs about the content of a given compound in the powder, which
is essential information for the final user of the powder. Thus, the
results regarding bioactive compound content should be presented in
two ways: as the absolute value C4, and RC. However, one downside
regarding the methodology applied in this research regarding TPC is
that Folin-Ciocalteu reagent is not only specific for polyphenols, but
reacts as well with many reducing compounds that may be present in
the sample (Amorati & Valgimigli, 2015; Lammerskitten et al., 2019).
Thus, obtained results need to be interpreted with caution. Other
methods of phenolics identification and quantification (such as HPLC)
might be applied as well with the intention of limiting the interference
of other compounds. Nevertheless, proposed method of expressing
the retention is accurate to compare samples of the same origin, in
order to evaluate the loss of the polyphenolics excluding the carrier
content, and can be applied in the interpretation of other bioactive
compounds degradation in the future works.

RCqpc after drying ranged from 77.4 £ 0.7 to 86.9 £ 1.5%. It can
be observed that RCypc was the lowest for the powder spray dried at
the highest temperature (SD50) and it increased with decreasing car-
rier content. Although the differences were not significant, the results
can indicate the possible relationship between the carrier content and
TPC retention. Decreased amounts of carrier resulted in greater
retention, indicating a possible unfavorable effect of carrier on poly-
phenolics. Even though, still the retention was very high for DASD
variants (above 80%). To date, this approach of presenting the reten-
tion of bioactive compounds has not been applied by other authors. It
is not possible to compare the influence of drying temperature and
the type and amount of carrier on RC. However, based on data pres-
ented by Bednarska and Janiszewska-Turak (2020), it was possible to
calculate the RCypc of chokeberry juice powder containing 60% of dif-
ferent carriers in solids. RCypc ranged from 66.0 to 104.0%. The low-
est RCypc was observed for powders spray dried at 160°C with
maltodextrin as a carrier (DE 15) and the highest for powders
obtained at 200°C with the blend of maltodextrin (DE 15) with Arabic
gum (1:3 solids ratio). The shortcomings of the authors' discussion
have been recognized as they did not examine the importance of phe-
nolic retention. Authors reported only the “massive decrease of” TPC
(not taking into account the carrier content and the fact that actually
the retention was 100% in one variant).

Antioxidant capacity of raw and powdered white mulberry was
determined as ECsq ABTS value indicating the concentration of the
material that can capture 50% of free radicals in ABTS solution
(Zaiter, Becker, Karam, & Dicko, 2016). ECso ABTS of obtained pow-
ders varied from 0.10 + 0.01 to 0.23 + 0.04 mg solids/mL (Table 5).
The largest decrease in antioxidant capacity was noted in the pow-
der spray dried at high temperature (SD50) (it was almost five times
lower than for raw molasses). In the powder with the same molasses

content (but spray dried at low temperature (DASD50), the

antioxidant capacity was significantly lower. It points to the signifi-
cant effect of the application of dehumidified air-assisted method
on the antioxidant capacity of the obtained powders, comparing the
values of variants with the same molasses content but spray dried at
different temperatures (SD50 and DASD50). However, the differ-
ence in TPC between these variants was not significant. This leads
to the conclusion that this innovative method enables higher preser-
vation of antioxidant capacity in white mulberry molasses powders
than traditional spray drying.

It can be observed that with decreasing carrier content the anti-
oxidant capacity improved. The highest value of antioxidant capacity
among powders was in the variant with the lowest carrier content and
spray dried at low temperature (DASD90). It was due to an increased
amount of molasses, but can also be related with a lower degradation
of polyphenolics. It should be acknowledged as well that there is
insufficiency in the research on the subject of the effect of
dehumidified air on antioxidant capacity. However, Samborska
et al. (2020), who spray dried honey with skimmed milk powder as a
carrier, did not find any effect of dehumidified air on honey powders'

antioxidant activity (in contrary to this study).

3.10 | Principal component analysis

It was established that PC1 and PC2 explained up to 91.64% (PC1
explained 65.75% and PC2 explained 25.89%) of the total variance
of physicochemical properties of obtained powders (Figure 4). PC1
was strongly positively correlated with D; (0.99), Dy (0.97), L (0.91)
and negatively with g (-0.99), H (-0.94), a* (—-0.97), b* (-0.98),
TPC (—0.98) while PC2 was negatively correlated with Dsg (—0.92).
With the exception of D, all of the analyzed properties were
on the circle (or near the circle) which indicates that these vari-
ables carried the information performed by the main component.
The positive correlation was noted for a*, b* color parameters,
H and ¢, for D, and Dt. A negative correlation can be determined
for D,, and Dsg, for L* and a*, b* color parameters, for ¢, D, and
D+, for TPC and ECso ABTS. Despite the fact that there was the
negative correlation of TPC and ECsq ABTS, it is very likely that it
was a result of the character of the Folin-Ciocalteu reagent that
can react as well with reducing sugars, ascorbic acids or products
of enzymatic browning which was also observed by Lammerskitten
et al. (2019) while freeze-drying apples pretreated with pulsed
electric fields.

As it was previously observed, the drying temperature and the
carrier content influenced the powders' properties. The HCA analysis
confirmed that the powder traditionally spray dried at higher tempera-
ture (SD50) differed significantly from other variants (as it was pres-
ented as separate cluster on the dendrogram). DASD60 and DASD70
created second cluster, and DASD80 and DASD90 formed third clus-
ter. Moreover, DASD50 grouped with DASD60 and DASD70 in
another cluster. This analysis confirms that there was a more signifi-
cant influence of the drying temperature than the influence of the car-

rier content on the properties of powders.
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FIGURE 4  Principal component
analysis (PCA) score plot and dendrogram
plot from hierarchical cluster analysis
(HCA\) of obtained white mulberry molasses
powders obtained by conventional spray
drying at high temperature (SD) and by
dehumidified air-assisted spray drying at
low temperature (DASD), containing from
50 to 90% of molasses solids. R, powder
recovery; Dso, median value of particle size
distribution; MC, moisture content; A,
water activity, H, hygroscopicity; D, bulk
density; Dy, bulk tapped density; HR,
Hausner ratio; D,p,, apparent density; ¢,
loose bed porosity; L*a*b*, color
parameters; TPC, total phenolic content;
ECso, ABTS antioxidant capacity
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4 | CONCLUSION
1. The application of dehumidified air as a drying medium allowed for

a decrease in the drying temperature to avoid the stickiness and
obtain molasses-rich powders containing up to 90% of molasses
solids. It is worth emphasizing that such high content of sugar-rich
material in powder was not presented before in the literature.
Moreover, the application of dehumidified air allowed to perform
drying at high drying yield (powder recovery) up to 96.5%.

In white mulberry molasses spray drying NUTRIOSE can be effec-
tively applied as a substitution to popular maltodextrin as a carrier
agent with beneficial health properties.

Differences in the physicochemical properties for powders tradi-
tionally spray dried and at low drying temperatures with decreas-

ing carrier content were noted. Powder spray dried traditionally

with liquid bridges were observed for powder with the lowest car-
rier content. The lowest Aw pointing towards the best physico-
chemical and microbiological stability, was found for the powder
with the lowest carrier content and spray dried at low drying tem-
perature. Powders with the same carrier content but spray dried at
different temperatures differed in the aspects of the color parame-
ters, which led to a conclusion that sugars' browning occurred at
higher drying temperature.

. The new method of presenting polyphenolics degradation as a

retention coefficient was presented in this paper. Obtained results
support the idea that this method may be a more suitable method
to describe bioactive compounds retention after drying. The limita-

tions of Folin-Ciocalteu method need to be recognized,
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nevertheless the authors believe that this work could be a starting
point for a new way of expressing the bioactive compounds
degradation.

5. TPC was not affected by the drying temperature. However, lower
drying temperature better preserved antioxidant capacity of the
powders and in consequence, better maintained their beneficial
health properties.

6. It should be highlighted that decreased amount of carrier resulted in
lower phenolic degradation, indicating a possible unfavorable effect
of carrier on phenolic content. Lower degradation of polyphenolics
at lower carrier content revealed high antioxidant capacity of
molasses-rich powder containing 90% of molasses in powder solids.
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drying with pea protein as a carrier—Physical properties, antioxidant activity
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ABSTRACT

Spray drying of sour cherry juice concentrate was performed by conventional high tempera-
ture method (180°C/80°C, inlet/outlet air), as well as by innovative approach with dehu-
midified air and low drying temperature (80°C/45°C, inlet/outlet air). Moreover, the
possibility to apply pea protein as an alternative carrier to partially replaced maltodextrin
was tested. Due to lower drying temperature and reduced stickiness the carrier content was
reduced from 50% down to 30% solids to enhance powders physiochemical properties
(lower stickiness, hygroscopicity, better color, better bioaccessibility), although some param-
eters of variants produced with the addition of pea protein had poorer quality in compari-
son to powders with only maltodextrin (moisture content, water activity, particles
morphology and size, glass transition temperature). Increased bioaccessibility of phenolics
and antioxidant potential of pea protein-enriched samples indicated the potentially possible
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application in functional food.

1. Introduction

Sour cherry (Prunus cereasus L.) is mostly cultivated
in Eastern Europe, Nordic countries and North
America.!!! The consumption of fresh sour cherry is
limited due to its bitter and astringent taste which
results from high acid to sugar ratio and phenolic
proﬁle.m Therefore, sour cherry is considered to be
one of the most processed fruit and is commonly
used in food industry in juice, jams, wine and bever-
ages production. Turning it into a powder and pro-
longing its shelf-life enables to broaden the
application in bakery, dairy and instant products, and
baby foods.*! Sour cherry is recognized as being a
rich source of phenolics, especially anthocyanins: cya-
nidin-3-glucoside, cyanidin-3-glucosylrutinoside, cya-
nidin-3-sophoroside, and cyanidin-3-rutinoside, that
characterize with health beneficial properties.!”’
Polyphenols have been proved to demonstrate antioxi-
dant and anti-inflammatory activity, to prevent car-
diovascular diseases, diabetes, cancer, osteoporosis and
neurodegenerative diseases.”) These properties of the
sour cherry could eventually lead to its application in
functional foods and nutraceuticals.

Proteins application as carriers in spray drying has
been widely investigated due to their film-forming
properties.[6] Proteins migrate to the interface of the
water and the air, which results in the film formation.
When contacting with the hot drying medium during
spray drying, the film transforms into a glassy skin of
high glass transition temperature (T,). As a conse-
quence, it protects the particles subjected to the high
drying temperature and prevents them from inter
stickiness and stickiness to the walls of the drying
chamber. There are many examples in the literature of
protein based carriers and wall materials in powders
production and encapsulation, however they mostly
address animal origin (i.e., whey proteins) or soy
proteins.!®’ Growing interest in plant-based and non-
genetically modified products results in seeking alter-
natives that meet the market’s expectations. Pea
proteins have been receiving much attention in many
food formulations due to its high nutritional value,
non-allergic characteristics, availability and low cost.!”!
Peas (Pisum sativum L.) have 20-30% content of pro-
teins of which globulins and albumins are main frac-
tions. Nevertheless, previous publications have been

CONTACT Alicja Baranska @ alicja_baranska@sggw.edu.pl @ Department of Food Engineering and Process Management, Institute of Food Sciences,

Warsaw University of Life Sciences (WULS-SGGW), Warsaw, Poland
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Table 1. Characterization of sour cherry juice concentrate.

Parameter Value
Total soluble solids 67.0°Brix
Acidity 7.23%
Turbidity 1.50 NTU
Fructose 30.26%
Glucose 40.68%

12.6 +0.2 mg GAE/g*
1.4+0.1mg CGE/g*
18.2+0.1mg TE/g*
14.0+0.04mg TE g*

*GAE—agallic acid equivalents; CGE—cyanidin 6-O-glucoside; TE—trolox
equivalents.

Total phenolics

Total anthocyanins
Antiradical properties
Reducing potential

limited to the application of pea proteins as wall
materials in encapsulation of bioactive compounds
and mostly failed to address its use as a carrier agent
in food powders production. It has been reported that
pea protein was applied as a wall material in ascorbic
acid, propolis extract and beetroot extract by spray
drying.”-") Few studies have been published on appli-
cation of pea proteins as carriers in order to obtain
food powders. Jayasundera et al. spray dried fructose
and sucrose solutions with sodium caseinate and pea
protein isolate as carriers."”! The authors reported
that variants obtained with pea protein isolate had sig-
nificantly lower powder recovery (R,) (47.7%) than
variants with sodium caseinate (82%). The researchers
concluded that this phenomenon resulted from the
lower solubility of pea protein isolate, which limited
its film-forming properties. Tontul et al. spray dried
tomato pulp with different plant-based protein car-
(11} Obtained values of R, with 1 and 5% content
of pea protein isolate as a carrier are consistent with
the results of Jayasundera et al!'” Tontul et al.!'"!
noted low and unsatisfactory R, of 28-29%, which as
aforementioned, was a result of low solubility of
plant-based proteins. Moreover, increasing the carrier
content did not have a significant effect on R,. Pea
proteins are still not widely used in food powders
spray drying as carriers, thus further research on its
application is required to determine its usefulness in
other materials. Application of pea proteins gives an
opportunity to create new formulations, as they are
nonallergenic and are characterized with high nutri-
tive value (i.e., protein efficiency ratio and essential
amino acid content, high content dietary fiber) and
good functional properties (etc. foaming, fat
absorption).!?

A major difficulty of sour cherry concentrate spray
drying is a high content of low molecular weight sug-
ars and organic acids characterized by low T, and
high hygroscopicity. In consequence, this material is
challenging to be turned into powder as it sticks to
the walls inside of a drying chamber, consequently

riers.
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lowering the R, and product’s quality.!"* Recent
developments in spray drying have led to low tem-
perature drying achieved by the application of the
dehumidified air as a drying medium, that enabled to
resolve the problem of a stickiness and not satisfactory
Ry, to lower carrier content or eliminate it completely,
and to lower the risk of bioactive compounds’
degradation.'**¢!

Nutritional value and potential health beneficial prop-
erties of food are strongly determined by bioaccessibility
of its components. Bioaccessibility is used to predict bio-
availability and is defined as bioactives/nutrients released
from the food matrix in the gastrointestinal tract.
Detailed studies of this parameter are especially import-
ant during a study of protein-rich products, because
phenolics interact with proteins, which is usually
reflected in decreased proteins and phenolic accessibility
and decreased antioxidant properties.”!

This study aimed to investigate the performance of
sour cherry concentrate spray drying at high and low
drying temperature using a conventional and novel
method of dehumidified air-assisted spray drying to
decrease the carrier content and bioactive compounds
degradation, and to increase the bioavailability.
Moreover, this research aimed to broaden the know-
ledge on pea protein as a carrier agent in food pow-
ders spray drying, its utility and effect on powders
quality. Produced powders were examined to compare
physiochemical properties, content of phenolics and
their antioxidant properties in term of bioavailability.

2. Materials and methods
2.1. Materials

A sour cherry juice concentrate (SCJC) was supplied
by Bialuty (Poland) and is characterized in Table 1.
Maltodextrin DE 15 (MD; Amylon, Czech Republic)
and pea protein (PP; Nutralys S85F, Roquette, France)
were used as carrier agents. According to product’s
specification sheet PP contained 85% of protein and
max 10% of crude fiber (Roquette 2021). ABTS (2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid),
AlCl;, NaOH, NaNO,, FeCls, K;[Fe(CN)g], a-amylase
(52.7U/mg), pancreatin (4 x UPS), pepsin (541U/
mg), bile extract, and Folin-Ciocalteau phenol reagent
were purchased from Sigma-Aldrich company
(Poznan, Poland).

2.2. Feed solutions and spray drying

Laboratory spray dryer MOBILE MINOR (GEA,
Denmark) equipped with rotary atomizer (rotation
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Table 2. Variants of spray drying of sour cherry juice concentrate (SCJC) using conventional spray drying (SD), and dehumidified
air-assisted spray drying (DASD) with maltodextrin (MD) and pea protein (PP) as carriers.

Variant Carrier type SCJC solids to carrier solids ratio (w/w) Spray drying method Drying air temperature (inlet/outlet)
SDMD50 MD 50:50 SD 180°C/80°C
DASDMD50 MD 50:50 DASD 80°C/55°C
DASDMD70 MD 70:30 DASD 80°C/55°C
SDMDPP50 MD + PP 50:50 SD 180°C/80°C
DASDMDPP50 MD + PP 50:50 DASD 80°C/55°C
DASDMDPP70 MD + PP 70:30 DASD 80°C/55°C

speed 26000 rpm), was used to spray dry liquid feed
solutions (50% solids, w/w) composed of SCJC, dis-
tilled water as a diluent and a carrier. As this research
investigated the possibility to decrease the carrier con-
tent in SCJC powders, feed solutions contained 50
and 30% (w/w) of a carrier in solids. Pure MD and
the blend of MD and PP (50:50, w/w solids) were
applied as a carrier. Every variant was spray dried in
duplicate and for each drying 500 g of liquid feed was
pumped at a feed ratio speed of 0.20mL-s™', and
dried at 180°C/80°C (inlet/outlet) for conventional
spray drying (SD) and at 80°C/45°C (inlet/outlet)
during spray drying with the application of dehumidi-
fied air as a drying medium (DASD). The inlet air
humidity of dehumidified air was lowered to 0.3 g/m>,
while noted atmospheric air humidity was 5g/m”’.
Dehumidified air was obtained by air dehumidifica-
tion system containing TAEevo TECHO020 cooling
unit (MTA, Italy), condensation unit (SWEGON) and
adsorption unit ML270 (MUNTERS, Sweden). The
summary of the experimental variants is presented in
Table 2.

After completion of drying procedure the amount
of powder was measured and powder recovery R, [%]
was calculated as the ratio of solids content in
obtained powder to the amount of solids in the
liquid feed.

2.3. Viscosity

Rheometer MARS40 Haake (Thermo Fisher Scientific,
USA) with coaxial cylinder geometry was used in
order to analyze the viscosity of liquid feeds prior to
spray drying. All of the samples were measured at
25°C, with an operating shear rate of 0 to 100s .
Empirical models were used to determine the reo-
grams. A calculation of the apparent viscosity was
made as the relationship of shear stress and rate.

2.4. Particles morphology

Scanning electron microscope XL (Phenom World,
Netherlands) was used to examine the morphology of
powders particles at 500x magnification (voltage 5kV).

