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Abstract

The main goal of this research was to develop a mathematical model for a co-current spray drying-
assisted encapsulation of natural extracts from grape pomace and citrus fruit peels, aiming to predict
both structural features and the retention of their bioactive constituents. Model validation was
performed using a laboratory scale spray dryer, analyzing the product in terms of moisture content,
solids and total phenolic compounds recovery yields. The comparison between experimental and
simulated results revealed that the model properly described the system. A slight effect of air inlet
temperature was observed on the phenolic content of produced particles. For this reason, a novel
kinetic law, which allows predicting the degradation of phenols was proposed and validated. These
results highlighted the potential of spray-drying technology to efficiently encapsulate high-added
value compounds with good preservation of their bioactive compounds, offering the possibility to

decrease food waste issues while improving industry economical benefits.

Keywords: spray-drying, mathematical modeling, natural extracts, antioxidants, bioeconomy.
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1. Introduction

Residues of agri-food industries, being considered as “one among the most generated bio-wastes
around the globe” (Dahiya et al., 2018), have long been the subject of studies to minimize and prevent
the negative impact on either economics or environment associated with their disposal (Kaderides &
Goula, 2019; Pataro et al., 2017; Sepelevs et al., 2020). Currently, the majority of this biomass does
not find full exploitation, since it is utilized as a low added value animal feed/fertilizer or directly
burned to produce bioenergy (Aliakbarian et al., 2015; Galanakis et al., 2012, 2015).

On the other hand, agri-food wastes offer the possibility to create new opportunities and markets since
these substrates are of particular interest for food, pharmaceutical, and cosmetic industries especially
due to their capability to retain large amounts of “natural” high-added-value reusable materials
(Chandrasekaran, 2013). In particular, wastes deriving from fruit and vegetable industrial processing,
which account for about 50% by weight all around the world (Galanakis, 2015), represent a rich
source of highly antioxidant species like polyphenols, generally recovered by means of a solid-liquid
extraction step (Frontuto et al., 2019; Oliveira et al., 2018; Zanoni et al., 2020; Waterhouse et al.,
2017). Such compounds are a heterogeneous group of secondary plant metabolites having different
molecular structures, among which non-flavonoid phenolic acids, non-flavonoid stilbenes,
anthocyanins, flavonols, flavanols, tannins, flavones, and flavanones (Spigno et al., 2014).
Polyphenols are characterized by remarkable health-promoting properties with strong
immunomodulatory, antimicrobial, and anti-inflammatory actions (Aliakbarian et al., 2015; Archaina
et al., 2017; Zhang et al., 2020), which enable their potential integration in the formulation of food
products as radical scavengers or as protective agents against cancer or cardiovascular diseases
(Chasekioglou et al., 2017; Goula & Lazarides, 2015; Frontuto et al., 2019).

Nevertheless, these bioactive compounds are easily prone to degradation phenomena, being sensitive
to multiple environmental factors such as temperature, pH, moisture, light, and oxygen, which greatly

limit their range of application at the industrial scale (Toledo-Madrid et al., 2019; Zhang et al., 2020).
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Therefore, in order to improve the stability of phenolic compounds and, hence, preserve their health
benefits when utilized as food ingredients, an encapsulation step is strictly required (Kaderides &
Goula, 2019; Utpott et al., 2020).

In particular, spray-drying technology has been widely applied for microencapsulation purposes due
to its easy scalability, flexibility, low processing costs, and capability to produce low water-content
particles, thus enhancing their microbiological stability with increased shelf life, as well as ensuring
a controlled release of entrapped bioactives (Ding et al., 2020; Gharsallaoui et al., 2007; Toledo-
Madrid et al., 2019). Within this frame, several previous authors have reported the successful
encapsulation of phenolic compounds extracted from food wastes as assisted by the spray-drying
technique (Aliakbarian et al., 2015; Jurmanovic et al., 2019; Osorio-Arias et al., 2020; Permal et al.,
2020a, b; Sormoli & Langrish, 2016; Waterhouse et al., 2017; Zanoni et al., 2020). Moreover, spray-
drying encapsulation could be also applied to increase the thermal stability of natural extracts to be
included in bioplastic film before extrusion (Bassani et al., 2019).

