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Abstract

During spray drying, dry powder is circulated ir.co t 1e nuzzle zone to force collisions, inducing
agglomeration. This study systematically ac*ermined the effect of fine powder mass flowrate (varying
from 7.1+ 1.2 -15.9 + 0.5 kg-h™), drying a’r t 2 mperature (160 — 200 °C), and drying air mass flowrate
(472.8 £6.2 —590.8 + 9.9 kg-h™) on agy'"merate size and morphology using a central-composite trial
design. Agglomeration was qu. ~tified using an agglomeration index based on laser diffraction and by
quantifying particle me %009 using static image analysis. Response surface models were used to
quantify factor effects. Increasing the fines mass flowrate had the largest positive effect on particle size
enlargement and development of grape-like agglomerates. Increasing drying air temperature had a small
negative effect on particle size enlargement and no significant effect on morphology. Increasing drying
air mass flowrate had a small negative effect on particle size enlargement, but a positive effect on
morphology. Finally, image analysis was found to be the preferred method to quantify the onset of

agglomeration.



Key words: spray drying; agglomeration; response surface methodology; pilot-scale; nozzle zone;

powder morphology

1. Introduction

Spray drying transforms liquid concentrates into powders to prolong shelf life and facilitate storage and
transportation. A core benefit of this technique is that spray-dried powders have good functional
properties like flowability, reconstitution behavior, bulk density, and me.. anical stability, which are to a
great extent determined by agglomeration during spray drying. During ~a-jomeration, primary particles
stick together to form agglomerates, which eliminates the pres. nce ut a large number of fine particles
(<100 um) . Without proper agglomeration, powders often su “e: from poor functional properties and
may be even out-of-spec [1]. If the latter is the case, tl e’1 a powder needs to be reworked or even
discarded, contributing to food waste and thus ind recuy high energy use. Additionally, the presence of
fine particles can pose process safety risks v their ability to cause dust explosions and can contribute to

fine dust emission for which increasingly s’ ricy regulations are reinforced.

Although agglomeration is critica! t.~ powder production, optimization of this process during spray
drying is done following a tri.. an. error-based approach that has to be redone for every different dryer
and product. On a larger sc.'e, agglomeration is stimulated by the recycling of fines into the nozzle zone,
for example in an industrial multi-stage spray dryer. Additionally, often multiple atomizers with
overlapping spray clouds are used to stimulate droplet collisions. A better understanding on how to steer
the agglomeration process would help to move away from this empirical approach to enable energy
savings and obtain better powder quality control. Pilot-scale spray dryer set-ups that allow for controlled
agglomeration are ideal to study the process of agglomeration [2]. Although researchers have

investigated agglomeration, dosing fines in small spray dryer set-ups like the Biichi or the GEA Niro



Mobile Minor is not very realistic. Furthermore, having a rotary atomizer or a pressure nozzle, or a co-

current or counter-current air pattern can have a major impact on the results.

At small pilot scale, researchers measured air properties in a GEA Niro Minor [3] to predict regions in the
dryer where particles would be sticky (Gianfrancesco et al., 2009). They also extended this work with
computational fluid dynamics (CFD) modeling of spray drying of maltodextrin solutions [5] and
performed agglomeration trials with fines dosing [6]. They concluded that for successful agglomeration,
the particle surface condition is more important than the collision rate Ho. aver, the experiments were
conducted on a system with a rotary atomizer, and it would be int:re ting to test the findings with a

pressure nozzle.

Williams et al. (2009) already compared the GEA Niro Mi~or to a oigger pilot scale spray dryer
(evaporation capacity of 75 kg-h™) and concluded tt.. t fines addition promotes agglomeration. Most
favorable for agglomeration was a high feed flov. rate with a low total solids content (TS) combined with
a high flow of small fines. However, large’ , ru :les were obtained in situations with a high solids content
of the feed and larger dry particles. F.6hi.~h et al. (2021) found that an increased feed TS created bigger
agglomerates by shifting the colli_ian ~utcomes from coalescence to agglomeration. However, Frohlich
et al. (2022) also found that an . \crease in TS decreases the relative fines mass flow, and that decreases
the extent of agglomeration. In a multi-stage dryer, particles circulate until they are sufficiently large to
reach the fluidized bed. Therefore, it is interesting to see what happens during one pass through the
dryer, as increasing agglomeration in every pass limits the number of circulations, decreasing thermal
damage. Additionally, researchers have tried to model the agglomeration process using CFD [10]. The
complexity of the drying process causes a gap between simulation and reality, and experimental studies

are needed to validate CFD models.