Samples were prepared by placing the small amount of
powder on the double sticky tape, removing the excess
of the powder with compressed air and metallization of
the surface with a layer of gold by an automatic coater
Cressington 108auto (EO  Elektronen-Optik-Service
GmbH, Germany).

2.5, Particle size

A laser diffraction particle size analyzer 1190 (CILAS,
France) was used to analyze a particle size distribution
which was presented as diagrams and expressed as a
median diameter (Ds,). The ethanol was used to dis-
perse the powders at an obscuration of 10%.

2.6. Moisture content and water activity

An oven method was applied to determine moisture
content (MC) of obtained powders. Approximately 1g
of powder was dried at 105°C/4h. HygroLabl appar-
atus (Rotronic, Switzerland) was used to evaluate
water activity (a,,) at 25°C+£2°C.

2.7. Glass transition temperature

In order to determine glass transition temperature
(T,) measurements have been performed by differen-
tial scanning microcalorimeter DSM-2M (Pushchino,
Russia). Acquisition and processing of data were car-
ried out with ‘Phase transitions’ software. The tem-
perature scale was calibrated according to the melting
point of gallium (429.76°C) and naphthalene
(+80.26°C). Prior to determinations powders were
loaded into the calorimetric containers with their lids
and were placed in the exicators with fresh P,O5 dur-
ing 1 month to remove remaining water. Before the
measurement the containers were hermetically sealed
in an air atmosphere with a relative humidity of 30%.
The containers with samples were weighed on a
VLM-1 microanalytical balance with an accuracy of
0.01 mg. A water-alcohol mixture with a temperature
of —31°C was used as a coolant. To prevent artifacts
associated with moisture condensation in the calori-
metric cells, it has been filled with dehydrated gaseous



helium, the flow of which was controlled during
measurements. The samples were scanned from
—10°C to +100°C, and the scanning speed in all
measurements was 8 °C/min. Before the start of meas-
urements, all samples were cooled in a calorimeter
from +20 to —10°C without recording of cooling
curves. The T, was determined from the DSC heating
curves on an enlarged scale as:

Toe — Too .
Tg:%‘i"rgo [C]a

where Ty is a temperature of the beginning of the
glass transition [°C]; T, is a temperature of the end
of the glass transition [°C]. An empty sealed container
was used as a reference in each measurement.

2.8. Bulk density and flowability

A weight of powder occupying 25mL cylinder was
measured to determine powders loose bulk density
(Dr). An automatic tapper STAV 2003 (Engelsmann
AG, Germany) was used to evaluate tapped bulk dens-
ity (D) by determining the volume of a sample after
100 taps. The flowability was expressed using Hausner
ratio (HR) and was calculated as:

2.9. Apparent density and loose bed porosity

A helium pycnometer Stereopycnometer (Quantachrome
Instruments, USA) was utilized to define apparent dens-
ity (D,p). Loose bed porosity (¢;) was calculated as:

Dy
&L = 1-—
(6.)

2.10. Hygroscopicity

1g of samples were incubated at 25°C and 75% RH
(above saturated NaCl solution) during 168h and the
weight gain was noted in order to determine hygro-
scopicity (H), that was calculated as the amount of
water absorbed per 100g of powder solids and
expressed in percentage.

2.11. Color

Color of liquid feed solutions, powders after drying
and after the reconstitution was measured with the
application of colorimeter CR-5 (Konica-Minolta,
Japan) in CIE L*a*b color space, where L* indicated
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the lightness, a* the red/green color, and b* the yel-
low/blue color. The reconstituted powders were rehy-
drated to correspond to the same solids content as in
liquid feeds. The total color change (AE) of reconsti-
tuted powder and browning index (BI) were calcu-
lated:

AE = /(L5 = 1)+ (a5 — ')’ + (65 = )

100 - ((5.6451?*‘—;11}*.7—50]4.3012%) - 0'31)
BI =
0.17
where Lj, aj, b;—the color parameters of liquid feeds

prior to spray drying, and L*, a*, b*—to the color
parameters of the reconstituted powders

>

2.12. Phenolics content, antioxidant properties
and bioaccessibility

2.12.1. Chemical extraction

For extraction of phenolics, dried samples (200 mg)
were extracted for 1h at room temperature in a
capped centrifuge tube with 15mL of different sol-
vents 60mM HCI in 50% methanol (300 rpm). The
mixture was centrifuged (15min, 3000 x g/4°C) and
the supernatants were used for further study .

2.12.2. In vitro digestion

In vitro digestion was performed as described previ-
ously by Brodkorb et al. (2019)."®) After digestion,
the samples were centrifuged (15min/6978 x g) and
mixed with pure methanol (1:1 ratio) to stop
enzymes action.

2.12.3. Phenolics content

2.12.3.1. Total phenolic content (TPC). The total
amount of phenolics in samples obtained after chem-
ical extraction and digestion in vitro was determined
using the Folin-Ciocalteau reagent. TPC was expressed
as mg gallic acid equivalents (GAE) per g of powder
solids .

2.12.3.2. Total anthocyanins content (TAC). Total
anthocyanins content was assayed in samples obtained
after chemical extraction and digestion in vitro using
Anthocyanins Assay Kit (Bioquochem, Llanera-
Asturias, Spain) according to manufacture procedure.
TAC was expressed as mg cyanidin 6-O-glucoside
equivalents (CGE) per g of powder solids.

2.12.4. Antioxidant properties
2.12.4.1. Ability to quench ABTS+e. Antiradical
properties were assayed according to Re et al
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Table 3. Viscosity of feed solutions, glass transition temperature (7,), powder recovery (R,), moisture content (MC), water activity
(a,), hygroscopicity (H), median particle size (Ds), loose bulk density (D;), tapped bulk density (D;), flowability (HR), apparent
density (D,p), porosity (¢;) of obtained SCJC powders spray dried conventionally (SD) and with the application of dehumidified air
(DASD), with only maltodextrin (MD) and with the blend of maltodextrin and pea protein (MDPP).

Variant SDMD50 DASDMD50 DASDMD70 SDMDPP50 DASDMDPP50 DASDMDPP70
Viscosity (mPa-s) 328+0.7° 23.8+0.6° 77.6 £8.0° 25.2+0.3°
T, Q) 41.8+0.1° 445+0.1° 21.9+02° 33.9+0.2° 323+02° 133+0.12
R, (%) 53.9+0.0° 69.9+0.2¢ 52.6+0.8° 407+73° 55.6+1.3¢ 34.1+28°
Dso (um) 67.8+4.2¢ 23.9+0.9° 343+0.8° 176.2 6.7 51.2+£44° 139.7 +8.4°
MC (%) 33+03° 47+06° 6.2+0.59 53+0.1% 56+0.6 84+03°
ay 0.109 +0.006° 0.188 +0.007¢ 0.130+0.008° 0.112 +0.005° 0.202 +0.007° 0.165 = 0.002¢
H (%) 18.2+0.6° 89+0.5° 89+05° 18.0+0.3¢ 86+0.5° 11.8+0.7°
D, (g/mL) 0.45 +0.01 0.57 +0.04° 0.49 +0.02° 0.60 +0.02¢ 0.57 £0.01° 0.56 +0.02°
& (%) 68.9+1.49 62.5+2.8° 68.1+1.2¢ 573+14° 59.0+0.4%° 61.0+1.2b°
D (g/mL) 0.60 £ 0.00° 0.73 £0.04% 0.57+0.01° 0.71+0.01¢ 0.75+0.01¢ 0.65+0.01°
HR () 132+0.02° 1.29+0.09° 1.16+0.03? 1.18+0.04° 1.31+0.02° 1.16+0.032
D,p (g/mL) 146 +0.05° 1.51+0.01¢ 1.54+0.01¢ 1.40+0.012 140+0.012 1.45+0.01°

>The differences between mean values with the same letter in rows were statistically not significant (p < 0.05).

(1999).1"") The free radical scavenging abilities were
determined in samples obtained after chemical extrac-
tion and digestion in vitro and expressed as Trolox
equivalents in mg per g of powder solids .

2.12.4.2. Reducing power (RP). Reducing power was
determined with the method developed by Pulido,
Bravo, and Saura-Calixto in samples obtained after
chemical extraction and digestion in vitro and
expressed as Trolox equivalents in mg per g of pow-
der solids.!?"!

2.12.5. Bioaccessibility

The following factors were presented for better under-

standing of the relationships between biologically

active compounds in the light of their bioaccessibility:
Relative bioaccessibility factor (RBF) of phenolics

and anthocyanins:

D
RBF = b
CE

where CD—concentration after simulated gastrointes-
tinal digestion, CE—concentration after chem-
ical extraction.

Relative antioxidant efficiency factor (REF):

AD
REF = ——
ACE

where AD—activity of the extract after simulated
gastrointestinal digestion, ACE—activity of the chem-
ical extract.*!

2.12.5.1. Retention coefficient. Retention coefficient
(RC) of total phenolics, total anthocyanins, antiradical
properties and reducing potential was calculated
according to Samborska et al. (2022) as:

C-S

RC =
C

-100%
M

where C;—the concentration in the powder (per 100 g
of powder solids), S—solids content in the raw food
material (%), C—the concentration in SCJC (in the
same unit as C; per 100g of SCJC), SM—the share of
SCJC solids in powder solids (as a percentage of pow-
der solids, 50 or 70). RC directly compares bioactive
compounds and bioactive activities in SCJC present in
powder with raw material before drying (excluding
carrier content). It enables to compare the degradation
between variants containing different content of car-
rier and express the retention in percentage of initial
content in SCJC.[ZZJ

3. Results and discussion
3.1. Viscosity of feed solutions

Viscosity of liquid feeds prior to spray drying was
analyzed and it ranged from 23.8+0.6 to
77.6 +8.0mPa-s (Table 3). It can be observed that
variation of carrier content (change from 50 to 30%
solids) decreased the viscosity of the feeds. The phe-
nomenon of decreased viscosity of feeds containing
lower amount of carrier was observed before, i.e., by
Samborska et al. (2015) for honey/gum Arabic feeds,
as carriers have tendency to be more viscosifying than
the diluted liquid raw material.**! The replacement of
half of MD by PP increased the viscosity of liquid
feeds, which was the consequence of the properties of
a protein carrier. In general, protein carriers tend to
be more viscious even at low concentrations of liquid
feeds, thus the applied amount should be cautiously
considered as the viscosity of a liquid feed directly
affects the drying performance and powders’ proper-
ties. Can Karaca (2020), who encapsulated black pep-
per seed oil, reported significantly higher viscosity of
a liquid feed with pea protein as carrier



(53.8 0.7 mPa-s), than with gum Arabic
(23.8+ 0.3 mPa-s) or maltodextrin (7.9 + 0.2 mPa-s).[*¥]

3.2. Glass transition temperature

Glass transition temperature (T,) of SCJC powders
ranged from 13.3+0.1 to 41.8+0.1°C (Table 3). Can
Karaca et al. (2016) reported on T, of sour cherry
juice concentrate powders obtained with maltodextrin
and gum Arabic as carriers, and noted values from
7.7+1.0 to 70.6+1.0°C.”*! However, the authors pro-
duced powders at drying temperature of 130-150°C
and with low content of juice concentrate (25-50%).
In this research, the effect of the type of a carrier and
its content on T, was observed. Two important rela-
tionships were noted: with decreasing carriers content
from 50 to 30% solids T, decreased significantly, and
when half of MD was replaced by PP it also
decreased. Matveev et al. (1997) presented the estima-
tion of T, of some plant proteins, based on amino
acids composition. For PP the values reached from
165 to 184 °C.1*°! However, it referred to pure protein,
while PP applied in the current study contained as
well other compounds (fiber), which could have also
affected T, value, thus it was possibly lower than for
MD. T, reported by Roos and Drusch (2015) for
anhydrous MD DE12 was 200 °C. Thus, the replace-
ment of half amount MD by PP caused the decrease
of T, of obtained powders.””) Similar effect of the
changed composition of feed material/powder on T,
was caused by the decrease of carrier content: lower
share of carrier in powders solids, thus higher share
of SCJC powders solids (SCJS composed mainly of
glucose, fructose and sucrose, characterized by T, of
31°C, 5°C, 62°C, respectively)m] caused the decrease
of powder’s Ty,

The knowledge about T, of obtained powders is
crucial in order to explain the effect of carrier type
and content on powder recovery. Despite low carrier
content in variants containing 70% of concentrate and
low T, of all powders, it was possible to obtain free-
flowing powders in every experimental variant, which
resulted from the relationship between the actual tem-
perature of the particles and the temperature at which
the stickiness happened. Generally speaking, it is rec-
ognized that during drying particles’ surface reaches
temperatures 10-20°C lower than outlet drying tem-
perature. Moreover, the stickiness and caking that
might occur during spray drying, as a consequence of
phase transition from amorphous to rubbery, happens
when the particles surface reaches temperatures
10-20°C above the T,. Taken together, as a result of
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these two conditions, the critical temperature of the
material was not reached and free-flowing powders
were produced, both at outlet air temperature 55°C
and 80°C.

It should be underlined that powders stored at
temperature close or higher to their T, will present
unstable behavior. Thus, it is crucial for SCJC pow-
ders of T, close to or lower than ambient temperature
(DASDMD70, DASDMDPP70), to be stored in
refrigeration and in tightly sealed packaging as water
sorption causes the further decrease of T,.

3.3. Powder recovery

Powder recovery (R,) of obtained powders ranged
from 34.1+2.8 to 69.9+0.2% (Table 3). Bhandari
et al. (1997) considered the spray drying conducted
on laboratory or pilot scale dryer as successful, when
R, exceeded 50%.!**) Taking that into account, all of
the variants with only MD as a carrier and variant
spray dried with the application of the dehumidified
air with MD/PP blend (DASDMDPP50) could be rec-
ognized as successful. The addition of PP lowered the
R,. The aforementioned lower T, of powders with the
blend MDPP compared to single MD may be respon-
sible for this effect of lower R, Lower T, causes
higher susceptibility for stickiness and adherence to
the internal surfaces of the drier. This concurs well
with the findings of Jayasundera et al., who also
observed decreased R, when PP was applied as a car-
rier in model spray drying of sugar rich materials.!""!
The important positive effect on R, was connected
with the application of DASD method. In both pairs of
variants of the same feed composition, but dried at dif-
ferent temperature (SDMD50 vs. DASDMDA50,
SDMDPP50 vs. DASDMDPP50) R, was significantly
higher for DASD, which underlines the importance of
the application of the dehumidified air in regard to pow-
der recovery. Lowering drying medium humidity enables
to lower drying temperature, which in consequence
decreases the stickiness of the product as the difference
between product’s T, and product’s temperature is
smaller."* Few studies have been published on SCJC
spray drying. Can Karaca et al. (2016) reported R, of
SCJC powders spray dried with maltodextrin DE6 and
DE12, and gum Arabic varying from 23 to 92%.°"
However, it should be underlined that the authors pre-
pared liquid feeds with 25, 37.5 and 50% (of total solids)
of SCJC. The highest R, (92%) was observed for the
powder with only 25% of a concentrate spray dried at
140 °C with maltodextrin DE12. Comparing the powders
with the same type of carrier and its content, R, values
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Figure 1. SEM microphotographs of obtained SCIC powders spray dried conventionally (SD) or with the application of dehumidi-
fied air (DASD) with only maltodextrin (MD) or with blend of maltodextrin and pea protein (MDPP).

noted in this research were considerably higher than the
values reported by the authors. The researchers obtained
R, of only 23% in variant of 50% concentrate and malto-
dextrin as a carrier, while in this study the R, of similar
variant spray dried at lower drying temperature was
noted over 69% (DASDMD50).1>>) Values obtained in
this research are in complete agreement with the R,
reported by Sarabandi et al. (2017), that ranged from
422 and 57.1%.1%”) The authors spray dried SCJC with
50% content of carrier blends: maltodextrin, gum Arabic
and whey protein concentrate (WPC).

The most important positive effect observed in this
study is the possibility to reduce carrier content to
only 30% solids. When single MD was applied, R, was
still above 50% criterium of successful drying.

3.4. Particles morphology

The morphology of particles differed significantly in
regard to the drying approach, carrier type and carrier

content (Figure 1). Powders spray dried with the
application of dehumidified air and with 50% carrier
content (DASDMD50, DASDMDPP50) had spherical,
scattered particles with smooth surface, typical for
spray dried material of low stickiness.

Can Karaca et al. (2020), Moghaddam et al. (2017)
and Sarabandi et al. (2017) observed similar morph-
ology of obtained SCJC powders.*'*?° However, it
should be emphasized that variants with the same car-
rier content spray dried at high drying temperature
(SDMD50, SDMDPP50) had much different morph-
ology. The particles were irregular, conglomerated and
with visible liquid bridges in the powder with single
MD as a carrier (SDMD50). Moreover, powder with
the addition of PP (SDMDPP50) had significantly big-
ger particles. This evidence implies that variants
obtained at high drying temperature, especially con-
taining MDPP blend, were more difficult to spray dry
and showed more stickiness, which was previously
also observed based on R, values. As explained before,



100

SDMD50
DASDMDS50

-~ = = DASDMD70D
75 -

Cummulative [%]

SDMDPP50
......... DASDMDPP50

= = = DASDMDPP70
50

25 -

DRYING TECHNOLOGY @ 451

0.1 1

10 ~———SDMD50

DASDMDS50

Volume [%]

~ = = DASDMD70D
——— SDMDPP50
61 e DASDMDPP50

= — = DASDMDPP70

10 100 1000
Particle size [um]

100 1000

Particle size [um]

Figure 2. Cumulative particle size distribution and particle size distribution of obtained SCIC powders spray dried conventionally
(SD) or with the application of dehumidified air (DASD) with only maltodextrin (MD) or with blend of maltodextrin and pea protein

(MDPP).