The microencapsulation process via spray-drying is essentially based on three consecutive operations,
carried out onto a fluid feed where either bioactives or coating material are dispersed, namely the
preparation, homogenization, and atomization in the drying chamber. In particular, the latter step is
necessary to increase the water transfer from the feed to the drying medium (e.g. pressurized hot air)
and to produce spherical particles with the desired distribution of sizes. However, the control of end
product features, including either morphological (e.g. shape, size, density, porosity) or quantitative
(e.g. recovery yield of mass/bioactives, extent of degradation, encapsulation efficiency, humidity)
aspects, could be achieved by employing predictive models optimizing the main processing
parameters, among which the inlet/outlet drying gas temperature and the nature/concentration of
coating material in the feed formulation (Cotabarren et al., 2018; Lisboa et al., 2018; Schmitz-Schug
et al., 2016). Additionally, the synergy between both considered parameters is of utmost importance
to ensure stability/integrity of encapsulated compounds, with no or negligible loss of their

functionality (Georgetti et al., 2008; Langrish, 2009).
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To the best of our knowledge, despite several authors have previously adopted mathematical tools
(e.g. computational fluid dynamics (CFD), multiple regression analysis, response surface
methodology (RSM)) to predict the behavior of samples during a spray-drying process (Cotabarren
et al., 2018; Sormoli & Langrish, 2017; Wang & Langrish, 2009; Zbicinski, 2017), only few works
were devoted to study the degradation kinetics of antioxidant compounds, such as lycopene or vitamin
C, as affected by the operating variables (Goula & Adamopoulos, 2005, 2006; Langrish, 2009).

For the reasons explained above, the main objective of this work was to develop and validate a
suitable model of co-current spray-drying for natural extract encapsulation with particular reference
to grape skins and citrus fruit peels, being selected based on their high content in antioxidant
polyphenols (Bassani et al., 2019; Spigno et al., 2007).

Firstly, experimental data were collected using a laboratory-scale spray-drier by testing the effect of
different combinations of drying gas inlet temperature and molar ratio of coating material/natural
extract on the properties of obtained powder. Subsequently, a mathematical model including mass,
energy, and momentum balances, as well as a correlation for the distribution of particle size and
phenolics degradation kinetics, was implemented and applied to simulate the previous runs. Finally,

the model simulation and the experimental results were compared.

2. Materials and Methods

2.1. Raw materials and chemicals

In this work, two different natural extracts were used and obtained, respectively, from grape skins of
“Barbera” variety, which were gently provided by a winery located in the Piedmont region, and from
citrus fruit peels, purchased in a ready-to-use powdered form by the “Evesa S.A.” company (Cadiz,
Spain). For this reason, only grape skins were subjected to a solid-liquid extraction (SLE) step in
order to provide an extract to be furtherly used for spray-drying tests. To this purpose, the SLE step

was carried out by mixing the grape skins with aqueous ethanol (60%, v/v) at a solid-to-liquid ratio
5
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of 1:8 (g/mL), and the obtained mixture was then stirred at 3500 rpm (mixer Silverson, L5M,
producer) for 1 h at 60 °C (Amendola et al., 2010). Afterward, the solids were separated from the
liquid by centrifugation (Thermo Scientific SL 16 R) at 2000 g for 15 minutes at room temperature,
and the latter was concentrated twice under vacuum at 40 °C with a B-114 rotary evaporator (BUCHI
Labortechnik AG, Flawil, Switzerland) and stored under refrigerated conditions until its use.

Gallic acid and sodium carbonate were purchased from Fluka (Milan, Italy); ethanol and Folin-
Ciocalteau reagent were supplied by VWR Chemicals (Milan, Italy), while maltodextrins (Glucidex
IT 12 DE (dextrose equivalent)) and B-cyclodextrins (KLEPTOSE) were obtained from Roquette

Italia s.p.a. (Alessandria, Italy).