Conventional experimental approaches are often one factor at a time (OFAT). A major drawback of this is
that a high number of experiments are required, which is expensive and time-intensive. Additionally,
interactions between variables and their combined effects on the response are not taken into account
[11]. Design of experiments (DoE) approaches can assist in explaining variation of output as a function of
a set of changing conditions in an experiment. In this respect response surface methodologies (RSM)
such as full factorial design and central composite design are useful as these allow investigating the

effects of multiple varying process variables on an output variable [12,1.>".

Therefore, this study aimed to investigate how spray drying prowess.~ factors affect the onset of nozzle
zone agglomeration using a response surface methodology. .\ fac 2-centered, central composite trial
design was used for agglomeration trials on a pilot-scz'e ~pray dryer. A single-stage spray dryer was
used, during which dry, small powder particles / 1..~es "' were dosed in the nozzle zone to simulate one
pass in an industrial multistage spray drye~. Input . ariables were the amount of fines dosed, drying air
flow rate, and drying air inlet temperatu e w “-!ch were expected to affect both the collision probability
and the sticking probability. The ex*e. + of agglomeration in the obtained powders was analyzed by
calculating an agglomeration index ‘Al) based on the particle size distribution and by visual observations
of particle morphology r'isti ‘buti ons using scanning electron microscopy (SEM) and a morphology

analyser.



2. Materials and Methods

2.1. Materials

Maltodextrin DE 21 (MD21) was used as model system (Glucidex 21, Roquette Fréres, France). The
colorant ponceau red E124 was obtained from Natural Spices (the Netherlands). Regular tap water was

used to prepared the feed.

2.1.1. Fines production
Feed with a TS of 40% (99.625 wt.% MD21 and 0.375 wt.% poncear’ -a. .as prepared by dissolving the
solids in hot tap water. The inlet drying air temperature was se. t 106U0°C and the outlet temperature was
100°C. The feed was atomized using a SU2A two-fluid nozzle \7":.d Cap 2050, Air Cap 70) (Spraying
Systems Co., USA) with an atomizing air pressure of 414 P. . The powder that was collected was
subsequently air classified to obtain a fraction witt very small particle size. A Hosokawa Alpine Multi-mill
system with an integrated air classifier (Ho.~kawa Mlicron B.V., the Netherlands) was used with a
classifier rotor speed of 5000 rpm, and a. ‘nlec air flowrate of 40-55 m*h™ and a pressure drop across the

classifier of 1.2-3.3 kPa. The fine fr: ctic ~ had a D(4,3) of 20.92 + 0.24 um and was used in further trials.

2.1.2. Experimental deig ai.d trial execution

Response surface methodoi.gy (RSM) was used for the pilot experiments using a three factor, five level (

) face-centered central composite design (CCD) (



Table 3). Runs were divided over three blocks or days. Within the blocks the runs were ordered on
increasing temperature for practical reasons. The response factor was the agglomeration index (see
2.3.2). For every condition, a sample with and without fines dosing was run to correct for natural
occurring agglomeration. A 40% w/w MD21 feed was prepared by adding the MD21 to hot tap water and
stirring for at least 30 minutes until the feed became transparent. The atomization was kept constant
throughout the trials at 21.2 + 0.4 kg-h™* with a pressure of 40 + 2 bar using a SIY78/SKY16 high pressure
nozzle from Spraying Systems Co. (Wheaton, lllinois, USA), therefore the utlet temperature varied. The

feed temperature at atomization varied between 29.5 and 34.7°C.

2.2. Spraydrying
All spray drying experiments were performed o”. .. Dv.'-350 single stage pilot-scale spray dryer from
Spray Dry Works (the Netherlands) (Figure 1) havi."g a maximum drying capacity of 25 kg-h™ and a drying
chamber of 2 min length and 1.5 m diarr et .- Ambient air was dehumidified using a Condair DA 1400
desiccant dryer (Switzerland) to a rei. tive iumidity of 5 % before an electrical heater heated it to the
desired drying air inlet temperatui. (1;;,). The DW-350 spray dryer has a Rotaswirl RC350 air distributor
(Spray Dry Works, the Nath >rlan 1s), with a perforated inserted to reduce the air vortex. Outgoing air and

powder were separated usir g a cyclone and the powder was collected through a rotary valve.