T, played an important role in particles morphology,
as variants of low T, manifested a higher chance of
stickiness (Table 3). Taken together, the results in this
research suggest the importance and justification of
dehumidified air application in SCJC spray drying.
Furthermore, it is crucial to note that the particles
morphology of powders spray dried at low drying
temperature and with decreased content of carriers
(DASDMD70, DASDMDPP70) did not differ signifi-
cantly from variants obtained conventionally with
higher carriers content (SDMD50, SDMDPP50),
which as well validated the usefulness of the dehu-
midified air-assisted spray drying. Moreover, it can be
observed that particles of variants with the addition of
PP spray dried conventionally and with the dehumidi-
fied air application with lower carrier content
(SDMDPP50, DASDMDPP70) had more rough surfa-
ces, which was very likely an effect of low T,. Pierucci
et al. (2006) who produced ascorbic acid micropar-
ticles with PP, sodium-carboxymethylcellulose and
maltodextrin as coating agents, concluded that micro-
capsules with the addition of only PP characterized
with roughness on the surfaces, while the variant with
the blend of PP and MD (1:1 w/w) showed less rough
particles, however more agglomerated with visible
pores and tunnels.'® Results obtained in this research

did not confirm the outcomes of Pierucci et al,
although it should be underlined, that authors used
higher coating agent content (coating agent:matrix 2:1
w/w) and different drying parameters (inlet/outlet
temperatures: 184 °C/93 °C). Moreover, it should be
noted that particles of each variant did not shrink,
nor dents appeared on the surface.

3.5. Particle size

Particle size distribution and cumulative particle size
distribution (Figure 2), and median diameter Ds,
(Table 3) were significantly affected by the carrier
type and content, as well as the drying parameters.
D5y varied from 23.9+£0.9 to 176.2 £6.7 um. Particles
spray dried with the addition of PP were bigger than
with only MD as a carrier, as was observed also in
SEM pictures. As aforementioned, particles of bigger
diameters are created when problems with stickiness
occur during spray drying. The application of dehu-
midified air (and lower drying temperature) allowed
to decrease Dsy, in both cases of carriers, which
showed again the positive effect of DASD on the
reduction of stickiness and underlines the importance
of lowering drying air humidity and temperature in
the production of SCJC powders. Obtained results are



452 A. BARANSKA ET AL.

consistent with the data reported in the literature.
Jedlinska et al. (2021) observed that with decreasing
inlet drying air temperature, the particles size
decreased."®! At high drying air temperature, the par-
ticles’ structure forms at the very beginning of the
contact with drying air, which prevents the shrinkage
of the particles. It should be underlined, that the vis-
cosity of feed solutions was not the factor determining
particle size. Variants of the same viscosity, when
spray dried at different temperature, had significantly
different Ds,. Therefore, it was very likely the suscep-
tibility to stickiness, that determined the particle size,
which was more affected by feed composition and
drying temperature. Such behavior during spray dry-
ing of sugar-rich materials was observed before by
Samborska et al. (2015) for honey spray dried with
gum Arabic and Baranska et al. (2021) for buckwheat
honey spray dried with MD."*?*! In comparison to
the data in the literature for SCJC spray drying, pow-
ders obtained in this research had higher Ds,.
Sarabandi et al. (2017) reported that particles size of
SCJC powders ranged from 42.65 to 85.54 um, how-
ever, the authors applied different carriers and used
different drying parameters.*!

3.6. Moisture content and water activity

Moisture content (MC) of obtained SCJC powders
ranged from 3.3+0.3 to 8.4+0.3% (Table 3). The sig-
nificant effect of carrier type, its content and drying
approach was observed. Variants with MDPP blend
had higher MC than variants with only MD. This was
an effect of protein film formation on the particles,
which made it more difficult for water to evaporate.
However, it should be underlined that values of a,,
did not exceed 0.202 in the variants with the addition
of PP, which classified the obtained powders as stable
and safe regarding the potential microbial growth and
physiochemical changes that may appear during stor-
age, as water was bounded structurally."*! As afore-
mentioned the effect of drying temperature was noted,
as variants spray dried at high drying temperature
(SDMD50, SDMDPP50) had lower MC than spray
dried at lower temperature. Comparing variants spray
dried with the application of dehumidified air, it was
observed that lower a,, and at the same time higher
MC, was noted for variants with lower carrier content
(DASDMD70, DASDMDPP70). This phenomenon
was reported before in the literature, ie., by
Samborska et al. (2022) and was a consequence of
higher water-binding capacity of sugars present in
food material.”?) According to the literature on the

SCJC spray drying, the MC of obtained powders var-
ied from 1.1+0.3% to 2.1+0.6%, and from 3.46 to
5.57% for powders with maltodextrin and/or gum
Arabic, and whey protein concentrate as carriers,
whereas a, ranged from 0.180+0.030 to
0.190 +0.050.>?° However, it should be underlined
that obtained powders were not spray dried using the
application of dehumidified air, nor with the plant
protein based carrier.

3.7. Bulk density, apparent density, bulk porosity
and flowability

Loose bulk density (D;) of obtained SCJC powders
varied from 0.45+0.01 to 0.60£0.02g/mL (Table 3).
Comparable results were reported by Tontul et al.
who spray dried tomato powders with vegetable pro-
teins.!'") The authors noted values ranging from
0.49 +0.02 to 0.65+0.02 g/mL for powders with 1% or
5% content of vegetable proteins (pea protein isolate,
soy protein isolate, zein from maize) or WPC. The
researchers underlined that D; observed in previous
works on fruit juices spray drying were significantly
lower. It was concluded that higher D; of tomato
powders resulted from bigger particles size diameter.
In this study the highest values of D; were observed
for variants spray dried with the addition of PP, and
the influence of the carrier content, its type and the
drying method were noted. Generally speaking, the
increasing drying temperature, decreases the D; of
powders. This effect was noted only for the variants
spray dried with MD, however as underlined by
Walton (2000), some of the authors observed opposite
relationship.®” Lower D, corresponds to a higher
number of free spaces between particles filled with air,
which can affect the stability of bioactive compounds
during storage.””) D; was correlated with the loose
bulk porosity (¢;) —the measure of the number of
free spaces between particles filled with air. & of the
SCJC powders ranged from 57.3+1.4 to 68.9+1.4%
(Table 3). Lower ¢ were noted for powders with the
blend of MD and PP as carriers, which at the same
time characterized with higher D;. Thus, it can be
concluded that the addition of a PP as a carrier very
likely lowered the risk of possible oxidative degrad-
ation of bioactive compounds during storage, as there
were fewer spaces filled with air between particles in
comparison to variants with only MD as a carrier.
Taking into consideration this relationship, powders
with MDPP blend, and as well variant dried at higher
drying temperature with higher content of MD
(DASDMD50) can be considered as more stable
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Figure 3. Color parameters (L*a*b*), browning index (Bl) and total color difference (AE) of obtained SCJC powders spray dried
conventionally (SD) or with the application of dehumidified air (DASD) with only maltodextrin (MD) or with blend of maltodextrin

and pea protein (MDPP).

during storage. Findings of this research would seem
to show that variants with stickiness and more con-
glomerated particles (Figure 1) presented higher val-
ues of D; as the fewer spaces appeared between
particles. This relationship was observed for powders
obtained with the blend of MD and PP as carriers
(SDMDPP50 and DASDMDPP70).

Flowability of obtained SCJC powders
expressed as Hausner ratio (HR). This parameter is
crucial for evaluation of powder’s handling, transpor-
tation and storage. Powders of HR below 1.25 are
classified as free-flowing, whereas HR ranging from
1.25 to 1.4 is typical for powders of average flowabil-
ity.°!] In regard to this categorization, spray dried
powders can be labeled as free-flowing (DASDMD70,
SDMDPP50, DASDMDPP70) and of average flowabil-
ity (SDMD50, DASDMD50, DASDMDPP50) (Table
3). According to Walton (2000) powders that have
smooth, large, spherical particles present high flow-
ability (low HR).®®'  Variants SDMDPP50 and
DASDMDPP70, which showed the highest stickiness
of particles (described in particle morphology—Figure
1 and in low R,—Table 3) and the biggest particle
size (Table 3) had the best flowability. Thus, it can be
concluded that increased particle size due to stickiness
is favorable in enhancing the flowability. Such phe-
nomenon was observed before also by Baranska et al.
(2021) for buckwheat honey spray dried with MD.!*

Apparent density (Dg,) of obtained powders varied
from 1.40£0.01 to 1.54+£0.01 g/mL (Table 3). The sig-
nificant effect of the drying parameters, carrier type
and its content can be observed. The D,, describes
the internal porosity of the particles. SCJC powders
produced with MDPP blend had lower D,, than pow-
ders with only MD as a carrier, which pointed to

was

higher internal porosity and more air trapped inside
the particles of variants with the addition of a pro-
tein-based carrier. Particles of carriers can contain gas
bubbles, which in consequence can affect D,, of the
obtained product. It can be observed that powders of
higher content of carriers blend (SDMDPP50SD,
DASDMDPP50DASD) had lower D,, as more air was
trapped inside particles due to higher carriers content.
However, this relationship cannot be noted for the
variants with only MD as a carrier, which would sug-
gest that with the addition of PP, more gas bubbles
were introduced to the feed solution. In general, a
higher drying temperature increases evaporation rate,
which results in a more porous product.!**! This state-
ment can be extended only to the variants spray dried
with only MD as a carrier, as powder obtained at
higher drying temperature showed significantly lower
D,, (SDMD50), than powder with the same carrier
content produced with the application of dehumidi-
fied air (DASDMD50).

3.8. Hygroscopicity

The hygroscopicity (H) of obtained powders varied
from 8.6+0.5 to 18.2+0.6% (Table 3). Variants with
higher MC, showed lower hygroscopicity, except for
DASDMD50. The application of dehumidified air
influenced positively H of SCJC powders, as they had
significantly lower H, than powders spray dried con-
ventionally at high drying temperatures pointing to
their better stability during storage. In this research H
of obtained powders was lower with respect to those
reported in the previous literature. Sarabandi et al.
(2017) noted H varying from 19.06 to 25.13%, and
Moghaddam et al. (2017) observed the values from
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Table 4. Total phenolics content (TPC), total anthocyanins content (TAC), antiradical properties, reducing potential, related bioac-
cessibility factors (RBF—relative bioaccessibility factor, REF—relative antioxidant efficiency factor) and retention coefficient (RC) in
the powders spray dried conventionally (SD) or with the application of dehumidified air (DASD) with only maltodextrin (MD) or

with blend of maltodextrin and pea protein (MDPP).

SDMD50 DASDMD50 DASDMD70 SDMDPP50 DASDMDPP50 DASDMDPP70
TPC CHE 11.2+0.32° 11.2+0.19° 15.1+0.19° 102017 9.45+0.21° 13.5+0.12°
(mg GAE/g solids) PAF 10.1+0.59° 12.9+0.65< 12.4+0.30¢ 19.5+1.10° 123+0.54< 13.1+0.63<

RBF 0.92 1.15 0.82 1.92 1.30 0.94

RC 119 119 115 108 101 103
TAC CHE 1.42£0.05% 163 £0.15¢ 2.16+0.09° 1.26 £0.08° 1.39£0.08% 2.06+0.08"
(mg CGE/g solids) PAF 0.64+0.04' 1.03+0.02° 1.5+0.05¢ 0.71+0.06' 0.86+0.02" 1.37+0.06°

RBF 045 0.62 0.68 0.54 0.62 0.67

RC 136 156 148 121 133 141
Antiradical properties CHE 16.5 +0.249 16.7 +0.299 204+0.24 15.3+0.44" 15.1+0.49" 19.6 +0.45¢
(mg TE/g solids) PAF 20.9+0.68> 24.3+0.56° 20.1+0919 212+132° 17.9+0.83 17.9+1.20°

REF 1.26 1.46 0.98 1.39 1.19 0.92

RC 121 123 107 113 11 103
Reducing potential CHE 11.9+0.209 12.0+0.219 16.8+0.25° 10.22+0.19" 9.18+0.26" 144 +0.42°
(mg TE/g solids) PAF 20.8+0.15 22.9+0.15° 25.0+0.38° 22.2+0.80° 20.2+0.39¢ 21.9+1.27°

REF 1.75 1.91 148 217 2.20 1.52

RC 114 115 115 98 88 %

GAE—agallic acid equivalents; CGE—cyanidin 6-O-glucoside; TE—Trolox equivalents; CHE—chemical extracts; PAF—potentially bioaccessible fraction.
@ The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

19.0 to 30.1%.'**) Powders of H higher than 20%
are classified as highly hygroscopic. Based on this
statement, powders produced in this study can be
considered as powders of low and intermediate H.

3.9. Color

The lightness (L*) of obtained powders ranged from
26.0+1.2 to 44.9+ 0.9 (Figure 3). The significant effect
of drying parameters, carriers type and their content
was observed. Powders with MDPP were darker than
powders with only MD as a carrier. These demon-
strate that PP formed brown complexes with polyphe-
nols, that resulted in deteriorated L* parameter. The
similar phenomenon was observed as well by
Barariska et al. (2021),!'*) who reported darker honey
powders for variants with the addition of protein car-
riers. Moreover, it can be observed that variants spray
dried at high drying temperature were darker
(MD50SD and MDPP50SD) in comparison to pow-
ders with the same carrier content, but produced with
the application of dehumidified air (MD50DASD and
MDPP50DASD). This evidence confirmed that sugars
browning occurred as a result of increased tempera-
ture.””) The redness (a*) of the SCJC powders was
influenced by the carrier type, content and the drying
parameters as in the case of the lightness, and it var-
ied from 28.5 +.1 to 44.2+0.5. Powders with only
MD as a carrier were redder in comparison to pow-
ders with MDPP blend. This implies that PP as a car-
rier did not sufficiently protected the anthocyanins
from degradation during spray drying (Pearson correl-
ation analysis showed a strong positive correlation
between a* and anthocyanins retention—data not

shown). However, it should be emphasized that in
both cases of the carriers, dehumidified air application
improved the redness of the powders, suggesting the
favoring effect of low temperature spray drying on the
anthocyanins content. Yellowness (b*) of the powders
was the highest for the variants spray dried with the
application of dehumidified air with the lowest car-
riers content (MD70DASD, MDPP70DASD), and it
was significantly higher for the variants with only MD
as a carrier in regard to powders with 50% car-
riers addition.

Browning index (BI) can be calculated to evaluate
the browning process that might have occurred during
spray drying. BI values ranged from 58.0+1.4 to
83.8 £ 1.7 (Figure 3). Drying method, carriers type and
content significantly influenced this parameter—BI
was the highest for variants with the lowest carriers
content (MD70DASD, MDPP70DASD). Thus, it
would seem to appear that lower carrier content
impacted significantly more the browning, as the
amount of the carrier was not sufficient to protect the
compounds, despite the low drying temperature that
should lower the risk of the Maillard reaction.
Moreover, it should be underlined that the decrease of
drying temperature for variants with the same carriers
content, (50%) caused the decrease of BI, both for
MD and MDPP blend. Thus, both the increase in the
carrier content, and the decrease of drying tempera-
ture were important to reduce the susceptibility of
SCJC to browning during spray drying.

Total color difference (AE) of reconstituted samples
ranged from 14.1+0.5 to 24.5+0.7 (Figure 3). The
most similar color to the raw material was observed
for variants with MDPP blend containing 50% of



SCJC (MDPP50SD, MDPP50DASD). Thus, the add-
ition of PP as a carrier was less prominent in color
change than the use of only MD as a carrier.
However, it should be emphasized that in regard to
variants with only MD as a carrier, there was a signifi-
cant effect of dehumidified air application. Lowering
drying temperature (MD50DASD, MD70DASD)
enabled to lower AE and to produce powder more
similar to raw material in comparison to powder
spray dried conventionally (MD50SD). Obtained
results point to the more prominent effect of carriers
content in regard to variants with the addition of PP,
and in the case of MD variants, to more significant
effect of low drying temperature on AE.

3.70. Phenolics and antioxidant activity—
Retention and bioaccessibility

The phenolic content in powders and their antioxi-
dant properties were mainly affected by an amount of
SCJC load (Table 4). The highest content of chem-
ically-extractable phenolics, including anthocyanins,
was determined in powders obtained with 70:30 con-
centrate to carrier solids ratio. All chemically extracted
bioproperties were strongly correlated with each other
(according to Pearson correlation analysis—data not
shown). Comparing the effect of the applied carrier,
phenolics content was higher in MD than in the blend
MDPP samples. However, as far as the bioaccessibility
in vitro is concerned—MDPP blend allowed to obtain
powders with higher accessibility of total phenolics
than the counterparts based on MD. The highest con-
tent of potentially bioaccessible total phenolics (rela-
tive  bioaccessibility = factor  1.92—192%) was
determined in the powder based on MDPP dried at
higher temperature. In more than a half of tested var-
iants, the values of relative bioaccessibility and relative
antioxidant efficiency factors were higher than 1
(100%). According to Alvarez-Cervantez et al. (2021)
the increase of phenolic content and antioxidant activ-
ity determined after in vitro digestion compared to
undigested microencapsulated samples signifies that
antioxidant compounds were effectively encapsu-
lated.®?! The higher values of total phenolic content
and antioxidant activity after digestion were presented,
ie., for spray dried pomegranate juice?! and sour
cherry concentrate encapsulated by electrospinning
with gelatin and gelatin-lactalbumin.** The other
possible explanation of an increase in TPC may be
connected to a release of phenolics from the PP car-
rier. The technology of its production usually does
not allow for an effective removal from covalent
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interactions occurring with proteins. This explanation
supports amounts of potentially bioaccessible phe-
nolics in the used PP determined in this study (data
not shown) as well as previous studies concerning a
phenolics content in protein isolates from yellow field
pea.**! Additionally, it was proved that anthocyanins
are effectively bound with proteins and can be
released during digestion in vitro as previously
reported by Norkaew et al. (2019), in the case of black
rice anthocyanin encapsulated in whey protein iso-
late.® Finally, an increase in antioxidant properties
of the potentially bioaccessible fraction may be a con-
sequence of a release of bioactive peptides from PP.
Such phenomenon confirms previous findings of
Khalesi and FitzGerald (2021) for peptides fraction
obtained from plant protein isolates, including PP.!*°
This explanation is additionally supported by the
results reported for the microcapsules obtained at
180°C, that high temperature denatured proteins and
made them more suitable for hydrolases action. The
possible reasons for the increase of TPC and antioxi-
dant potential bioaccessibility after in vitro digestion
according to the literature are listed, as: enzyme and
pH change actions (depolymerization, hydroxylation,
methylation, liberation, hydrolyzation, generation of
new compounds during a sequence of the acidic
environment of the stomach conditions and of the
slightly alkaline conditions of the intestine, as well as
the action of the digestive enzymes), hindering effect,
also connected with carrier-polyphenols interactions
(real content of polyphenols could not be determined
accurately before digestion, complexes affect the deter-
mination in undigested sample, but after simulated
digestion, the complex can be broken, and the poly-
phenol content may found to be higher than the ini-
tial amount), longer extraction time, TPC-antioxidant
potential relationship (the breakdown of phenolic
compounds results in the formation of metabolites
with higher antioxidant potential).**”!