2.2. Spray-drying process

Experimental trials for the encapsulation of natural extracts were executed employing a laboratory-
scale spray dryer (Biichi Mini Spray Dryer B-290, Switzerland), equipped with an atomization
cylinder (0.48 m in height, 0.16 m in diameter). The liquid feed was sent to the drying system via a
peristaltic pump (model, producer) working at a constant flow rate of 4 mL/min. Compressed air at
38.5 m*/h was used to co-currently disperse the liquid in fine droplets through a 0.7 mm nozzle to be
subsequently dried in the atomization cylinder. For each test, the aspiration rate was set at 100%, with
the obtained powder being collected into a cyclone separator and stored for further analyses.

One disadvantage of this laboratory spray dryer is related to the angle of exit of the particles from the
nozzle (assumed to be equal to 55°). Indeed, during the process, some particles end up against the
wall of the atomization cylinder, thus leading to a reduction of the global mass yield of the process,

defined according to Eq. (1):

m
Recovery yield (%) = —— €Y
Mth,feed
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where mp is the mass of recovered powder on dry matter (in g) and m, req 1s the theoretical amount

of solids present in the feed (in g).
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Figure 1. Biichi Mini Spray Dryer B-290 (a) and schematic representation of the spray dryer

(Cotabarren et al., 2018) with the related dimensions of interest (b)

During the experimental campaign, maltodextrin (MD) was used as a carrier for extracts from grape
skins.

As for the case of grape skins extracts, a first set of experiments was performed at variable drying air
inlet temperature (T = 120, 150, and 180°C) and at constant molar ratio (dextrose equivalent/ gallic
acid equivalent = DE/GAE) of 2.5 molpr/molcak. Instead, only at 120°C and at 150°C, experiments
were also carried out by varying the molar ratio within the range 0.3 — 2.54 molpg/molcakg, obtained
by mixing the extracts with different amounts of maltodextrins.

In addition, in the framework of the European project Newpack, drying tests on citrus fruit peel

extracts, with cyclodextrin (CD) as carrier, were carried out at constant processing conditions, which
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were set at 120°C of air inlet temperature and at a constant cyclodextrins/extract ratio of 0.75 (w/w).
Briefly one of the aims of Newpack project was to evaluate the potential incorporation of
encapsulated (with CD) citrus natural extracts into PLA/PHB films. Cyclodextrin was selected for
both a higher physical and/or chemical stability (Marques, 2010) and a lower antimicrobial activity if
compared to maltodextrin (Velazquez-Martinez et al., 2021). Indeed, cyclodextrin could not support
microbial growth, while maltodextrins could, with the risk of reducing the antimicrobial activity of
the extract. Therefore, the data of CD-citrus extract were used just to further validate the model

developed starting from grape skin extracts.

2.3. Spray-drying modeling
In this section, the model equations and the assumptions made are shown. In particular, only the main
parameters and equations are presented, with the latter being properly modified, while the clear and
in-deep description of the whole set of equations is given by Sormoli and Langrish (2016) and Truong
et al. (2005). The equations have been implemented in Microsoft Visual Studio C++ 2019 and the
numerical routines for the solution of the ordinary differential equations (ODE) system have been

taken in the BzzMath library (Buzzi-Ferraris and Manenti, 2015).

2.3.1. Momentum balance
The droplet velocity is described by Egs. (2) and (3), which take into account both the axial (vyx) and
radial (vpr) trajectory, respectively. Moreover, due to the mechanical characteristic of the spray dryer,

the tangential component of the velocity vector was neglected.

3

(1 _ ,D_a) _ 1 PaCqVr (vpx - vax)
dVpyx _ Pp I Ppdp )
dh Vpx
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3
dvy, ! PaCaVr (vpx - vax)

dh Ppdp Vpy

(3)

where / is the axial distance from the atomizer (in m), pa and pp are the densities of air and particle,
respectively (in kg/m?), g is the gravity acceleration (in m/s?), Cy is the drag coefficient (-), v, is the
relative velocity between the droplet and the air (in m/s), v is the component of air velocity along

the x-direction, and d, is the droplet diameter (in m).