Fines were dosed with a screw, conveyed with ambient air using a small fan to the top of the spray dryer,

and inserted concentrically to the nozzle at the inner inlet position (Figure 2).



2.3.  Powder analysis

2.3.1. Moisture content
The powder moisture content (MC (%)) on total basis was determined in duplicate by oven drying at

105 °C overnight and calculated using Eq. (1).

MC = (minitial - mfinal) 100%
= . 0
Minitial (1)

where Myp;tiq; (8) and My, (8) are the sample masses before anc’ ai.=r urying overnight, respectively.

2.3.2. Particle size analysis and agglomeration index
Particle size distributions (PSD) of the samples were de’. mined in triplicate using laser diffraction with a
Mastersizer 3000 (Malvern Panalytical, UK). An A~ro ~ dry dispersion unit combined with a standard

venturi dispenser was used to disperse the powa.r with a dispersion pressure of 3.5 bar.

To quantify the agglomeration caused by t"1e 1ines dosing, the Agglomeration Index (Al) was calculated,
as proposed by Williams (2007). Th 2 A, ~an be considered as a measure for the relative size enlargement
occurring during one pass thro.<h & spray dryer. For this the mass fraction of primary feed MD21
particles (Xprimary Mp21'0 “g-, =% in the final product was calculated using Eq. (2):

TSfeed ' mfeed
TSfeed ' mfeed + mfines ' (100 - MCfines)

Xprimary MD21 =

)

where TSfeeq (kg-kg™) is the total solids content of the feed, Mfeed (kg-h™) is the mass flowrate of the

feed, Mines (kg-h™) is the mass flowrate of dosed fines into the nozzle zone, and MCfines (%) is the



moisture content of the dried fines. Subsequently, a theoretical PSD was calculated of the weighted

average of the baseline PSD and the fines PSD based on the mass fractions using Eq. (3):

PSDtheoretical = xprimary MD21 " PSDbaseline + (1 - xprimary MD21) ' PSDfines (3)

where PSDpgsetine and PSDgipes ((%volume)(logio(um))™) are the PSDs of the samples without fines and
of the fines, respectively. This calculated distribution indicates the distribution if no agglomeration would
occur. This PSDipeoreticar Was then subtracted from the distribution of the sample with dosed fines (Eq.

(4)).

APSD = PSDsample — PSDtheoreticar  (4)
This APSD, the difference distribution, is an indication to wt at €.'tent smaller particles disappeared
(negative areas) to form agglomerates (positive areas). .. ~wever, to fairly compare samples with

different mass flows of fines, the difference distrihu. ~n should be normalized over the mass fraction of

APSD

the spray in the product ( ) and then integra.~d via a trapezoidal approximation using the average

XMD21

volume frequency for each histogram bii . 'v\..iams (2007) developed this procedure to censor the PSD of
the fines from the sample distribut’ar “nd thus reduce the obscuration of fines in the PSDs. This is
because the presence of more fines 'n the final powder will dilute the volume percentage of
agglomerates in the sar.nle. !f th.is is not accounted for, a sample with high fines flowrate will not yield a
high Al, even if it agglomei . .ed extensively. The absolute area under the normalized curve is then
divided by two and squared since the positive and negative areas of the difference distribution should be

equal by definition (Eq. (5)).

2 : 2

o j

1 [ |APSD| 1 |APSD; + APSD;_,4|

Al =|> d(log10 dparticie) | = | 5 ) logio(d; — di-1) (5)
2) Xmp21 2 ~ 2 Xmp21

In which 4PsD; ((% volume)(logio(m))™) is the volume weighted percentage of particles with diameters

inside of a bin i (i.e. the volume of particles with diameters larger than d;.; (um) and smaller than d; (um)).



The agglomeration index assigns a quantitative value for samples with a larger number of formed
agglomerates. Since the PSDs are volume-based distributions, the formation of large agglomerates will
skew the difference distribution since larger particle diameters contribute more volume relative to
smaller particles. Thus, the formation of larger agglomerates will enlarge the Al more drastically than the

formation of relatively smaller agglomerates.