The results related to TAC and their bioaccessibil-
ity were different than the ones for TPC, RBF was
lower than 1. It may be suggested that TPC results
were overestimated by the products of Maillard reac-
tions that also unspecifically react with Folin reagent,
or spectrophotometric measurements might be
affected by the presence of other compounds such as
sugars, proteins, etc. exhibiting the reducing cap-
acity.®® This hypothesis confirms also the values of
L* parameter (Figure 3). Moreover, anthocyanins are
pH-sensitive compounds, and could be degraded at
digestion conditions. Mihaylova et al. (2021) observed
a significant reduction of TAC (bioaccessibility 0-1%)
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after in vitro digestion of several juices.””) Only sam-
ples of quite high initial TAC were characterized by
higher bioaccessibility. Nevertheless, in the current
study lower drying temperature positively affected
TAC, anthocyanins retention and bioaccessibility for
both types of carriers applied. In the case of powders
obtained with MD, their content in the samples dried
at 80°C was higher by 134% compared to those
obtained at 180°C. The potential bioaccessibility of
anthocyanins from DASD powders (dried at 80°C)
ranged from 62% to 68%, which corresponded well
with the results obtained by Vergara et al. (2020) for
potatoes  anthocyanin  spray-dried with MD
(66.2%).1°%1 Another possible explanation for the lim-
ited bioaccessibility of anthocyanins is the formation
of insoluble protein/maltodextrin-polyphenols frac-
tions, which was previously reported in the case of
cranberry polyphenols.*®  Fredes et al. (2018)
observed lower bioaccessibility of anthocyanins from
spray dried maqui juice, from 43 to 44% depending
on carrier type.**! It was compared with the bioacces-
sibility from non encapsulated juice—lower value for
fresh juice (31%) proved the protective effect of
encapsulated anthocyanins from the conditions in the
GI tract. Similar results of increased bioaccessibility of
the encapsulated sample of sour cherry concentrate
were presented by Isik et al. (2018).1* Such phenom-
enon is also supported by the fact that the decrease of
carrier content reduced the bioaccessibility of phe-
nolics, while increased it for anthocyanins. It was sug-
gested that polyphenols generate linkages with the
food matrix during digestion that may protect more
labile against degradation.*”!

The retention coefficient (RC), describing the reten-
tion of phytochemicals and antioxidant properties in
relation to the solids of concentrate (excluding carrier
content), was higher in MD samples than MDPP. In
most variants, it reached values higher than 100%,
which could be an effect of the formation of new com-
pounds during thermal process due to Maillard reac-
tions, interactions with carriers and/or other
transitions. Chen et al. (2021) observed the decrease of
TPC after spray drying of mandarin juice with MD
and gum Arabic, while at the same time the concentra-
tion of hesperidin increased by 594.6%."*'! The authors
concluded, that phenolic aglycones were released from
their glycosidically bound precursors. It should be
underlined, that RC values were closer to 100% in
MDPP samples, which can suggest, that applied blend
of MD and PP inhibited chemical transformations and
creation of compounds, that can additionally react with
Follin reagent. If the value of RC closer to 100% is per-
ceived as more desired, better results were obtained for

MDPP blend, DASD drying and reduced amount of
carrier. It suggests the favorable impact of applied
modifications in SCJC spray drying.

The effect of SCJC on antiradical properties was
mainly visible in the case of chemically extractable
phenolics. Both tested antioxidant properties were
strongly corelated with total phenolics and total
anthocyanins (according to Pearson correlation ana-
lysis—data not shown). Compared to the powders
obtained with a reduced amount of carrier, powders
containing 50% SCJC solids had lower values of anti-
radical properties, by 23% and 29%, for MD and
MDPP blend variants, respectively. The effect of dry-
ing temperature on antiradical properties and reduc-
ing potential after chemical extraction was not
significant, while DASD powders had higher RAF val-
ues, but only when MD was the carrier. Moreover,
compounds exhibiting antioxidant properties from the
powders obtained with a 50% of the carrier were bet-
ter bioaccessible in vitro, both for MD and MDPP
blend, which was corelated with a similar trend
regarding TPC. It is possible that in this case, a pro-
tective effect of the carriers played a key role.
Additionally, in the microcapsules based on PP anti-
oxidant peptides may be responsible for an increase
observed in this parameter.

The highest antiradical activity (24.3 mg TE/g sol-
ids) was determined in DASDMD50 after in vitro
digestion. The lower temperature of drying limited the
thermal degradation of anthocyanins, which was espe-
cially visible in both chemical-extractable and poten-
tially bioaccessible fractions and RC. It was
manifested in the enhanced antioxidant properties of
the obtained powders obtained with MD. Similar
behavior was previously reported during spray drying
of pigments from grapes.*? In the case of powders
containing MDPP despite of a higher content of
anthocyanins, a decrease in antiradical properties was
observed. There are several possible explanations for
this outcome. It may be speculated that the addition
of PP caused the formation of indigestible complexes
between phenolics and proteins, that significantly
reduced the number of free hydroxyl groups in antho-
cyanins employed for antioxidant properties. Such
interactions affecting antioxidant properties were pre-
viously confirmed in the mixture of legume proteins
and phenolics by Seczyk et al. (2019).!**) However, it
is possible that proteinous carrier released some of
bioactive peptides (especially from microcapsules
obtained at 180 °C where proteins were denatured and
more susceptible to enzymatic digestion). Further
studies are required to fully verify suggested
explanations.



4, Summary and conclusions

Sour cherry juice concentrate spray drying at high
and low drying temperature was investigated in order
to decrease carrier content and to enhance powders
physiochemical properties. Moreover, the possibility
to apply pea protein as an alternative carrier to par-
tially replace maltodextrin was tested. As a result of
the application of dehumidified air and reduced dry-
ing temperature, it was possible to obtain powders
containing 70% sour cherry juice concentrate, which
was not reported in the literature before. At the same
time, this spray drying approach enabled to enhance
some of the powders properties (lower stickiness,
hygroscopicity, better color, better bioaccessibility).
The physical properties of the obtained powders were
acceptable, although some parameters of variants pro-
duced with the addition of pea protein had worse
quality in comparison to powders with only maltodex-
trin (moisture content, water activity, particles morph-
ology and size, glass transition temperature).
Moreover, spray drying of variants with the blend of
pea protein and maltodextrin had deteriorated powder
recovery. However, increased bioaccessibility of phe-
nolics and antioxidant potential of pea protein-
enriched samples can indicate the potentially possible
application in functional food.
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Carriers based on dairy by-products and
dehumidified-air spray drying as a novel
multiple approach towards improved
retention of phenolics in powders: sour cherry
juice concentrate case study

Alicja Baranska,® © Anna Michalska-Ciechanowska,” Aneta Wojdyto,*
Viacheslav A. Mykhailyk,© Tetiana V. Korinchevska®“ and
Katarzyna Samborska®

Abstract

BACKGROUND: Sour cherry juice concentrate powder can serve as a modern, easy-to-handle, phenolics-rich merchandise; how-
ever, its transformation into powdered form requires the addition of carriers. In line with the latest trends in food technology,
this study valorizes the use of dairy by-products (whey protein concentrate, whey, buttermilk, and mixes with maltodextrin) as
carriers. A new multiple approach for higher drying yield, phenolics retention (phenolic acids, flavonols and anthocyanins) and
antioxidant capacity of powders were tested as an effect of simultaneous decrease of drying temperature due to the drying air
dehumidification and lower carrier content.

RESULTS: Dairy-based carriers were effective for spray drying of sour cherry-juice concentrate. The drying yield was increased
and retention of phenolics was higher when compared with maltodextrin. The application of dehumidified air, which enabled
the drying temperature to be reduced, affected drying yield positively, and also affected particle morphology and retention of
phenolics (the phenolic content was approximately 30% higher than with spray drying).

CONCLUSIONS: The study proved that it is possible to apply dairy-based by-products to produce sour cherry juice concentrate
powders profitably, lowering the spray-drying temperature and changing the carrier content. Dehumidified air spray drying
can be recommended for the production of fruit juice concentrate powders with improved physicochemical properties.

© 2023 Society of Chemical Industry.
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MC moisture content

MD maltodextrin

NCA neochlorogenic acid

PA sum of identified phenolic acids
p-CoA p-coumaric acids

Pe-3-rut peonidin-3-O-rutinoside
POLY total identified phenolic compounds

Q-3-gal quercetin-3-0O-galactoside

Q-3-glu quercetin-3-O-glucoside

Q-3-gluc quercetin-3-O-glucuronide

RC retention coefficient

R, powder recovery

ScJC sour cherry juice concentrate

SD spray drying

TEAC ABTS Trolox equivalent antioxidant capacity
T, glass transition temperature

UPLC ultra-performance liquid chromatography
W whey

WPC whey protein concentrate

AE total color change

Papp apparent density

PL loose and bulk density

rT tapped bulk density
INTRODUCTION

A significant increase in the global consumption of milk products
has led to an excess of its by-products (whey, buttermilk, etc.).
They pose a challenge to the dairy industry due to their high
organic compound content, which could lead to environmental
risks. New recycling strategies for these nutritious by-products
involve adding them to different foods." Dairy by-products have
drawn attention because of the presence of health-beneficial
compounds,” making them an attractive additive for production
of functional foods and/or nutraceuticals. Protein-based carriers,
applied in the spray-drying of sugar-rich products, are promising
alternatives to hydrolyzed starches and gums commonly used in
the food industry because of their excellent functional properties
(i.e., solubility, acceptable viscosity, emulsification ability and film-
formation capability)."* Among dairy products, whey obtained
during cheese production has technological functions, including
emulsifying and gelling properties, in addition to its biological
benefits.* Its proteins may be used successfully as a carriers for
the encapsulation of bioactive substances, including phenolics
that originate from plants, and may simultaneously protect them
during digestion.* Buttermilk, a residue obtained during butter
production, contains a milk fat globule membrane mixture of
phospholipids and proteins that naturally emulsify fat.” The reval-
uation of dairy by-products as ingredients for the production
of nutrition-dense functional plant products may lead to their
re-cycling and may provide additional functional properties.
Sour cherry is consumed globally, mainly in a fresh form or as a
juice, concentrate, jam, or dried merchandise, due to its health-
promoting constituents and sensory attributes.®” One new
approach is the conversion of sour cherry juice concentrate into
powder form. This is more stable and can result in reduced
volume, extended shelf life, and simpler handling and transporta-
tion.2 Fruit-based concentrates, when processed into a powder,
create more possibilities for further use in new products with
improved functional properties. However, due to a greater low
molecular weight sugar content (i.e., glucose and fructose) with
low glass transition temperature (T;) such materials present

difficulties with regard to drying (formation of particles) as they
tend to become sticky during the processing. Stickiness is strongly
connected with glass transition. When the temperature of mate-
rial during drying is higher than T, + 20 °C, the glassy state is
not formed and the material stays in the form of viscous syrup
even with very low moisture content. This phenomenon, which
is typical of sugar-rich materials like fruit juices and concentrates,
is a major reason for the application of carriers, which, due to their
composition, increase T, reduce stickiness, and make the produc-
tion of glassy amorphous powder possible. Apart from the addi-
tion of carriers, another possibility to avoid stickiness is to lower
the drying temperature. However, it is difficult to provide the driv-
ing force for water evaporation when the temperature is signifi-
cantly reduced. Recently, dehumidified air-assisted spray drying
(DASD) has attracted considerable attention because of the possi-
bility of lowering drying temperature, as the reduced air humidity
helps to maintain the evaporation at acceptable level. Dehumidi-
fied air-assisted spray drying enables to decrease carrier content
in food powders; it reduces stickiness, and it increases drying yield
and the retention of selected bioactives.”'® It may thus aid the
production of powders with better physicochemical properties
in comparison with spray drying.

Numerous studies confirmed that different drying techniques
and operating conditions - the parameters (temperature, air
humidity, feed ratio speed, rotary atomizer speed) as well as the
types of carrier (carbohydrate based, protein based, etc.) influ-
ence, to differing extents, the phenolics profile and their quantity
in fruit-based powders.>'"""2 It is therefore crucial to search for
solutions that respond to the needs and expectations of con-
sumers and the requirements of industry.

In line with the current trends in the food industry and consumers
expectations linked to the reapplication of food by-products, this
study examined the spray drying performance of sour cherry juice
concentrate with dairy by-products as carrier agents. This research
(1) focuses on explaining the differences how low temperature spray
drying with the application of dehumidified air and conventional, a
high temperature spray drying influence powders properties;
(2) investigates the effect of drying parameters (drying air humidity
and temperature) and the type of carriers on the quality of powders,
based on physicochemical properties, including the quantification of
phenolics and antioxidant capacity.

MATERIALS AND METHODS

Materials

A commercial sour cherry juice concentrate (SCJC) (67 °Brix; acid-
ity: malic acid 0.0723 kg-kg™"; 1.5 NTU; fructose: 0.302 kg-kg™",
glucose: 0.407 kg-kg™") was obtained from Biatuty (Btonie,
Poland). Powdered carriers used in the study were: maltodextrin
DE15 (MD) (Amylon, Havli¢kiv Brod, Czech Republic), whey pro-
tein concentrate (WPC) (Mlekovita, Wysokie Mazowieckie, Poland)
(fat 0.017 kg-kg™', carbohydrates 0.15kg- kg~', protein
0.8 kg-kg™"); whey (W) (Mlekovita) (fat 0.01 kg-kg™', carbohy-
drates 0.83 kg-kg™"', protein 0.12 kg-kg™"), buttermilk (BM) (Ziel-
ony Klub, Kielce, Poland) (fat 0.058 kg-kg™', carbohydrates
0.49 kg-kg™', protein 0.343 kg-kg™").

Experimental design

Ten variants of the liquid feed solutions (concentration 1 kg
water-kg total solids ~') were prepared. They contained SCJC, dis-
tilled water and an appropriate carrier. Five types of carriers
were applied: MD, a blend of MD and WPC (1:1, solids, w/w), a
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blend of MD and W (1:1, solids, w/w), a blend of MD and BM
(1:1, solids, w/w), and W. The mass fraction of carrier solids in feed
solution total solids was 0.5 (the SCJC solids to carrier solids ratio
was 50:50; symbols: MD50, MDWPC50, MDW50, MDBM50, W50) or
0.3 (SCJC solids to carrier solids ratio 70:30; symbols: MD70,
MDWPC70, MDW70, MDBM70, W70). Variants with carrier mass
fraction in total solids 0.5 were spray dried by two methods
(it gave 10 variants of powders), while those with mass fraction
0.3 could be dried only by the DASD method (it gave five addi-
tional types of powders), as described below (Table 1).

Spray drying

A Mobile Minor (GEA, Skanderborg, Denmark) pilot spray dryer
(co-current mode) was used to produce powders from 500 g of
feeds, which were pumped at a feed ratio speed of 0.2 mL-s™".
The rotation speed of the rotary atomizer was 11180 X g
(26 000 rpm). During conventional spray drying (SD) a temperature
of 180/80 °C (inlet/outlet) was used, but for DASD a temperature of
80/55 °C was applied (Table 1). The inlet air humidity during DASD
was reduced to below 0.3 g-m™ by an air dehumidification sys-
tem containing a TAEevo TECH020 cooling unit (MTA, Codogno,
Italy), a condensation unit (SWEGON, Vastra Frélunda, Sweden),
and an adsorption unit (ML270, Munters, Kista, Stockholm, Swe-
den). Variants containing lower carrier content (mass fraction of
carrier solids in total solids = 0.3), and at the same time a higher
amount of SCJC (mass fraction of SCIC solids in total
solids = 0.7) could only be produced by using the DASD
method. Each variant was spray dried in duplicate. After the
experiment was completed, the powder recovery (R,,) was calcu-
lated as the ratio of solids content in the powder that was
obtained to the amount of solids in the liquid feed, expressed
as a percentage.

Viscosity of liquid feeds

The viscosity of liquid feeds was analyzed in triplicate (n = 3) by
MARS40 Haake rheometer (Thermo Fisher Scientific, Waltham,
MA, USA) with coaxial cylinder geometry at 25 °C and shear rate
from 0 to 100 s~ . The viscosity was calculated as the relationship
between shear stress and shear rate.

Powder characterization

The powders were characterized for: particle morphology, particle
size distribution - median diameter (Dsg), moisture content (MC),
water activity (a,), hygroscopicity (H), loose and tapped bulk density
(p, p7), apparent density determined by pycnometer (papp), loose
bed porosity (), flowability (Hausner Ratio - HR). The scale of pow-
ders' flowability was determined as reviewed by Juarez-Enriquez'*:
<1.25 fine powders of good flowability, 1.25-1.4 average flowability,
>1.40 cohesive powders). The characterization of obtained powders
was performed as described by Barariska et al.'®

Glass transition temperature

The T, was examined using a DSM-2 M differential scanning microcal-
orimeter (Pushchino, Russia). The temperatures of the melting points
of gallium (+29.76 °C) and naphthalene (+80.26 °C) were used to cal-
ibrate the temperature scale. To ensure that the remaining water was
removed from the powders, samples loaded in calorimetric containers
with lids were placed in the exicators with fresh P,Os (30 days). Prior to
measurement, the containers were sealed hermetically in an air atmo-
sphere with a relative humidity of 30%. The samples were cooled in a
calorimeter from +20 to —10 °C without recording cooling curves, and
then scanned from —10 °C to +100 °C at a speed of 8 °C:min~". An
empty sealed container was used as a reference. The T, was deter-
mined from the heating curves on an enlarged scale as:

Tg= +Tg0[°C] M

Tge—Tq0
2
where:
Tq40 — temperature of the beginning of the glass transition [°C];
Tge — temperature of the end of the glass transition [°C].