2.3.2. Mass balance
The unsteady-state mass balances for both the single droplet and the total water removed during

drying are reported in Eqgs. (4) and (5), respectively:

dmp - _ EAp Kp(pvs - pvb) (4)
dh Vpx

dm,,
dY, z (_ W) Naroplets
— 2 _ 5
dh droplets G ( )

where m,, is the mass of the particle or droplet (in kg), & is the relative drying rate, evaluated as reported

by Truong et al (2005), A4, is the droplet surface area (in m?), K}, is the mass transfer coefficient (in
kg/(m -s -Pa)), pvs is the partial pressure of water vapor at the droplet surface (in Pa), p.» is the partial
pressure of water vapor in the bulk air (in Pa), ¥} is the bulk gas humidity on dry basis (in kgyapor’kg

dryair), G is the mass flow rate of the dry air (in kg/s), and nropiess is the flow rate of droplets (in s™).

2.3.3. Heat balance
The unsteady-state heat balances for the single droplet and the bulk air are reported in Egs. (6) and

(7), respectively:
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dTp B Ay H(Tg - Tp) + (_ d_hp) (AHvap. + Qstn) ©

dh My Cpmix Vpx

dH, 1 drT, UA(T; — T,out) >
g P g out
— == E My Cp iy ——N - 7
dh G< droplets p“pmix dh droplets Hspray ( )

where 7, and T, are the particle and gas temperatures (in K), respectively, H is the heat transfer
coefficient for convection (in W/(m? - K)), evaluated using the equations reported by Troung et al.
(2005), AH,qp. is the latent heat of water vaporization (in J/kg) (Green & Perry, 2008), gsm is the
average net isosteric heat of sorption, considered equal to 70500.0 J/kg as reported by Sormoli and
Langrish (2016), C,, mix s the specific heat capacity of the droplet (= 4187 J/(kg - K)), being a mixture
of water, natural extract, and carrier agent, 75, 1s the ambient temperature (= 20°C), Hpray 1s the height
of the spray drier (in m), and U4 is the overall heat transfer coefficient multiplied by the surface area
of the spray dryer (in W/K), evaluated by following the procedure provided by Hanus and Langrish

(2007).

2.3.4. Sorption isotherms

In order to estimate the relative drying rate (&), an evaluation of the equilibrium moisture content of
the solid must be performed. In particular, such a parameter is a function of the relative humidity of
the gas, the temperature of the gas, and the nature of the solid and the liquid. The variation of the
equilibrium moisture content with relative humidity at a constant temperature is called sorption
isotherm. To this purpose, the equation proposed by Sormoli and Langrish (2016) was utilized (Eq.
8):

_ Xmcky
T (1 —-kY)(A = ky + cky)

Xeq (8)

10



203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

where X, is the equilibrium moisture content on a dry basis (in kgvapor/kg dary sotids), ¥'is the relative
humidity of the gas, X, is an empirical constant equal to 0.087, while ¢ and k are empirical variables

that were evaluated as a function of temperature according to Egs. (9) and (10):

AH,

c = ¢y exp (_RT ) 9
AH,

k = ko exp (ﬁ) (10)

where ¢y and ko are equal to 0.4 and 0.8, respectively, while AH; and AH» are equal to 8258.0 and

730.0 respectively (in J/mol).

2.3.5. Kinetic law for the degradation of polyphenols

As already mentioned, one of the main aims of this study was to investigate and evaluate the reduction
in phenolic content of natural extracts that can occur after the encapsulation through the spray dryer,
both at the experimental and modeling level. For this purpose, a first-order kinetic law for polyphenols
degradation was included in the model (Eq. 11):

Tphe = Ag €XP <—ap> C (11
h 0 T h
pne R Y pne

where rpye 1s the phenolics degradation rate (in mggagr/s), 4o is the pre-exponential Arrhenius factor
(in kg/s), Eqp 1s the activation energy of the reaction (J/mol), Cpre is the concentration of the
polyphenols (in mgcar/kgam). This leads to the following differential equation, that allows to evaluate
the polyphenols degradation at different distance from the atomizer (Eq. 12):

out in out
dehe _ (Fdry phe — Fdrprhe - rphe)

dh VpxMary

(12)

11
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Where Fuyis the dry flow rate of the particle (in kg/s), mar 1s the total treaded dry mass (in kg), while
in and out superscripts stand for inlet and outlet. It is important to underline that, given the innovative
nature of this kinetic law (Eq. 11), the involved parameters (i.e., 49 and E) have to be evaluated
using experimental data through non-linear regression numerical routines of Bzz-Math Library

(Buzzi-Ferraris and Manenti, 2010).

2.3.6. Estimation of particle size distribution

In this study, the size of the droplets is assumed to follow a log-normal distribution. Thus, in order to
define the mean value to be included into log-normal distribution, the equation reported by Green and
Perry (2008) was chosen for predicting the median of the droplet size distribution (dso) for sprays

from two-fluid nozzles (Eq. 13):

m,

—0.325(

0.55 13
m,U, + maUa) (13)

dso = K; pq

where K;is an empirical value equal to 0.008, i, and ni, are the liquid feed rate and the atomization
gas rate (in kg/s), respectively, while U and U, are the liquid velocity and the atomization gas
velocity (in m/s) respectively. Knowing dso, it is possible to evaluate the mean value of log-normal

distribution.

2.4. Analyses

2.4.1. Total phenolic compounds

All the extracts and powders obtained from spray-drying tests were subjected to TPC measurements
adopting the Folin-Ciocalteau method, as previously reported by Amendola et al. (2010). For the

analysis, 25 mL of water, 0.5 mL of extract or diluted powder sample, 2.5 mL of undiluted Folin-

12



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

Ciocalteau reagent, and 5 mL of sodium carbonate (20%, v/v in water) were mixed, brought to 50
mL, and allowed to stand for 30 min at 40°C. A mixture of water and reagents was used as a blank.
The absorbance of the reacting mixture was then spectrophotometrically measured at 750 nm.

Gallic acid, previously dissolved in aqueous ethanol, was used to generate a five-point standard
calibration curve in a concentration range of 0.1-1.0 mg/L, and the results were expressed as mg of
gallic acid equivalent (GAE) per L of extract (mgcar/L) or per g of dry weight powder (mgcare/gpwe).
However, in order to estimate the effect of drying temperature and carrier/extract molar ratio on the
amount of obtained phenolic compounds from the spray-drying process, a recovery yield was
calculated as follows (Eq. 14):

TPCsr

TPC %) =
recovery (%) ThC,,

(14)

where TPC,,- represents the amount of phenolic compounds detected in the collected powder by
spectrophotometrical measurements, while TPCy,. stands for the theoretical amount of polyphenols
present in the collected powder. The latter parameter was calculated by considering the volume of
extract subjected to spray-drying (in mL), the concentration of phenolics in the extract (in mggar/L),

and the mass recovery yield previously defined through the Eq. (1).

2.4.2. Moisture content (MC)

Approximately 5 g of the powder collected from the spray-drying process of extracts from grape skins
or citrus fruit peels were placed into a pre-weighed ceramic crucible and dried in an oven (model,
producer) at 105°C until constant mass was achieved. MC was gravimetrically determined by
weighing the samples before and after drying on an analytical balance. The moisture content,

expressed as g of water/100g of powder (%), was calculated as follows (Eq. 15):

13
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Mpi=g— M
MC(%)= P,t=0 DP

(15)

Mp =g

where mp, ;=0 1s the mass of powder before drying (in g), while mppis the mass of powder immediately

after drying (in g).

2.5. Statistical analysis

All experiments and analyses were executed in triplicate, with the obtained results all reported as
mean + standard deviation (SD). ANOVA test was carried out in order to evaluate the influence of
specific process variables on measured parameters. In case of significant influence, assessed at a 99
% confidence level, variance homogeneity was checked and Tukey’s post-hoc test was applied for
means discrimination (p < 0.01), together with the calculation of the F-value. The statistical analysis

was performed using the IBM SPSS Statistics 19 software (SPSS Inc, Chicago, USA).