Color and browning index

Liquid feed solutions prior to spray drying, powders after drying,
and powders after reconstitution to the initial concentration
(1 kg water-kg total solids ~') were analyzed using a CR-5 colorim-
eter (Konica-Minolta, Tokyo, Japan) in CIE L*a*b color space
(n = 3). The total color change (AE) of reconstituted powders
and the browning index (Bl) were calculated as follows:

Table 1. Variants of sour cherry juice concentrate spray drying: conventional spray drying (SD), dehumidified air assisted spray drying (DASD) with
maltodextrin (MD), whey (W), and blends of maltodextrin with whey protein concentrate (WPC), whey (W), and buttermilk (BM) as carriers

Spray drying Inlet/outlet Concentrate solids to
Variant Carrier type method air temperature (°C) carrier solids ratio (w/w)
MD50SD MD SD 180/80 50:50
MDWPC50SD MD + WPC
MDW50SD MD + W
MDBM50SD MD + BM
W50SD w
MD50DASD MD DASD 80/55 50:50
MDWPC50DASD MD + WPC
MDWS5DAO0SD MD + W
MDBM50DASD MD + BM
W50DASD w
MD70DASD MD DASD 80/55 70:30
MDWPC70DASD MD + WPC
MDW?70DAOSD MD + W
MDBM70DASD MD + BM
W70DASD w
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AE=/ (Lg—L%)2+ (a¥o—a)+ (b%o—b%)? )
100- ( (5645? :;*‘zg.gonb“) —0.31 )
Bl= 015 3)

where: L*,, a*,, b*, indicated the color parameters of liquid feeds
prior to spray drying, and L*, a*, b* were the color parameters of
the reconstituted powders.

Determination of phenolics by ultra-performance liquid
chromatography

The extracts of analyzed powders were determined as described
by Wojdyto et al® The analysis of phenolics (POLY) was carried
out using an Acquity ultra-performance liquid chromatography
(UPLC) system (Waters, Milford, MA, USA) with a Q-Tof (quadru-
pole time-of-flight) mass spectrometer (Waters, Manchester, UK).
The results were examined in duplicate (n = 2) using Empower
3 software and were expressed in g per kg of solids.

Antioxidant capacity in vitro

The antioxidant capacity and reducing potential of 80% methanol
(v/v) extracts obtained from the powders that were analyzed was
evaluated on the basis of ferric reducing antioxidant potential
(FRAP) and ABTS™™ (2,2"-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) radical cation scavenging assays using a Synergy H1 spectro-
photometer (BioTek Instruments Inc,, Winooski, VT, USA).'® The
results were expressed as mmol Trolox equivalent (TE) per kg of
solids. The determinations were made in duplicate (n = 2).

Retention coefficient

The retention coefficient (RC) was calculated as proposed by Sam-
borska et al.’

G-S
RC=—12.100%, 4
Cs,, 100% (4)

where C; is the concentration in the powder (per 100 g of powder
solids), S is the solid content in the raw food material (%, w/w), Cis
the concentration in SCJC (per 100 g of SCJC), S, is the share of
SCJC solids in powder solids (%, w/w).

Statistical analysis

The results were presented as averages + standard deviations. The
analysis of variance (ANOVA) and Tukey tests were performed using
Statistica 13.3 software, with a significance level of a = 0.05, with the
purpose of determining significant differences between average
values of examined parameters. Pearson correlation analysis was per-
formed to derive the correlation coefficient for physical and chemical
properties, separately, with a significance level of a = 0.05. Principal
component analysis (PCA) was performed after data standardization
for chemical properties and color to reduce the dimensions of the
data and to identify the relationships between observations and vari-
ables. The results of the PCA were presented as a biplot graph.

RESULTS AND DISCUSSION

Viscosity of liquid feed

As the feed materials were Newtonian fluids, the viscosity was not
dependent on the shear rate. The viscosity values ranged from
15.7 + 1.4 up to 377.2 + 11.3 mPa-s (Table 2). Similar values were
recorded for SD and DASD variants with the mass fraction of SCJC
solids in total solids 0.5 and with the same carriers as the

composition of liquid feed of these samples was the same. It was
observed that feeds with higher SCJC content (lower carrier content)
had lower viscosity for each carrier type and blend. A similar observa-
tion was made by Samborska et al.'” in the case of honey. Similarly to
honey feeds, this was an effect of viscosity-creating ability of carriers.
Comparing the effect of the carrier type, it the lowest values were the
samples with W only, and the highest were the variant containing
the blend of MD and WPC. Protein carriers had high levels of viscosity
even at low concentrations, unlike maltodextrin.'® As WPC s a source
of concentrated proteins, it formed feeds with the highest viscosity.
The BM and W had lower protein content, thus they presented lower
viscosity in combination with MD, while the absence of MD caused a
reduction in this parameter (W had low viscosity due to the lack of
protein).

Spray drying performance - powder recovery

The content of the carrier that is added to produce sugar-rich
matrices (fruit juices or honey) using conventional high tempera-
ture spray drying is not usually lower than 50%.'® In the study, an
application of dehumidified air as a drying medium enabled to
lower carrier content in the powders down to the mass fraction
of carrier solids in total solids of 0.3. The R, of the powders that
were obtained ranged from 40.7 + 4.0 to 72.2 + 0.2% (Table 2).
The influence of carrier type, its content, and drying parameters
were observed. In the case of laboratory and pilot spray drying,
R, over 50% indicates successful drying.”® Thus, the drying exper-
iments that were performed can be classified as successful, except
for the MDW50SD, MDBM50SD, MDBM70DASD, and W70DASD
variants. However, two of them (MDW50 and MDBM50) were facil-
itated by the DASD approach (R, increased to over 50%), and the
other two were produced with an increased level of SCJC, and R,
was above 40%, while after application of a high temperature
during SD it was not possible to obtain any powder with such
low carrier content. This underlines the applicability of air dehu-
midification as a means of conducting the effective drying of
materials that are difficult to dry due to their low T, value.
Sarabandi et al?' and Can Karaca et al® spray dried SCJC and
reported R, levels from 42.2 to 57.1% (the highest noted for the
powders with the combination of MD and gum Arabic), and in
the range of 23-92%, respectively. However, such a high value
(obtained with MD) resulted from a very low concentrate content
(the mass fraction of concentrate solids in total solids of 0.25) and
a relatively low inlet air temperature (140 °C). Apart from the sig-
nificant effect of the lower drying temperature, the influence of
the carrier type could also be observed. In general, the highest
R, values were noted for the MDWPC blend, as it was the only
carrier composition for which DASD did not significantly alter
the R, because it was already high after SD drying. The aim of this
study was to replace WPC in the blend with MD by other dairy
by-products, which are not as highly processed as WPC. The
MDW blend had a similar R, to MDWPC for the 50DASD and
70DASD approaches (the differences between them were not
statistically significant), while for 50SD lower R, of MDW was
noted than for MDWPC. The MDBM blend was less effective; thus
W alone was chosen to be tested without MD. The R, that was
obtained was at the acceptable medium range, but lower than
for MDWPC and MDW.

Powder characterization

Particles morphology and size

The particles of the powders that were obtained differed signifi-
cantly in their morphology and size (Fig. 1). The morphology
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Figure 1. Scanning electron microscopy images, Ds, values particle size distribution, and cumulative particle size distribution of powders with sour
cherry juice concentrate solids mass fraction in total solids of 0.5 (symbol 50) and 0.7 (symbol 70), obtained by conventional spray drying (SD),
dehumidified-air assisted spray drying (DASD) with maltodextrin (MD), whey (W), and blends of maltodextrin with whey protein concentrate
(MDWPC), whey (MDW), and buttermilk (MDBM) as carriers. Letters a—k: the same letter indicates no statistically different values according to Tukey's hon-

estly significant difference test, P < 0.05).

DASD-produced powders was similar as for SD (1-2%) for honey pow-
ders as presented by Jedlinska et al?® or higher (4.2%) than for SD
(1.3%) for white mulberry molasses powders as indicated by Samborska
et al® AMC higher than 5% can cause some storage problems; however
it has to be underlined that MC is not the only important feature
influencing powder stability. It should be considered together with a,,
which for samples after DASD was low even when MC was above 5%.
In most samples, a,, was lower than 0.2 (described below). The lower
carrier content (50DASD and 70DASD) led to higher MC, which resulted
from higher water-binding sugar content originating from SCJC (at the
same time, 70DASD variants had lower a,, than 50DASD for the same
reason). A similar relationship was observed by Barariska et al.'®

The positive effect of DASD was noted for hygroscopicity of
obtained powders — the DASD samples had lower values than
the SD samples. This resulted from the increased MC of DASD
powders - the correlation between these parameters was signifi-
cant (data not shown). Sarabandi et al.>' noted higher hygroscop-
icity of SCJC powders spray dried at higher temperature and with
higher carrier content.

Glass transition temperature

The T, of SCJC powders ranged from 17.7 + 0.1 to 46.2 + 0.0 °C
(Table 2). It decreased significantly with the decrease in the carrier
mass fraction in total solids from 0.5 to 0.3. This was a conse-
quence of higher organic acid content and low molecular weight
sugars present in SCJC, which generally have low T, (fructose: 5 °C,
glucose: 31 °C, sucrose: 62 °C).>> The T, of material directly

affects the course of drying (the formation of particles) as prod-
ucts of T, below the outlet air temperature are considered prob-
lematic for spray drying, which further results in low Ry, as the
material stays in a rubbery state inside the drying chamber.®
However, the surfaces of particles can have temperatures
between 10 and 20 °C lower than the outlet drying temperature.
Stickiness also occurs when the temperature of the particle's sur-
face is 10-20 °C higher than T,.*” These conditions ensured the
production of free-flowing powders in every variant, despite
the low T, of powders with low carrier content. Fang and
Bhandari®® analyzed the T, of bayberry juice powders spray dried
with whey protein isolate as a carrier at different concentrations. It
was reported that T, ranged from 14.12 to 15.34 °C. However, the
authors concluded that because of the proteins' film-forming abil-
ity, which occurred on the surface of the particles, the T, of the
particles' outer layer was significantly higher (T, of the protein
was determined at the level of 150.76 + 1.06 °C). It was deduced
that this phenomenon was a reason for the absence of observed
difficulties during spray drying. Powders with low T, (close to
ambient temperature) should be stored in tightly sealed packag-
ing or under refrigerated conditions to prevent them from trans-
forming into a rubbery state and caking during storage.

Bulk density and apparent density

Bulk loose (p;) and tapped (p7) densities of analyzed powders ran-
ged from 0.44 + 0.02 t0 0.76 + 0.01 g-mL™" and from 0.57 + 0.00
to 0.84 +0.01 g-mL™", respectively (Table 2). In comparison,
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Sarabandi et al.?” reported p; and py values of SCJC powders rang-

ing from 0.246 to 0.425 and 0.319 to 0.889 g-mL™", respectively.
The differences in the values might be linked to different drying
parameters, carrier types, and their content used for powders
preparation.

A high stickiness and conglomerated morphology of particles,
as well as bigger particle size results in low p,. However, in the
study such straightforward relationships were not observed. Pow-
ders with MD as a single carrier had higher p; when DASD was
applied, however a reverse effect was noted for powders with
the addition of protein carriers. No significant differences were
observed and p; did not decrease when the drying temperature
was reduced. pL was more affected by particle morphology than
by particle size — there was no statistically significant correlation
between pL and Dsq (data not shown).

The apparent density (p,p) is related to the internal porosity of
particles. Apart from samples W50SD and all MDWPC blends,
powders obtained in this research had similar level of this param-
eter. W50SD had the lowest p,, among all variants (the highest
internal porosity), while MDWPC blends were in a medium range.
Pap Was significantly negatively correlated with particle size (data
not shown), which indicated that particles of bigger size con-
tained more entrapped air.

Flowability and porosity

The Hausner ratio (HR) indicates the flowability of powders. The
SCJC powders can be classified from fine to cohesive powders
(Table 2). The best flowability was observed for MD and MDWPC,
but only after DASD. Sample W50SD, which had the biggest parti-
cles among all variants and visible conglomerations (Fig. 1), also
had very good flowability. This observation was in line with Bar-
anska et al,,'>*® who studied SCJC powders and buckwheat honey
powders. It showed that increased stickiness, although it is not
favorable for drying yield, can positively affect the flowability as
a result of the increase in particle size. The comparison between

50DASD and 70DASD samples confirms this observation -
70DASD samples had better flowability (except when W was
applied as a carrier).

The loose bed porosity (¢;) of the powders that were obtained
ranged from 25.4 + 1.0 to 68.9 + 0.9% (Table 2). This parameter
affects the shelf life of powder — a higher value indicates more free
spaces between particles filled with air; thus it increases the risk of
oxidation and shortens the possible duration of storage.>® The
positive effect of replacing MD by dairy carriers was
observed - it lowered ¢;. Thus, these by-products of dairy industry
can be applied successfully favoring prolonging the shelf life of
SCJC powders. The lower bulk porosity was observed for W50SD
sample, even though it has the highest internal porosity.

Color and browning index

The lightness (L*) of SCJC powders varied from 21.9 + 1.3 to 44.7
+ 0.6 (Table 3). Powders with higher carrier content obtained at
low drying temperature were significantly lighter. Moreover, this
study has not confirmed previous research on color changes of
spray dried fruit juices with protein-based carriers, as the darken-
ing of powders containing protein carriers was indicated previ-
ously.">?%3" This was probably linked to amino acid and sugar
interactions leading to the formation of brown pigments as a
result of a relatively high drying temperature. However, Sarabandi
et al?' reported no changes in the L* parameter of powders pro-
duced with the addition of WPC in comparison with powders
made with MD and gum Arabic. In comparison to SD samples,
DASD powders with the same carrier content had higher values
of a* that indicated more red pigments present in DASD samples
(Table 3). This observation underlines the importance of applica-
tion of dehumidified air as it implies possible lower degradation
of pigment including anthocyanins at lower drying temperatures.
It was noted that values decreased with the substitution of MD
with protein carrier, a*. The data obtained confirm previous
results of Sarabandi et al.?' who reported lower a* parameter of

Table 3. The color parameters (L*, a*, b*), browning index (BI), total color difference (AE) and antioxidant capacity of SCJC powders measured by
FRAP and ABTS methods containing 50% and 70% (w/w solids) of SCJC obtained by conventional spray drying (SD), dehumidified-air assisted spray
drying (DASD) with maltodextrin (MD), whey (W), and blends of maltodextrin with whey protein concentrate (WPC), whey (W), and buttermilk (BM) as
carriers

L* a* b* BI AE FRAP ABTS
Variant (=) (=) (=) (AU) (=) (mmol Trolox-100 g solids™")
MD50SD 39.0 + 0.59" 39.8 + 0.6 6.9 + 03° 642 + 1.5 242 + 1.0 466 +0.17° 420 + 0.07°
MDWPC505D 38.7 + 0.8%" 30.1 £ 0.5° 59 + 0.2 50.8 + 1.5 7.2 + 07 3.90 + 0.03%° 5.81 + 0.44°¢
MDW50SD 33.7 + 0.6° 385 + 0.3° 77 +02f 71.0 + 0.8°f 103 + 0.3% 4.46 + 0.03%° 5.05 + 0.08°°¢
MDBM50SD 29.8 + 0.5° 36.1 +0.3¢ 6.1 +0.2° 74.0 + 1.4% 46+ 0.6° 3.89 +0.12%° 4.86 + 0.26™
W50SD 33.1 + 1.4% 324 +08° 5.5 + 04" 619 +27° 88 + 1.1 3.73 + 0.08° 443 + 0.08°
MD50DASD 447 + 0.6 42.8 +0.49 50 + 03 60.4 + 1.9° 20.8 + 0.6 449 +0.18%° 480 + 0.06™
MDWPC50DASD 219 +1.3° 336 + 0.3° 6.6 +0.2° 904 + 3.7 8.3 + 0.8°« 434 +0.08%° 5.74 + 0.39°<¢¢
MDW50DASD 428 + 0.3 424 +04° 48 +0.2° 61.8 +0.9° 15.6 + 0.6" 443 +0.25% 4.89 + 0.27%¢
MDBM50DASD 38.1 + 039 418 +0.29 49 +02° 67.5 + 0.6 49 +0.7° 4.00 + 0.16°° 498 + 0.02°"¢
W50DASD 39.6 + 0.8" 39.7 + 0.4 47 +0.2° 62.6 + 1.4° 12.8 + 0.6/ 434 +0.17%° 5.28 + 0,080
MD70DASD 36.6 + 0.4° 442 + 06" 8.3 + 049" 744 + 1.79" 19.9 + 29 6.12 +0.12° 6.04 + 0.02°%¢
MDWPC70DASD 382 + 049" 42.7 +0.39 45+0.2° 68.1 + 0.8% 147 + 05" 5.94 + 0.04° 7.49 + 0.10
MDW70DASD 358 + 0.3 447 + 02" 84 +0.19" 76.2 + 0.8%" 203 + 04 6.24 + 0.06° 6.74 + 0.25°f
MDBM70DASD 312 + 04" 425 + 0.6° 8.7 + 04" 822+ 17 6.6+ 1.1% 6.12 + 0.16° 6.75 + 0.21°
W70DASD 31.9 + 0.6 405 + 0.6 80 +0.17 775 + 0.6" 11.6 + 0.9 6.11 + 0.68° 6.41 + 0.79%F
Note: ®'The same letter within the columns indicates no statistically different values (Tukey honestly significant difference test, P < 0.05).
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Q-3- Cy-3- | Cy-3- | Cy-3- | Pe-3- TEAC . .
p-Cus| CA |Der1Pa| DCFA |Der2PA| PA [Q-3-glu|Q-3-gal e K3-rut|KTglu| AV oy3sof o ot | rar |OEFICY| ANTH | POLY || FRAP [ BI L ] b
NCA 0,26 0,65 0 0,69 050 [-010] 064 | 049
p-Cud 067 | -001]| 063 75 79 | 0,54 79 70 | 0,78 -038 | 0,63 | 051 0,62 037 ]-004| 055 | 059
CA 027 0,65 0 051]-010| 066 | 052
DerlPA 0,6 0,45 0.8 048 056 |-015] 064 | 039
DCFA -033[-019]-012] 019 | -031] -039(-019] -022]-026] 024 054]-032] 019 |-025] -028]-027-017]-032] 013 | -0.28| 010
Der2PA 0,50 0,86 0,59 051 -015] 055 | 031
PA 0,62 0,74 0,66 051 | -009| 067 | 049
Q-3-glu 0,62 Ol 0,73 | 0,69 040 |-002]| 061 | 054
Q-3-gal 0,75 0,6 77 040 | -002 | 062 | 049
Q-3-gluc 059 | 068 76 71 | 063 | 065 [ -028| 061 73 | 067 | 067 | 048 J0 | 028 | 006 | 057 | 056
K-3-rut 0 0,68 042 | -011| 050 | 044
K-7-glu 0 0,68 051 |-012] 062 | 040
FLV 0 77 044 | -005) 063 | 051
Cy-3-s0 0,67 051 |-020[ 052 | 059
Cy-3-glu-rut 0 0,69 060 | -023| 0,58 | 054
Cy-3-glu 0 78 060 |-018| 064 | 058
Cy-3-rut 0,65 KkZY 068 -0 0 Ul 048] 019 | 039] -019
Pe-3-rut 70 054 | -0,19]| 056 | 031
DerlCy 73| 071 ]| 064 | 068 | 048] -025]| 035 | 052
ANTH 059 | -022| 058 | 053
POLY 053]|-013| 064 052
TEAC ABTS 079 | 042 | -020| 034 | 034
FRAP 048 | -005] 068 | 062
Bl 021 | 060
L 0,41 | -046
a* 020
b
negative sifnificant correlation possitive significant correlation
0,50 | 0,60 0,70

Figure 2. A correlation table illustrating the strength and direction of linear correlations between chemical and color parameters of sour cherry juice con-
centrate powders (NCA, neochlorogenic acid; p-CoA, p-coumaric acids; CA, chlorogenic acid; Der1PA, derivative of phenolic acid 1; DCFA,
3,5-dicaffeoylquinic acid; Der2PA, derivative of phenolic acid 2; PA, sum of identified phenolic acids; Q-3-glu, quercetin-3-O-glucoside; Q-3-gal,
quercetin-3-O-galactoside; Q-3-gluc, quercetin-3-O-glucuronide; K-3-rut, kaempferol-3-O-rutinoside; K-7-glu, kaempferol-7-O-glucoside; FLV, flavonols;
Cy-3-s0, cyanidin-3-O-soforoside; Cy-3-glu-rut, cyanidin-3-O-glucosyl-rutinoside; Cy-3-glu, cyanidin-3-O-glucoside; Cy-3-rut, cyanidin-3-O-rutinoside; Pe-
3-rut, peonidin-3-O-rutinoside; Der1Cy, derivative of cyanidin 1; ANTH, sum of identified anthocyanins; POLY, sum of phenolics; TEAC ABTS, ABTS antiox-
idant capacity; FRAP, ferric reducing antioxidant potential; Bl, browning index; L, a*, b*, color parameters). Colors of the cells are proportional to the cor-
responding correlation coefficients: significant positive correlations are displayed in red, whereas the significant negative correlations are in blue. The cells

with white backgrounds indicate non-significant correlations.