3. Results and Discussion

3.1. Modeling of spray-drying process for Barbera extracts

Barbera extract was initially analyzed in order to characterize the inlet feed, so as to properly evaluate
the ratio DE/GAE previously defined. In particular, the dry matter has been measured in a stove at
105 £ 2 °C to constant weight and was equal to 72.45 + 0.25 g/L, while extract density value,
measured with Gibertini densimeter at 20°C, was 0.98 = 0.09 g/mL. The total polyphenol content,

evaluated with Folin-Ciocalteau assay, was equal to 14.61 £ 0.65 mggar/L.

Once the extracts were characterized, the first step was to validate the proposed model based on the
experimental data collected and reported in Table 1. A validation, with a similar procedure, was

already reported in our previous work (Bassani et al., 2020). However, the model was improved with

14



288  particular reference to the sorption isotherm (see paragraph 2.3.4), and the related assessment of
289  equilibrium moisture content of the encapsulated particles. Before running the simulation, a statistical
290  analysis of the experimental data obtained was carried out in order both to verify the consistency of

291  the data collected and to make some preliminary considerations.
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Results show that, regardless of the considered air inlet temperature (120 — 180 °C) and feed
composition (0.28 — 2.53 DE/GAE), no statistical differences could be detected among process
recovery yield values (p > 0.01). On the other hand, the outlet moisture contents seem to be
statistically different among them (p < 0.01) both with respect to different temperatures and initial
composition.

Then, a first simulation of the model was carried and the results obtained are reported in Table 1. It
is worth underlining that the coefficient related to the heat transfer (UA4) was estimated to 6.485 W/K
by following the procedure reported by Hanus and Langrish (2007). A good agreement between
experimental and simulated data can be highlighted, as also reported by scatter diagrams of Figure 1,
especially regarding the outlet air temperature. However, it is interesting to point out that the recovery
yield is not influenced by temperature or components ratio (Figure 1a). At the same time, there are

some discrepancies between experimental and simulated values in the case of outlet moisture content

(Figure Ic).
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Figure 2. Scatter diagrams of recovery yields (a), outlet air temperature (b), and outlet moisture

content (c, d) of obtained powders.
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However, the model reflects the expected behavior of the spray dryer. Indeed, at the same temperature
with different DE/GAE ratios, the simulated data show very similar trends to those obtained
experimentally, where there is a higher final moisture content of particles when decreasing the amount
of coating agent added to feed formulation. On the other hand, an expected behavior, predicted by
the model, is that the final humidity of the particles has to decrease at higher inlet temperatures.
However, the experimental outlet moisture contents of particles obtained at constant DE/GAE/ratio
are not statistically different (p > 0.01). This could be explained by considering that the parameters
related to the sorption isotherm and the relative drying rate were evaluated based on similar, but not
equal, operating conditions. Thus, a difference between experimental and simulated data at constant
temperature could be expected where, as mentioned, the model is capable to reflect the trend, but not
the correct values. Secondly, the discrepancy might have been caused by the hygroscopic behavior
of the encapsulated extract. Indeed, despite the precautions adopted during the experimental
campaign, the encapsulated extract could have absorbed water vapor when put in contact with room
humid air before being subjected to humidity measurements. This can explain why similar outlet
moisture contents were measured at a constant DE/GAE ratio, even though the model does not foresee
it. Despite this aspect must be studied in-deep for future applications, it is possible to verify what was
previously affirmed. For this purpose, the potential absorption of water by the final particles is
dependent on three main factors, namely their composition, outlet temperature, and the humidity of
the air in the external environment. Therefore, assuming this last factor as negligible (i.e., considering

constant air humidity in the room lab during the experimental campaign), it is possible to evaluate

) l
the fraction of water absorbed xﬁ’,‘fer

by powders, as reported in Eq. (16):

l
xv?/;tir = (axpi + bxgih) (T — Toue) (16)

where x3%f and xCU¢ are the outlet mass fraction of maltodextrins and natural extracts, respectively,

while a and b are two constants. Therefore, the new moisture content of the particle, which considers

also the hygroscopic effect, is calculated as follows (Eq. 17):
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plus out,model out,model
water + xwater + xsolid

new _
Xwater =

(17)

Therefore, it is possible to affirm that hygroscopicity has affected the experimental results if, after
evaluation of a and b parameters using non-linear regression routines in the BzzMath library, a good
agreement between simulated and experimental data is obtained. The non-linear regression simulation
calculated a and b equal to 1.1074 - 10 and 1.7131 - 1073, respectively, thus leading to the results
shown in the scatter diagram of Figure 1d. The results show an excellent agreement, confirming the
hypothesis of a posterior water absorption after the spray-drying process. It is important to highlight
that by regressing the parameters for hygroscopicity, the effects related to the estimation of the
parameters of sorption isotherm or relative drying rate were masked. For this reason, as already
mentioned, further experiments are needed in order to properly assess the two hypothesized effects.