SCJC powders for samples with addition of WPC. In the case
of coordinate b*, which describes the proportions of blue and yel-
low color, the relationship in this study contradicts work by Sara-
bandi et al.?' The authors noted increased values with increasing
substitution of MD with WPC. In this research, the effect of dehu-
midified air application was observed, as it decreased values of b*
parameter of produced sour cherry juice concentrate powders.

The Bl indicates the level of browning of foods and brown color
purity of samples.3? In general, a lower drying temperature led to
an increase in Bl (Table 3), which was probably more linked
to changes of bioactive compounds that occurred during dry-
ing;** however, the possible influence of sugar browning and
the polymerization of phenolics on the brown color cannot be
excluded. This contradicts data for the L* parameter obtained
for the powders as a strong negative correlation between L* and
Bl was indicated (Fig. 2). It was noticed that SD powders made
with the addition of the MDWPC blend had lower Bl values than
those produced with MD as a single carrier. This may be linked
to the protective role of WPC against browning reactions that
may occur during spray drying of SCJC. The total color difference
(AE) of reconstituted powders was influenced by drying method,
carrier type, and its content (Table 3). Samples with the addition
BM were the most similar to SCJC.

Phenolic compounds

As industrial processing may modify the profile and content of
phenolic compounds (POLY) in cherry products, three major
groups of those constituents were identified and quantified in
SCJC and powders: phenolic acids (PA) (six compounds), flavonols
(FLV) (five compounds) and anthocyanins (ANTH) (six com-
pounds).®** To track the alterations in the content of identified
POLY, those constituents were quantified using UPLC and results

are shown in Table 4. The sum of POLY identified in SCJC was
23.57 g-kg™" solids, whereas in the analyzed powders it ranged
from 1.80 to 3.47 g-kg™" of solids.

To verify the retention of these bioactives in relation to the
solids of SCJC with exclusion of carrier effect, the retention coeffi-
cient (RC) was also calculated."” In this study, the RC value for the
sum of identified POLY was, on average, 19% for all analyzed pow-
ders (Fig. 3). Previously, the RC values for such powders were
around 100% but this was determined using a non-specific
method with Folin reagent.” It underlines the importance of
tracking the changes based on a specific determination method
and focusing on single molecules to verify the effect of drying
on individual phenolics, excluding the interference of other sub-
stances including those present in the carriers.>® With regard to
the drying technique, higher content (and higher RC) of all identi-
fied POLY was noted for powders produced by DASD - the aver-
age content in SD powders (averaged both levels of carrier) was
equal only to 69% of the average value for DASD samples
(Table 4). It confirmed that DASD could also be applied success-
fully for fruit powder production.>* It was previously indicated
by Akbarbaglu et al*® and Michalska-Ciechanowska et al.®” that
different carrier types (carbohydrate based, protein based, or
blends, etc.) had different affinities for protecting natural bioac-
tives during processing, being dependent on the selected group
of POLY. The lowest content of total identified POLY in the study
was recorded when MD was used. It was considered as an average
for samples produced by SD and DASD, indicating the suitability
of application of dairy-based products as carriers. The highest
POLY content was noted in the case of the addition of MDW blend
(average value of all MDW samples) and it was in line with the RC
values (Fig. 3). Thus, the chemical composition of dairy-based
products may play an important role in the case of protection of
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. POLY during spray drying of SCJC. The decreased share of carriers
- wu T % % 5 E 5 & in the liquid feeds submitted to DASD (70DASD vs 50DASD) led to
@ %)
glde 338 HAa=|sud £ slightly higher RC values, resulting in higher POLY content in
< |~ m — o o S o NV |[aTE I ghtly hig 9 9
g + H H H H % H+HHH|SE ‘§ g 70DASD, which did not result only from the increase in SCJC
S N8 3388 28RS 239 £ content.
ey oFc° oo «% g g"g £ Among groups of POLY quantified in SCJC and powders, the
2ne 3 most abundant were phenolic acids (PA), which consisted, on
€55 &
£59 average, of more than 50% of all identified POLY. The content of
2g s 3 g
2 ls 4 o 2o an ks 3 - 8 identified PA in powders ranged from 0.97 to 1.88 g-kg™" of solids
Sles ¥x88 Jsxe|2gr = (Table 4). A significantly higher content of PA was noted for pow-
Q| =« S — o co N | B® n 9 Yy hig
R H HHHS T rH+H| 352 ¢ ders gained after 70DASD, which was linked to a higher SCJC con-
+l = 2 Sa = g g
z2l% e dx II8R|Eg ¢ tentand also higher RC values (Fig. 3). It was observed that among
oY= T 7 pY|£ey g carriers used for powders production, the MDW blend resulted in
M| NSO Cc . . . .
§2E T the highest PA content in the powders. Chlorogenic acid (CA) was
gt 2 the dominant PA identified and quantified in powders regardless
TEQ ® . . . .
Qe % o oe A A= E the type of carrier used for drying (more than a half of all identi-
23 RAI 2xHaa|eds = fied PA), followed by derivative of phenolic acid 1 (Der1PA)
Q| < m c o o Soco©ewvw |2 o= Y L R
Rl #+H HHHS #+HHH 35 § 2 (18%), neochlorogenic acid (NCA) (12%), 3,5-dicaffeoylquinic acid
% 2 X2 K8 §j_1 > 2 (DCFA) (8%), derivative of phenolic acid 2 (Der2PA) (6%), and
s|2g °F T g g2 @ p-coumaric acid (p-CuA) (5%) (Table 4). This composition of PA
" 5 E g\ @ in powders may result from application of different cultivars for
wo o g SCJC production.® The lowest RC values were indicated for chloro-
m E () v p
a 2 " o % v o[£ % 5 genic and neochlorogenic acids, (Fig. 3) indicating that, for both
519 = T Ne B%an~|¥ E_g £y compounds, neither drying nor carrier type significantly influ-
E Th O E S oy AR 288 3 enced their retention. The DASD drying technique allowed a
S8 28R c=3Q3|% Eh2 6 higher content of Der2PA (the average content for 50SD was
o|2g °g° 2o- NS L3 5 2 g equal only to 47% of average content for 50DASD), Der1PA
"l sd522 (54%), NCA (89%), and CA (91%) in the powders (Table 4). On
S 5 g § the other hand, for DCFA and p-CuA the content after 50DASD
als s 28y E % %é g was lower than after 50SD. This suggested different thermal stabil-
a8 R why Kogg|lzgegd ity of particular phenolics under particular thermal conditions,®
<|ao ™M N O o — 2| Bex>e Yy
8|-- ©°©—-°g-eYv | >3558 which might be influenced by interactions between protein-based
N IR o (RS 7 carriers' components. As in Abrahéo et al,*® the influence of partic
olny BIY 5882|3235 ~ . -
2ol ogo o- = § SRy ular protein-based carriers on the content of individual phenolic
5O acids was noted. Maltodextrin led to the highest content of DCFA
A =X > .
. 58 5% E and p-CuA, whereas a blend of MD and W allowed the highest con-
o y 5 8 2 2 03 389€eg tent of NCA, CA, and Der1PA to be obtained, which, due to their
Ee 5k WNehA| o335
2 Ee) : =R 3 S 3 = g €8 g; g highest share in PA content provided the highest PA content in
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Figure 3. Retention coefficient (%) of identified phenolics and antioxidant capacity measured by TEAC ABTS, and FRAP in powders with SCJC solids mass
fraction in total solids of 0.5 (symbol 50) and 0.7 (symbol 70), obtained by conventional spray drying (SD), dehumidified-air assisted spray drying (DASD)
with maltodextrin (MD), whey (W) and blends of maltodextrin with whey protein concentrate (WPC), whey (W), buttermilk (BM) as carriers. NCA,
neochlorogenic acid; p-CoA, p-coumaric acids; CA, chlorogenic acid; Der1PA, derivative of phenolic acid 1; DCFA, 3,5-dicaffeoylquinic acid; Der2PA, deriv-
ative of phenolic acid 2; PA, sum of identified phenolic acids; Q-3-glu, quercetin-3-O-glucoside; Q-3-gal, quercetin-3-O-galactoside; Q-3-gluc, quercetin-
3-O-glucuronide; K-3-rut, kaempferol-3-O-rutonoside; K-7-glu, kaempferol-7-O-glucoside; FLV, sum identified of flavonols; Cy-3-so, cyanidin-3-O-soforo-
side; Cy-3-glu-rut, cyanidin-3-O-glucosyl-rutinoside; Cy-3-glu, cyanidin-3-O-glucoside; Cy-3-rut, cyanidin-3-O-rutinoside; Pe-3-rut, peonidin-3-O-rutino-

side; Der1Cy, derivative of cyanidin 1; ANTH, sum of identified anthocyanins; POLY, sum of identified phenolics.

analyzed, the greatest difference between the average contentin
50SD and 50DASD was observed for K-7-glu and K-3-rut; their
average content in 50SD equaled 81% and 86% of the average
content determined in 50DASD. This could be linked to better
embedding of these constituents in protein-based matrix due to
their chemical structure.** No alteration was noted for Q-3-glu.
The RC of identified FLV was on average 17% (Fig. 3), except for
Q-3-glu, for which its average level was 40%. This might point to
the protective role of dairy-based carriers in the retention of this
flavonol. The decrease in carrier content (50DASD vs 70DASD)
led to the increase in the flavonol content, and this increase was
not only related to the increase of SCJC content in powders
(increase in SCJC mass fraction in total powder solids from 0.5 to
0.7 was the increase by 40%). The average increase of 48% could
result from the higher RC of some particular flavonols in 70DASD.

Among identified anthocyanins (ANTH), cyanidin-3-glucosyl-
rutinoside (Cy-3-glu-rut) was the major compound*' — more than
62% of all identified components in this group. This finding was in
agreement with Kotodziejczyk et al,** pointing to the influence of
processing on the phenolics profile in the sour cherry products. In
the concentrate and analyzed powders, the lower content of
cyanidin-3-O-soforoside (Cy-3-so) and peonidin-3-O-rutinoside
(Pe-3-rut) was noted, followed by cyanidin-3-O-glucoside
(Cy-3-glu) and derivative of anthocyanin (Der1Cy). The 50DASD
powders resulted in a higher anthocyanin content — on average
the content in 50SD was equal to 87% of the content in 50DASD

products with the same amount of added carrier, regardless of
the type used for their production. The RC of summed ANTH
was at the level of 19% (Fig. 3) with the highest value noted for
70DASD. A significantly higher Cy-3-glu, Pe-3-rut, and Cy-3-glu-
rut content was noted after DASD when compared to SD at the
same level of carrier addition (on average their content in
50SD corresponded to 85%, 74% and 85%, respectively, of the
content in 50DASD). The only exception was Cy-3-rut, which was
present mainly in SD powders, and was linked to its content below
the limit of detection in the rest of the analyzed samples. This may
also be connected with the different affinity of the selected com-
pounds toward the drying temperature.** Higher temperature
during spray drying of grape peel extracts led to higher ANTH
content, but only when the highest concentration of carrier
was used for drying. Interestingly, W and MDWPC led to higher
retention of all identified ANTH among analyzed carriers. This is
in line with Oliveira et al** and Parthasarathi and
Anandharamakrishnan,*® who proved that the addition of WPC
resulted in a higher level of ANTH in grape skin extracts and blue-
berry powders. The authors concluded that interactions might
occur between constituents present in such mix and ANTH via
hydrophobic interactions,*® which protected these compounds
from degradation at relatively high temperature during drying.
Moreover, Ren et al*’ emphasized that possible interactions
might occur between whey proteins and ANTH, which might
lead to color stabilization of the products that are obtained.
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Only Cy-3-glu and Der1Cy had higher RC values, of 63% and 83%,
respectively (Fig. 3). This might be linked to possible complexa-
tion reaction between carriers' components with, e.g., flavylium
cation form of anthocyanins toward formation of more stable
form of these constituents.*®

Antioxidant capacity in vitro

Antioxidant capacity was measured by the FRAP and TEAC ABTS
methods (Table 3). It indicated the strongest influence of the
amount of SCJC in powders, and also in some cases the carrier
type. The FRAP and TEAC ABTS values in 50SD were, on average,
as much as 96 and 95% of the values determined for 50DASD.
The 70DASD powders, containing a higher amount of SCJC, had
on average 40 and 30% higher values (FRAP and TEAC ABTS,
respectively) than 50DASD. This improvement resulted from an
increased amount of SCJC - the increase in the SCJC mass fraction
in total solids from 0.5 to 0.7 corresponds to 40% higher FRAP
values. Thus, for FRAP values the increase corresponded to the
increase of the amount of SCJC, with no change in the retention
at changed level of carrier addition. This phenomenon was
observed in the values of RC that equaled on average 100% for
FRAP. On the other hand, for TEAC ABTS the increase in the SCJC
content by 40% (SCJC solids mass fraction in total solids increased
from 0.5 to 0.7) did not lead to ABTS values increasing by 40%. The

increase was, on average, only 30%. It indicated that the retention
was lower, which was confirmed by lower RC values (on average
equal to approximately 85%). There were differences between
the carriers in RC values for TEAC ABTS. The MDWPC blend
achieved the highest values, close to 100%, and the negative
effect of reduced amount of carrier can also be seen because RC
was lower for the MDWPC70DASD variant. At the same time, tak-
ing into consideration the carrier type, the highest TEAC ABTS
values were indicated for powders obtained with the addition of
MDWPC blend, and were the lowest in the case of MD (Table 3).
This could be linked to the antioxidant properties of MDWPC as
a carrier, as it had the strongest ability to scavenge ABTS™ radi-
cal cations among all blends analyzed (data not shown). The
retention coefficient of FRAP was the highest in the case of MD
and MDW. For FRAP the highest absolute values were observed
in MD and MDW samples. In general, RC values for FRAP were
higher than 100%, being, on average, the highest for the sam-
ples produced by 70DASD (Fig. 3). This points to the influence
of SCJC compounds (higher content of SCJC) on this property.
Both parameters were strongly correlated with the sum of iden-
tified phenolics: r = 0.88 and r = 0.97 (Fig. 2). Taking into consid-
eration the RC of phenolics, the antioxidant capacity may also be
linked to other components including, among others, amino
acids.*
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NCA™. Q-3-ga & |MDWPC70DASD] 5
PoLY. MD70DASD) MDWPC50SD
o
®
F =
N s Pe-3-rut :
0 steac apTs [VV/ODASD
n- o
Cy-3-glu ’,
ANTH
Cy-3-glu-rut
K—7—glu'-0.5 - J

-1.0}

MDWS50DASD

— —{MDWPC50DASD]

-1.0 -0.5

0.0 0.5 1.0

PC1:73.16%

Figure 4. Principal component analysis biplot for chemical properties and colors of sour cherry juice concentrate powders with SCJC solids mass fraction
in total solids of 0.5 (symbol 50) and 0.7 (symbol 70) obtained by conventional spray drying (SD), dehumidified-air assisted spray drying (DASD) with
maltodextrin (MD), whey (W), and blends of maltodextrin with whey protein concentrate (MDWPC), whey (MDW), buttermilk (MDBM) as carriers. TEAC
ABTS, ABTS antioxidant capacity; FRAP, ferric reducing antioxidant potential; POLY, sum of identified phenolics; NCA, neochlorogenic acid; p-CoA,
p-coumaric acids; CA, chlorogenic acid; Der1PA, derivative of phenolic acid 1; DCFA, 3,5-dicaffeoylquinic acid; Der2PA, derivative of phenolic acid 2;
PA, phenolic acids; Q-3-glu, quercetin-3-O-glucoside; Q-3-gal, quercetin-3-O-galactoside; Q-3-gluc, quercetin-3-O-glucuronide; K-3-rut, kaempferol-3-O-
rutinoside; K-7-glu, kaempferol-7-O-glucoside; FLV, flavonols; Cy-3-so, cyanidin-3-O-soforoside; Cy-3-glu-rut, cyanidin-3-O-glucosyl-rutinoside; Cy-3-glu,
cyanidin-3-O-glucoside; Cy-3-rut, cyanidin-3-O-rutinoside; Pe-3-rut, peonidin-3-O-rutinoside; Der1Cy, derivative of cyanidin 1; ANTH, sum of identified

anthocyanins; Bl, Browning Index.
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Principal component analysis

Principal component analysis was performed for visualization of
the differences between experimental variants, based on color
properties and chemical analysis. Figure 4 shows that the pow-
ders can be classified into three groups: (1) Containing powders
with SCJC solids mass fraction in total solids of 0.7 obtained by
DASD; (2) containing powders with SCJC solids mass fraction in
total solids of 0.5 obtained by DASD, except MD50DASD, but
including MDBM50SD and (3) containing powders with SCJC
solids mass fraction in total solids of 0.5 obtained by SD, except
MDBM50SD, but including MD50DASD. Powders produced by
70DASD were similar in terms of the majority of phenolic com-
pounds analyzed and antioxidant capacity. MD50DASD was more
similar to 50SD samples than other 50DASD samples, whereas the
opposite trend was observed for MDBM50SD. Moreover,
MDWPC50DASD differed significantly from all powders analyzed.