Additionally, the technical manual of the spray-dryer reports a residence time for the particles of
about 1.0 seconds while their outlet dimensions have a size between 1 and 25 pm. Within this frame,
Figure 2 reports the initial particle distribution and the final particle distribution predicted by the
model, with the obtained values falling into the expected range, while the average residence time

evaluated by the model was about 0.92 seconds.
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Figure 2. Particle size distribution curves of feed (inlet) and powder (outlet), as a function of the

droplet or particle diameter.

Finally, the model can be used to evaluate different key parameters of the process like the change in
outlet powder humidity along the spray dryer as shown in Figure 3. Interestingly, the lab spray-dryer
reaches equilibrium conditions very early (= 0.1 m). Hence, the model could be used for future design

optimization of the equipment.

1
g — DE/GAE 2.5
£08
S N\ — DE/GAE 1.3
206 \
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Figure 3. Evolution of droplet moisture content along the spray-drier as a function of the DE/GAE

molar ratio. Air inlet temperature was set at 120°C.

Once the model has been validated, it was possible to use it for the evaluation of the kinetic parameters
related to thermal degradation of polyphenols (Eq. 12). Similarly to model validation, proper
experimental data were obtained, on which statistical analysis was performed, and then the data were

used to regress the kinetic parameters. The experimental data obtained are shown in Table 2.
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Table 2. Experimental (exp.) and simulated (sim.) values of total phenolic compounds concentration
(cphe) and their recovery obtained in the final powder, as a function of the different working inlet

temperatures and DE/GAE molar ratios. Values were reported as means + standard deviations.

Tair in Cphe,in Cphe,out

DE/GAE TPC recovery (%)

°O) (MZGAE/gdw) (MEGAE/dw)
exp. exp. sim. exp. sim.
120 2.53 36.33 33.78 £5.20 33.77 92.99 92.97
120 1.12 69.61 56.60 +=4.30 55.39 81.31 86.32
120 0.56 105.92 84.74 +£2.82 81.48 80.00 81.73
120 0.28 143.29 117.67 +£14.55 106.57 82.12 77.49
150 2.53 36.33 33.51+0.76 33.78 92.23 92.95
150 1.12 61.18 55.73 £2.83 60.09 91.08 90.54
150 0.56 92.98 81.20+2.33 86.57 87.33 87.62
150 0.28 125.64 110.77+£8.05 111.03 88.16 84.82

As expected, maltodextrins significantly influence the concentration of the bioactive compounds
present in the recovered powders. Indeed, as already mentioned, maltodextrins protect bioactive
compounds from thermal degradation, thus leading to a higher polyphenols recovery when increasing
the DE/GAE ratio. The first step was to regress, using the BzzMath routines, the kinetic parameters
Ap and E,, (Eq. 11), which have been calculated equal to 1.463 - 10°° (kg/s) and 3.043 - 10 (J/mol),
respectively. The experimental and simulated data are also compared in the scatter diagram shown in
Figure 4. The results show very good agreement, so it can be possible to describe the degradation of

polyphenols through first-order kinetics.

21



381

382

383

384

385

386

387

388

389

390

Outlet Polyphenols Concentration [mgGAE/gdm)]
120.00

110.00 .
100.00

90.00

80.00 —

70.00

Simulated

60.00 o
50.00

40.00

o =
30.00 ™

30.00 4000 5000 60.00 70.00 80.00 90.00 100.00 110.00 120.00
Experimental

Figure 4. Scatter diagram of outlet polyphenols concentration in the obtained powders.

After adjusting the parameters, it is possible to evaluate the degradation of polyphenols along the
spray-drier (Figure 5). This aspect can be interesting for future optimization in terms of polyphenols
recovery. For instance, as shown, for a higher DE/GAE ratio, an equilibrium for polyphenols
degradation is reached and so a lower height of the spray-drier is enough to reach the same outlet

specifics. Conversely, for a lower DE/GAE ratio, this consideration could be not more possible.
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Figure 5. Evolution of polyphenols recovery along the spray-drier as a function of the DE/GAE molar

ratio. Air inlet temperature was set at 120°C.
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The developed model could be applied also to a larger scale of the plant (i.e. pilot or industrial scale)
and could be used in order to optimize the operating conditions or to estimate the loss on antioxidant
activity of natural extracts at such scale. However, before making the simulation it is necessary to
check the range applicability of the correlation used in this work. For instance, a parameter that has
to be considered is the choice of atomizer and particle size, which could change the correlation in
order to estimate the mean droplet size of a spray (Sormoli and Langrish, 2016). For sure, there are
limitations in applying this model, such as the inability to predict potential hot or cold spots that may
form inside the spray dryer that can further degrade the phenolic compounds thus reducing the quality
of the encapsulated product. The prediction of hot and cold spots can be made through the use of
computational fluid dynamics (CFD) models (Zbicinski et al., 2017). These models give in-deep
information and are very useful for the design of the equipment, but, on the contrary, are not very
suitable for optimization of operating conditions due to the high computational effort required.
Regarding this, a future idea could be to couple the model developed in this study with a CFD

simulation in order to obtain more useful information for a suitable process scale-up.

3.2. Modeling of spray-drying process for citrus fruit peels extracts

Finally, the model has been further validated through the simulation of the citrus extract encapsulation
by means of cyclodextrins. Table 3 shows a good agreement between simulation and experimental
data. The slight differences could be due to two different aspects. The main one is related to the
different hygroscopicity between cyclodextrin and maltodextrins, as well as between citrus and
Barbera extracts. The second aspect concerns the fact that the commercial citrus extract was
solubilized in 0.5% NaOH solution (w/v) and probably the commercial citrus extracts have been

already partially encapsulated by EVESA in order to increase their stability. As a final consideration,
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415 it is possible to affirm that the outlet moisture content of samples does not appreciably vary for the

416  different kind of citrus extracts involved in the current study.

417

418  Table 3. Experimental (exp.) and simulated (sim.) values of outlet moisture content of encapsulated
419  different citrus extracts at constant cyclodextrins to citrus dry mass ratio (0.75) and constant inlet air

420  temperature (120°C). Values were reported as means + standard deviations.

Citrus Outlet Moisture (%)
Extracts exp. sim. (model) sim. (model + hygroscopic effect)
N 3-70 4.85+0.30 2.65 6.91
N 10-60 4.61 +0.02 2.64 6.91
N 40-60 5.38+£0.02 2.65 6.92
N 28-20 5.21+£0.06 2.65 6.91
421
422 4. Conclusions

423  In this work, a mathematical model for the spray-drier assisted encapsulation of extracts deriving
424  from industrial food by-products was developed and subsequently validated, based on the
425  experimental trials performed as a function of the main processing parameters, namely the air inlet
426  temperature and the feed composition (e.g., molar ratio between natural extract and carrier agent).

427  Results demonstrated the potential of spray-drying technology to enable high recovery yields of
428  extracts (80 — 90 % w/w), and only slight thermal degradation of their antioxidant constituents,
429  described via first-order kinetics, was detected due to the protective effect exerted by the carrier agent.
430  Such outcomes were accurately predicted by the implied mathematical model, with significant
431  discrepancies observed only in the case of final particles moisture, which required the adoption of

432 further equations describing particles absorption of water vapor due to hygroscopic behavior.
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433 In conclusion, further studies will involve the optimization of the whole spray-drying process, aiming
434  to properly tune input parameters for the maximization of the recovery yields of solids, while
435  preserving the integrity of target compounds via a reduced occurrence of temperature-mediated

436  oxidation phenomena.
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