CONCLUSIONS

This study proved the possibility of using blends composed of
dairy-based by-products and maltodextrin, and also whey as a sin-
gle carrier, for the successful production of sour cherry juice con-
centrate powders with a higher drying yield, when compared with
the usage of maltodextrin. Dehumidified air spray drying was pro-
posed as a novel approach to the production of powders from this
type of fruit juice concentrate that enabled the reduction of car-
rier content in the powders. At the same time, dehumidified air
spray drying provided an easier course of drying than conven-
tional spray drying as lower drying temperature reduced the risk
of stickiness. Whey, as a single carrier, differed significantly from
other variants resulting in a poorer performance in both drying
techniques, which was linked to particle size distribution, mor-
phology, and drying yield. Despite the limitations it demonstrated
highly satisfactory flowability. In the powders that were analyzed,
17 phenolics were identified and quantified: six phenolic acids,
five flavonols, and six anthocyanins. Dehumidified air spray drying
resulted in approximately 30% higher phenolic content in com-
parison with spray drying, regardless the type of carrier. The con-
tent and retention of phenolics was higher for blended carriers
with dairy by-products (whey-maltodextrin mixture being the
highest) when compared with maltodextrin. It showed that
the application of dairy-based carriers and the interactions that
occur during drying may cause an increase in the retention of bio-
active compounds of sour cherry in powdered form, resulting in
the production of powders with higher phenolic content.
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s it Possible to Produce Carrier-Free Fruit and Vegetable Powders
by Spray Drying?

Alicja Barariska* ®, Aleksandra Jedlinska 'E, Katarzyna Samborska ©

Department of Food Engineering and Process Management, Institute of Food Sciences, Warsaw University of Life Sciences (WULS-SGGW),
Nowoursynowska 159C str., 00-776 Warsaw, Poland

The application of low-temperature, dehumidified air-assisted spray drying was evaluated as a method to produce carrier-
free powders of selected sugar-rich and acid-rich food materials: blackcurrant juice concentrate, mango puree, purple carrot
juice concentrate, sauerkraut juice, kiwiberry pulp, and tomato pulp. As a consequence of decreased drying air humidity,
inlet/outlet air temperature was lowered to 80/55°C. In order to validate this new approach, the conventional spray dry-
ing was conducted as well at 180/80°C inlet/outlet air temperature. The powder recovery, physical properties and color
parameters of powders were determined. For blackcurrant juice concentrate, mango puree, purple carrot juice concentrate
and sauerkraut juice it was possible to obtain carrier-free powders only by low-temperature drying, while for kiwiberry pulp
and tomato pulp both variants of spray drying were effective. Decreased drying temperature positively influenced some
properties of powders; i.e., median particle size diameter and hygroscopicity of the powders obtained by spray drying with
dehumidified air were lower compared to those of the powders dried by conventional spray drying. Carrier-free powders
of some raw materials (blackcurrant juice concentrate, mango puree, purple carrot juice concentrate, sauerkraut juice) were

spray dried solely with dehumidified air, underlining its importance in the production of “clean label” products.

Key words: dehumidified air, powder recovery, clean label, glass transition, stickiness

INTRODUCTION

The most popular method to produce powder in single
and quick operation is spray drying. It enables obtaining pow-
ders from aqueous solutions, suspensions or emulsions by
spraying them and then evaporating the solvent from the drop-
lets using hot air at a certain temperature and pressure. The inlet
air temperature typically used in the conventional spray drying
method is 160-220°C. Recently, it was presented in some pub-
lished works, that the inlet air temperature can be lowered to
even 75°C while reducing the humidity of the drying air [Sam-
borska etal., 2020, 2021]. The reduction of air humidity increases
the driving force of water evaporation and makes it possible
to remove water at lower temperature. Such modification

increases the opportunities of spray drying application for some
materials of special requirements, i.e., sugar-rich and acid-rich
materials, including fruit juices/concentrates/pulps or honey,
characterized by low glass transition temperature (7,) [Muzaf-
far et al, 2015]. The problem of drying sugar-rich materials
is explained by the concept of T,. According to this theory:
1) the product shows the greatest stability at 7, and below
it, 2) there is a reduction in the stability of the food above T;
the stability decreases with the increasing temperature dif-
ference between the temperature reached by the material
during drying and its T, [Champion et al,, 2000]. At the same
time, the material in the glass amorphous state can easily
change into a rubbery amorphous state, when temperature
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increases over the material’s ;. The rubbery amorphous state
is unacceptable in spray drying — rubber sticks to the drying
chamber, reduces the efficiency of the process, or even makes it
impossible to obtain free-flowing powder [Bararska et al,, 2021;
Truong et al., 2005]. It is impossible to obtain the powder at
the outlet temperature 20°C higher than T, of the dried material
[Shrestha et al, 20071, which is why it is crucial to apply dehu-
midified air to reduce drying temperature. Carriers'addition can
be considered as a drawback of spray drying, the application
of dehumidified air affords the possibility to reduce the car-
rier content, which is added to increase material T,. Typically,
the powder obtained by conventional spray drying contains
about 50% of carriers in solids, while dehumidified air applica-
tion and low-temperature spray drying enables decreasing
the carrier content even down to 10-25% [Baranska et al.,, 2021;
Samborska et al.,, 2020, 2022]. Thus, the powder obtained by
low-temperature spray drying with dehumidified air can be
classified as “more natural’, similar in chemical composition
to raw material. In our previous study, white mulberry molas-
ses was spray dried using dehumidified air to lower drying
temperature and successfully obtain a product with a carrier
(nutriose) content reduced to 10% [Samborska et al., 2022].
In addition, buckwheat honey powder was produced using
the same technique with a low content (25%) of the carrier
(skim milk powder or maltodextrin) [Bararnska et al., 2021]. So
far, few studies have been published on spray drying of carrier-
-free powders including carrier-free powders from kiwiberry
fruit pulp, durian pulp, tomato pulp, mango pulp and jugara
pulp [Chin et al,, 2008; Goula et al., 2004; Jedlinska et al., 2022;
Pereira et al., 2020; Zotarelli et al.,, 2017]. Nowadays, consum-
ers have greater nutritional knowledge and are looking for
products with a short list of ingredients, without the additives
[Asiolietal, 2017]. Despite the interest in producing “clean label”
products, very few materials were taken into consideration
while producing carrier-free powders. Thus, in this context, it
seems crucial to take up the challenge of producing powders
of different materials with no additional carriers, which would
have satisfactory physiochemical properties.

The aim of the present study was to investigate the possibil-
ity of producing carrier-free powders of different fruit/vegetable

juice/pulp/concentrate using dehumidified air-assisted spray
drying and determine powder recovery and selected physical
properties of the produced powders. In the case of materials for
which conventional high-temperature spray-drying was possi-
ble, the physicochemical properties of the carrier-free powders
obtained with both methods were compared.

MATERIALS AND METHODS

H  Materials

Juices and pulps were bought from the market: purple carrot
juice concentrate (Maspex, Wadowice, Poland), mango puree
(Purena, Ztoty Potok, Poland), blackcurrant juice concentrate
(Maspex, Wadowice, Poland), tomato pulp (EkoWital, Warszawa,
Poland), and sauerkraut juice (Stoneczne Pole, Kalisz, Poland).
Sauerkraut juice was concentrated to 27.2°Bx using a Rotavapor
R-124 evaporator (BUCHI, Flawil, Switzerland). Kiwiberry (mini
kiwi) pulp was prepared from the whole fruits of Weiki variety
(Poland) using an NS-621CES squeezer (Kuvings, Buk-gu, Korea).

®  Spray drying of materials

A mobile minor laboratory spray dryer (GEA, Sgborg, Denmark)
was used to obtain powders of blackcurrant juice concentrate
(BQO), mango puree (M), purple carrot juice concentrate (PC),
sauerkraut juice (S), kiwiberry pulp (KB), and tomato pulp (T).
Conventional spray drying (SD) and dehumidified air-assisted
spray drying (DASD) were carried out, and the variants of the pro-
duced powders arelisted in Table 1. Every drying was performed
in duplicate and liquid feed of 500 g was supplied each time.
The parameters of the spray drying process were as follows:
rotation speed 26,000 rpm; liquid feed speed 0.25 mL/s; inlet/
outlet temperature 180/80°C for SD, 80/55°C for DASD; humidity
of drying air during DASD <0.5 g/m?.To conduct DASD, the spray
dryer was equipped with an air dehumidification system includ-
ing a TAEevo TECH020 cooling unit (MTA, Codogno, Italy) and an
ML270 concentration-adsorption unit (MUNTERS, Kista, Sweden).
Powder recovery (R,) was calculated as the ratio of solids content
in the obtained powder to the amount of solids in the liquid
feed. Powders were put into PET/PE sealed bags and stored at
a temperature of 4°C in the dark until analyzed. Analyses were
done 24 h after each drying.

Table 1. Variants of powders produced using conventional spray drying (SD) and dehumidified air-assisted spray drying (DASD).

Blackcurrant juice concentrate BC/DASD
Mango puree M/DASD
Purple carrot juice concentrate PC/DASD
Sauerkraut juice S/DASD
Kiwiberry pulp KB/DASD
Kiwiberry pulp KB/SD

Tomato pulp T/DASD

Tomato pulp T/SD

DASD 80/55°C
DASD 80/55°C
DASD 80/55°C
DASD 80/55°C
DASD 80/55°C
SD 180/80°C
DASD 80/55°C
SD 180/80°C
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= Particle morphology analysis

Particle morphology of the powders was analyzed using an XL
Phenom World scanning electron microscope (SEM) (Thermo
Fisher Scientific, Waltham, MA, USA) at 1,000x magnification
(voltage 5 kV). Samples were prepared by placing a smallamount
of powder on the double sticky tape, removing the excess
of the powder with compressed air, and sputtering the surface
with a layer of gold by an Cressington 108auto automatic coater
(EO Elektronen-Optik-Service GmbH, Dortmund, Germany).

= Particle size determination

Powder particle size was determined with the laser light diffrac-
tion method conducted using a CILAS 1190 apparatus (Cilas,
Orléans, France). The powder was suspended in ethanol at 10%
obscuration. The results were presented as particle size distri-
bution and cumulative particle size distribution curves, and as
a median diameter (D) derived by Size Expert software (Cilas).

= Moisture content and water activity measurement
Moisture content (MC) was determined using the oven method,
where 1 g of powder was dried at 104°C for 4 h [Janiszewska,
2014]. Water activity (a,) was analyzed by means of a Hygro
Lab1 apparatus (Rotronic, Bassersdorf, Switzerland) at 25+1°C.

= Hygroscopicity analysis

The aliquot of 1 g of each powder was incubated at 25°C
and 75% relative humidity (over saturated NaCl solution) for
168 h. The hygroscopicity (H) was calculated as the amount
of water absorbed per 100 g of powder solids and expressed
in percentage [Samborska et al., 2020].

= Bulk density and flowability analysis

Acylinder (25 mL) was filled with powder and weighed to deter-
mine loose bulk density (D,). Tapped density (Dy) was determined
after 100 taps by using a STAV 2003 automatic volumeter (En-
gelsmann AG, Ludwigshafen am Rhein, Germany). The Hausner
ratio (HR) calculated according to Equation (1) was employed
to express flowability [Barariska et al.,, 2021].

HR = D,/Dr M

= Water solubility index determination

Water solubility index (WSI) was analyzed as described by Jafari
et al. [2017] with some minor modifications. An aliquot of 2 g
(my) of the sample (of known solids content, DB) was suspended
in 30 mL of distilled water at ambient temperature in a centrifuge
tube. The suspension was mixed for T min on a vortex mixer
and then placed in a water bath at 37°C for 30 min. The suspen-
sion was centrifuged for 20 min at 2,054xg at ambient tempera-
ture. Supernatant (15 mL) was placed into a Petri dish of known
weight and dried at 105°C for 24 h. The final mass of the residue
(m;)was recorded. WSl was calculated according to Equation (2):

— m]
WSl =— X100 @

TOXDB

u  Color measurement

Color of the powders was measured using a CR-5 colorimeter
(Konica-Minolta, Tokyo, Japan) in the CIELab color space. Light-
ness (L*), the contribution of red and green color (a*), and the con-
tribution of yellow and blue color (b*) were evaluated.

m  Statistical methods

The results were shown as mean values with standard deviation.
The analysis of variance (ANOVA) and Tukey test were performed
(a=0.05) to identify the significant differences between the mean
values. The Pearson correlation coefficient was determined to
examine the correlations between powder parameters. Hierarchi-
cal cluster analysis (HCA) was employed to plot a dendrogram
graph showing the similarities between the variants of spray
dried powders. The statistical analysis was conducted using
STATISTICA 13.3 software (Statsoft, Tulsa, OK, USA). All analyses
were done in triplicate.

RESULTS AND DISCUSSION

=  Powder recovery

All of the powders were successfully obtained using dehumidi-
fied air as a drying medium. Their appearance immediately after
drying is presented in Figure 1. It should be underlined that
only two powders from kiwiberry and tomato pulps could be
produced at high drying temperature without any carrier (KB/
SD, T/SD, respectively). This result corroborates the viability of de-
humidified air as a drying medium in the production of “clean
label” powders.

Powder recovery (R,) determined for all drying variants is
presented in Table 2. Laboratory and pilot scale spray drying
is deemed successful when R, exceeds 50%, while at the in-
dustrial scale its R, should be higher than 60% to consider it as
satisfactory [Bhandarietal, 1997;Wang et al,, 2011]. Accordingly,
the R, of PC/DASD and BC/DASD can be classified as accept-
able. However, the fact that other carrier-free powders could
be produced even at low R,, is an important progress in spray
drying development of difficult sugar-rich materials. Only few
studies have been published so far on spray drying of carrier-free
powders. In our previous research, significantly higher R, was
determined for dried kiwiberry pulp, ranging from 75% to 93%
[Jedlinska, et al, 2022]; however, it should be underlined that
kiwiberry pulps were dried at different temperatures in both
studies. Pereira et al. [2020] reported R, of 66% of jucara pulp
powder spray dried without a carrier. It should be emphasized
that these authors determined the highest values for the pow-
ders produced with the highest carrier content (35%). In this
research, a highly acceptable result (60.9%) was noted for purple
carrot juice concentrate powder (PC/DASD) with no additional
carrier,as a result of decreased drying temperature and stickiness,
possibly due to the application of dehumidified air. Dehumidi-
fied air-assisted spray drying has also been recently applied for
honey [Matwijczuk et al., 2022] and sour cherry juice concentrate
[Baraniska et al, 2023]. For this type of materials, it also showed
significantimprovement in carrier content reduction (from 50%
to 30% solids) but not its complete elimination.
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N A

BC/DASD

M/DASD

PC/DASD

S/DASD

Figure 1. Carrier-free powders produced by conventional high-temperature spray drying (SD) and/or with the application of dehumidified air at low temperature
(DASD) from blackcurrant juice concentrate (BC), mango puree (M), purple carrot juice concentrate (PC), sauerkraut juice (S), kiwiberry pulp (KB), and tomato
pulp (T), as well as their scanning electron microscope (SEM) microphotographs (mag. 1,000x).

Kiwiberry and tomato pulps were the only materials that
could be successfully dried also at higher temperature. It
could result from their composition — high contents of pectin
and dietary fiber that act as natural carriers [Baranowska-Wojcik
& Szwajgier, 2019; Del Valle et al,, 2006; Jedlinska et al., 2022].
Moreover, kiwiberry contains sucrose as a major sugar, which
presents higher T, (62°C than fructose (5°C) or glucose (31°C))
[Bhandarietal, 1997; Latocha, 2015]. These factors were probably

responsible for obtaining carrier-free powders of only these two
variants in the case of spray drying at high temperature. For
kiwiberry pulp, the R, of the variant spray dried with dehumidi-
fied air was significantly (p<0.05) higher than R, obtained upon
conventional drying (Table 2).

Sauerkraut juice powder (S/DASD) was the only sample
that could not be further analyzed, as it turned into rubbery
state after few minutes at ambient temperature without any
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Table 2. Powder recovery (R,), median diameter (Dso), moisture content (MC), water activity (), hygroscopicity (H), loose bulk density (D), tapped bulk density (D),
flowability (HR), and water solubility index (WSI) of carrier-free powders produced by conventional high temperature spray drying (SD) and/or with the application
of dehumidified air at low temperature (DASD).

- BC/DASD M/DASD PC/DASD S/DASD KB/DASD KB/SD T/DASD
(%)

73.746.7° 417447 60.9+1.7 31,7405 41.7+0.7° 28.1+4.5% 23.9+0.5¢ 238+1.9¢
Dso (um) 68.0+1.3? 2374139 2254239 - 29.2+4.9° 36.9+4.0° 149+2.7¢ 19.3+1.7%
MC (g/100 g) 145+1.7° 53403 13.640.3° - 6.140.5¢ 38+0.2¢ 16.0+1.4° 129413
ay 0.135£0002°  0.161+0008>  0.155+0.004° - 0.123+0004%  0098+0003°  0.196+0.002°  0.074+0.002'
H (%) 35.9404° 27.3+049 337403¢ - 25.1406' 26.140.9° 36.340.5 37.9+0.2°
D (g/mL) 0.62+0.01° 0.61+0.03? 0.52+0.01° - 042+001¢ 0.54+0,02° 0.42+001¢ 0434002
Dr(g/mL) 0.78+0.03%° 0.82+0.02? 067+0.01° - 0.64+0.03¢ 07640020 054+001¢ 063+0.02°
HR () 1.2140.04¢ 1.34+0.06" 1.3240.04 - 143+0,09 1414004 1.29+0.05% 1.47+0.06°
WSI (%) 9234332 95.5+2.1° 9244212 - 715425 69.242.9¢ 55.142.59 83.8+4.6°

The differences between values with the same letter (a—f) in rows were statistically not significant (p>0.05). BC/DASD, DASD dried blackcurrant juice concentrate; M/DASD, DASD dried
mango puree; PC/DASD, DASD dried purple carrot juice concentrate; S/DASD, DASD dried sauerkraut juice; KB/DASD, DASD dried kiwiberry pulp; KB/SD, SD dried kiwiberry pulp; T/DASD,
DASD dried tomato pulp; T/SD, SD dried tomato pulp. S/DASD powder analysis was not possible due to the caking of powder immediately after drying.

Table 3. Pearson correlation coefficients showing a strength of correlations between physiochemical parameters and color parameters of carrier-free powders
produced by conventional high temperature spray drying (SD) and/or with the application of dehumidified air at low temperature (DASD).

0.158 -0.266 -0.568 -0.344 -0.045 0.002 -0.647 0.858* -0.536 0975*
Oy 0.093 -0.193 -0.681 -0.184 -0.160 -0.110 0.293 0.042 0.083
D, 0.909% -0.581 0.699 0.671 -0311 0.065 -0.057 -0.145
Dr -0.200 0578 0.654 -0.013 -0.250 0.164 -0432
HR -0.523 -0.201 0.642 -0.525 0442 -0.347
Dsg 0334 -0.526 0.019 -0.520 0.005
WSl -0416 0358 -0.107 0.071
L* 0.900* -0.629
a* -0.595 0.854*
b* -0474

MC, moisture content; a,,, water activity; D;, loose bulk density; Dy, tapped bulk density; HR, flowability; Ds, median diameter; WS, water solubility index; L*, a*, b¥, color parameters.
Significant correlations (p<0.05) are marked with asterisk.

packaging. Such behavior of this sample was not unexpected, blackcurrant juice concentrate was more difficult to spray dry
as sauerkraut juice has a high content of organic acids of low due to its possible stickiness. However, it was not manifested
T, which poses problems with stickiness and caking [Muzaffar in low R, as it was the highest among all powders examined
etal, 2015; Satora etal., 2021]. (Table 2). A bigger particle size could as well be responsible for
this result, which in consequence enhanced cyclone recovery.
= Particle morphology and size Kiwiberry pulp and tomato pulp powders obtained at lower
SEM microphotographs of powders showing their particle drying temperature (KB/DASD and T/DASD) had less conglomer-
morphology are presented in Figure 1. Powders had spheri- ated particles than the variants produced by high-temperature
cal, scattered particles, which is typical for powders after spray spray drying (KB/SD and T/SD) (Figure 1). This again confirms
drying with no stickiness observed, or powders of low sticki- the positive impact of air dehumidification and the lowering
ness. However, some differences were noted in the morphology of drying temperature to 80/50°C (inlet/outlet) on the reduction
of the obtained carrier-free powders depending on raw material of stickiness during spray drying.
and drying approach followed. BC/DASD particles differed from Figure 2 presents particle size distribution and cumulative
the other variants — they were less spherical and formed some particle size distribution curves of powders, while the median

conglomerates with liquid bridges. It may be assumed that diameters (Dsy) are reported in Table 2. Most of the powders
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Figure 2. Particle size distribution (A) and cumulative particle size distribution (B) of carrier-free powders produced by conventional high temperature spray
drying (SD) and/or with the application of dehumidified air at low temperature (DASD) fromblackcurrant juice concentrate (BC), mango puree (M), purple carrot
juice concentrate (PC), sauerkraut juice (S), kiwiberry pulp (KB), and tomato pulp (T).

demonstrated bimodal and/or wide particle size distribution
(Figure 2). This phenomenon indicates the presence of smaller,
loose particles that can fill the spaces between bigger particles,
which could be observed as well on SEM microphotographs
(Figure 1). Blackcurrant juice concentrate powder (BC/DASD)
had the widest particle size distribution and the highest Ds
(Table 2). As mentioned earlier, this was the effect of stickiness
during drying but was surprisingly helpful to increase R, due
to enhanced cyclone efficiency. On the contrary, KB/SD had
the narrowest particle size distribution, almost no particles had
diameters below 10 um, which absence could also be observed
in SEM microphotographs.

Dspof powder particles ranged from 14.9t0 68.0 um (Table 2)
and a significant (p<0.05) positive effect of dehumidified air
application was noted for the kiwiberry pulp powders (BK/SD
vs. BK/DASD). The effect of drying method of tomato pulp (T/SD
vs. T/DASD) was not statistically significant (p<0.05). Zotarelli et al.
[2017] spray dried conventionally mango puree without any
carriers and noted Dsy of 198 um; thus, it can be concluded that
dehumidified airapplication and decrease of drying temperature
in this research affected positively the particle size of mango pu-
ree powder (M/DASD). Moreover, Jedlinska et al. [2022] described
in their study properties of carrier-free powders produced from
different varieties of kiwiberry and reported higher Ds,values
for Weiki variety powders than in the present research (111.2
and 166.8 um, respectively). The authors produced powders at
higher drying temperature (inlet 100 and 120°C); thus, the evi-
dence from this study implies that lowering drying temperature
is favorable in the case of kiwiberry pulp spray drying. Taken
together, these findings confirm the role of dehumidified air
in facilitating the course of drying.

= Moisture content, water activity and hygroscopicity
There was a significant influence of dehumidified air appli-
cation and type of material used on moisture content (MC)

of the powders (Table 2). Although MC of some powders was
relatively high (even above 15g /100 g), their a, was lower
than 0.2. This suggests that water was bounded structurally
and hence was not available for microbial growth and bio-
chemical reactions, which points to powder’s storage sta-
bility [Shi et al, 2013]. Among T and KB powders, lower MC
was noted for the variants spray dried conventionally (KB/SD
and T/SD) - the rate of heat and mass transfer increased at
higher temperature, and in consequence water evaporated
more effectively. The lowest MC was reported for kiwiberry
pulp spray dried at high temperature (KB/SD). These results
are in contrast with earlier findings of Jedlinska et al. [2022],
who spray dried carrier-free kiwiberry pulp, and reported much
higher MC ranging from 10.3 g to 14.1 g/100 g. It may be as-
sumed that the crust formed on the particles'surface as a result
of drying at higher temperatures and made it more difficult for
water to evaporate, thus the aforementioned authors obtained
higher MC values. Zotarelliet al.[2017] spray dried mango pulp
powders with no carrier and noted 1.5 g/100 g of MC, which
was lower that the MC determined in our study for the carrier-
-free mango puree powder. However, as aforementioned, this
powder variant was classified as safe and stable as its MC was
below 6 g/100 g. It seems likely that differences compared to
the mentioned literature data were due to different drying pa-
rameters, such as drying air temperature and humidity, and dif-
ferent origin of mango puree. Blackcurrant juice concentrate
powder (BC/DASD) had one of the highest MC values (Table 2),
probably due to a high content of glucose and fructose in this
raw material [St&j & Targonski, 2005]. As raw material is stickier
due to high content of low-molecular-weight sugars, the drying
rate decreases and thus the water content of the final product s
higher [Goula & Adamopoulos, 2008]. Bhandari & Hartel [2002]
reported that a high content of low-molecular-weight sugars,
such as glucose and fructose, corresponded with a higher water
content of sucrose powder.
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Hygroscopicity (H) of the produced powders was reported
in Table 2. According to the classification proposed by Dolivet et dl.
[2012], the powders in our study were extremely hygroscopic. This
could be an effect of eliminating carrier and high sugar content
of raw materials. In general, glucose and fructose have high H;
thus, powders that had majority of these sugars in their compo-
sition, presented higher H values [Bhandari et al,, 1997]. Sucrose
is @ major sugar of kiwiberries [Latocha, 2017], which could be
the main reason of the lowest H values determined for KB/SD
and KB/DASD among all the carrier-free powders. In the case
of the mango puree powder (M/DASD), H determined in our study
(Table 2) confirmed findings reported by Zotarelli et al.[2017], who
spray dried mango pulp without additional carrier and obtained
H= 26.9%. Both tomato pulp powders had the highest H values
(Table 2), which seemed to be an effect of small particle size, which
enlarged specific total surface area for moisture sorption. Finally, it
should be highlighted that dehumidified air application decreased
H values of the powders obtained using both methods (KBandT),
which is important for their storage stability.

= Bulk density and flowability
Tontul etal. [2016] analyzed tomato powders with different veg-
etable proteins as carriers and observed increasing bulk density
(Dy) with an increasing median particle size diameter. However,
such a correlation was not observed in our work dealing with
various powders of different origin, i.e., no significant (p>0.05)
Pearson’s correlation between Dspand D, correlation was noted
(Table 3). No effect of dehumidified air application on D, was ob-
served for tomato pulp powders (T/SD, T/DASD) (Table 2); how-
ever, the influence of drying temperature was noted in the case
of kiwiberry pulp powders (KB/SD, KB/DASD). The unfavorable
effect of dehumidified air application was reported, which was
not expected. Higher D, favors less free spaces between par-
ticles that are filled with air, decreasing the risk of bioactive
compounds degradation [Garcia-Segovia et al., 2021]. However,
it is likely that this unfavorable phenomenon was due to MC,
as D, decreases with higher MC [Kog et al,, 2021]. Zotarelli et al.
[2017] analyzed carrier-free mango powders and determined
D, equal to 045 g/mL; however, dehumidified air was not ap-
plied as a drying medium to lower drying temperature. In this
study, the produced mango puree powder was of higher bulk
density as a consequence of dehumidified air application, which
enhances the powder properties. Archaina et al. [2018] produced
blackcurrant juice and extract powders from processing waste at
150°C and with 40% (w/w) addition of maltodextrin as a carrier,
and reported D, of 0.39 g/mL. As before, dehumidified air in this
research enabled spray drying of blackcurrant juice concentrate
with no additional carrier to powder with higher D,. This is ben-
eficial because the costs of transportation, packaging, handling
and storage of the powders are reduced [Kog et al., 2021].
Geldart et al. [1984] classified powders based on the Hausner
ratio (HR) as of good flowability (<1.25), average flowability (1.25-1.4)
and cohesive (>14). The positive effect of decreased drying tem-
perature as a consequence of dehumidified air application on HR
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was noted for tomato pulp powders (T/SD, T/DASD) - the variant
spray dried using an innovative method had significantly (p<0.05)
better flowability (Table 2). The best flowability among all tested
powders was noted for the blackcurrant powder (BC/DASD), which,
as described earlier, had the biggest particle size (Table 2). As was
discussed, bigger particle size can imply the problematical course
of drying due to stickiness, while bigger particles can at the same
time promote powder recovery and flowability. This supports previ-
ous findings of Baranska et al. [2021, 2023] and Nishad et al. [2017],
who observed that powders with smaller particles were more
cohesive. However, the general correlation between Dy, and HR
determined for all powders was not significant (p>0.05; Table 3),
because other powders (M/DASD, PC/DASD, T/DASD) obtained by
DASD, with significantly smaller particles, had medium flowability.

H  Water solubility index

Water solubility index (WSI) is an important parameter that
describes powder's behavior in water and as a consequence,
determines the reconstitution properties of a final product [Jafari
etal, 2017]. As consumers'attention is focused on the dissolution
of powders, it is crucial to characterize this parameter. Murali et al.
[2015] spray dried purple carrot juice at 150-225°C with tapioca
starch, gum Arabic and maltodextrin as carriers, and determined
WSI values varying from 11.1 to 98.9%. Archaina et al. [2018]
produced blackcurrant powder using spray drying at 150°C with
40% (w/w) content of maltodextrin as a carrier and reported its
94.2% solubility. Zotarelli et al. [2022] evaluated the solubility
of mango pulp powders obtained at 150°C with and without
maltodextrin as a carrier. They determined 77.2 and 78.6% solu-
bility and no significant difference between the powders with
and without a carrier. In the present research, similar or higher
solubility was obtained for comparable raw materials at sig-
nificantly lower drying temperature with no additional carrier
(Table 2). This finding underlines the importance of dehumidified
air application in designing “clean label"powders of high quality
and satisfactory reconstitution properties. Moreover, the influ-
ence of the applied drying method was reported as well, but
only fortomato powders. The variant produced at higher drying
temperature had better solubility (T/SD), presumably due to MC
of the analyzed samples. Lower MC of the variant spray dried at
higher drying temperature (T/SD) facilitated the solubilization.
A similar relationship was reported by Goula & Adamopoulos
[2005], who produced tomato pulp powders as well.

The effect of the type of raw material used on WSl values was
noted in the study (Table 2). According to Zotarelli et al. [2022],
the presence of insoluble fiber plays an essential role in solubility
of the final powder. It was confirmed by the present study results
— materials that were initially in form of pulps (T and KB) had
significantly (p<0.05) lower WSI values than juice concentrates
(BC and PC) and clear mango puree (M).

= Color parameters
The results of measurements of color parameters of the carrier-
-free powders produced are presented in Figure 3. In general,
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Figure 3. Color parameters (L*, a*, b*) of carrier-free powders produced by conventional high temperature spray drying (SD) and/or with the application
of dehumidified air at low temperature (DASD) from blackcurrant juice concentrate (BC), mango puree (M), purple carrot juice concentrate (PC), sauerkraut
juice (S), kiwiberry pulp (KB), and tomato pulp (T). The differences between mean values marked with the same letter (a—f) for each parameter separately were

statistically not significant (p>0.05).

the values differed significantly between powders because
of the differences in raw materials; however, attention should
be focused more on the differences between the powders
made of the same materials obtained using both spray dry-
ing methods. There was no statistically significant (p>0.05)
difference in [* parameter values between KB/SD and KB/
DASD. However, the difference (p<0.05) was noted for tomato
pulp powders (T/SD, T/DASD). In contrast to findings from our
earlier study with sour cherry juice concentrate [Barariska et al.,
2023], tomato pulp powder obtained by DASD was darker than
the powder produced at high drying temperature. The val-
ues of a* parameter, which describes the contribution of red
and green in the sample color, differed significantly (p<0.05)
between KB/SD and KB/DASD. The favorable effect of de-
creased drying temperature was noted, as the contribution
of green colorin the DASD sample was stronger. Thus, it can be
concluded that chlorophylls, which are responsible for green
color of kiwiberry berries [Lawes, 1989], were better preserved
in the powder produced at low drying temperature, as they are
susceptible to high temperature. The differences in the values
of b* parameter, that describes yellow hues in samples, were
not significant (p>0.05) for the variants spray dried using both
methods; thus, the effect of lowering drying temperature on
b* parameter was not observed.

= Hierarchical cluster analysis

HCA analysis enables presenting results in the form of a den-
drogram that shows the hierarchy, organization and similarity
of tested variants [Granato et al,, 2018; Senior et al,, 2012]. The den-
drogram displays the horizontal axis representing the distance,
thus the similarity between clusters. Four clusters were formed:
first cluster of PC/DASD and BC/DASD, second cluster with single

M/DASD, third with KB/DASD and KB/SD, and fourth cluster
with T/DASD and T/SD (Figure 4). The strongest similarity was
observed for the variants in cluster 3, as the distance was only 8.
The effect of the type of raw material used was more evident
than that of the drying method applied, as the distance between
variants spray dried using both methods were small, indicating
strong similarities.

CONCLUSIONS

Food products with a short list of ingredients have spurred
a growing interestamong consumers whose awareness on food
formulation has substantially increased over the past decade.
Dehumidified air application to produce powders by spray drying
enables not only decreasing carrier content, but also eliminating
it entirely in some types of raw materials. This study has inves-
tigated the possibility of producing carrier-free powders from
sauerkraut juice, purple carrot juice concentrate, mango puree,
blackcurrant juice concentrate, kiwiberry pulp, and tomato pulp
using high temperature — conventional spray drying and low
temperature —dehumidified air-assisted spray drying. Decreasing
drying temperature as a consequence of low drying air humidity
was the only possible solution to produce carrier-free powders
of sauerkraut juice, purple carrot juice concentrate, mango pu-
ree, and blackcurrant juice concentrate. Moreover, considering
process performance, the satisfactory powder recovery (over
60%) was noted in the case of two variants: purple carrot juice
concentrate and blackcurrant juice concentrate. For kiwiberry
and tomato pulps that were spray dried using both methods,
some of the physiochemical properties were enhanced when
the dehumidified air was applied. Median particle size diameter,
that indicates the ease of the course of drying, was favorably
smaller, hygroscopicity was reported to decrease and flowability
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Figure. 4. Dendrogram plot derived from hierarchical cluster analysis (HCA) for physiochemical and color parameters of carrier-free powders produced by
conventional high temperature spray drying (SD) and/or with the application of dehumidified air at low temperature (DASD) from blackcurrant juice concentrate
(BC), mango puree (M), purple carrot juice concentrate (PC), sauerkraut juice (S), kiwiberry pulp (KB), and tomato pulp (T).

was improved when the inlet drying temperature was lower
(flowability only for tomato pulp powders). Taken together,
the differences between the variants spray dried with both
methods were minor; however, selected properties of the pow-
ders produced using dehumidified air were more beneficial than
these of the powders dried conventionally.

This research provided results demonstrating that lower-
ing drying air humidity is a vital factor in designing powders
of carrier-free juice/concentrate/pulp. Dehumidified air applica-
tion enables lowering drying temperature, which consequently
decreases the risk of stickiness and problems during drying,
allowing the successful production of powders. The approach
presented in this study has the potential to be applied in the for-
mulation and production of clean label powders, meeting ex-
pectations of modern consumers.
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