2.3.3. Particle shape analysis
The obtained powder was visually observed by using a JCM-7000 SEM /'FG. Japan). Carbon tape was
used to secure the samples on the aluminum sample holder. Loosr. p.‘~vuer was removed using
pressurized air and the samples were then coated with gold u<ing a JEOL Smart-Coater (JEOL, Japan). The

images were taken at an acceleration voltage of 5 kV.

Particle morphology of the powders was analyzed w.*h a Malvern Morphologi 4 (Malvern, UK). For each
sample, 19 mm? of powder was dispersed onto .. = glass plate and individual particles were
photographed and using image analysis .. -ripive shape factors such as HS circularity, elongation and
solidity were determined. For each s=mp. > >30,000 particles were analyzed. Using the shape factors, the

particles were divided into prima. . portially coalesced and agglomerated particles (



Table 2). Particles that did not fall within these classes, were classified as ‘other’ (N,).

2.4. Response surface model development
A response-surface model was fit relating the Al values to the input variables of the CCD experiments
using a linear least-squares regression algorithm. However, for the drying air flow rate there were large
fluctuations because the flow rate at a given capacity depends on the air density, which changes with
temperature. Therefore, the actual factor levels were calculated (Eq.(6). Table A. 1) and used instead of
the expected levels in the response surface model.

o (Xi = Xio) .

. (Xiq —Xi-1)
‘ AX,

AXl = 2 )

i=1,2,3 (6)

where x; is the coded factor of the natural variable X;, wherr iis “he subscript indicating the factor. The
drying air temperature was x;, the fines mass flowra e v.~~ x,, and the drying air mass flowrate was x;.
X; o represents the value of the process variab, ~ 2. its midpoint: X; o = 180°C; X, = 109 kg -
hr‘l;Xg,O =5413kg - hr1. AX;, and AX; _ - are the process variables at the low and high factorial
levels. AX; is the average difference ir. .~ ._vel X; as it is increased by 1 unit of x;: AX; = 12°C; AX, =
3.19 kg - hr~'; AX; = 36.7 kg - h."~1 . The coded values of all the process conditions were then used

to fit the RSM models.

Firstly, a second-order mode, was fit to the Al using the rsm package (version 2.10.3) for R in RStudio
(version 4.2.2). This model fits a second-order model with pure quadratic terms, two-way interaction

terms, and linear terms (Eq. (7)).

Al = By + Prx1 + Boxy + PaXs + PraXiXy + PiaXiXs + PazxoXs + Br1XT 4 Borxs + B3zxs  (7)

Where x4, x,, x5 are the coded variables for drying air temperature, fines mass flowrate, and drying air

flowrate respectively, [, is the intercept (fitted value of Al when (x4, x5, x3) = (0,0,0)), B1, B2, B3 are the



coefficients for the linear terms, 312, f13, B23the coefficients for the two-way interaction terms between

coded variables and 81, B25, B33 the coefficients for the pure quadratic terms.

Next, the model was refined by following stepwise regression. Here, terms are removed (i.e. interaction
terms or quadratic terms) and analysis of variance (ANOVA) is computed to obtain the corrected Akaike
Information Criteria (AIC). Via this procedure the model with the lowest AIC was found, describing the
data, containing only significant terms, and lowest residuals. The model adequacy was checked by

calculating the R? and adjusted-R? values. The same procedure was repz-te.' to fit the model to the Nagg-

3. Results and Discussion

3.1. Response Surface Model Developme 1t

The Al values were calculated (



Table 3) and fit to the second-order model presented in Eq. (7). From the model comparison, the model
that described the data with the lowest AIC was derived (Eq. (8)), which also contained a blocking factor
(D) distinguishing the days on which the experiments were performed. The model parameter estimates,
standard error and significance of each term were determined (Table A. 2). Factors with a p value (Pr (>
[t])) below 0.2 indicates significance. However, a compromise was made by leaving in terms with
significance up to 0.22 since removing them made the model less accurate. This model had an R* of 0.90
and an adjusted-R* of 0.84. Using the derived model, response surfaces . 1d contour plots for the Al were

created to assess the effect of the processing conditions (Figure 3).

The response surfaces, contour plots and parameter estimates si.~w that increasing the x; (T;,) and x5
(mass flow air) had a negative effect on the extent of agglomei ~tion, while increasing x, (mass flow
fines) had a positive effect on the extent of agglome~a." \n The effect of the flowrate of fines and drying
air (x,, x3) on the Al was larger than of the dr, ing iir temperature (x;), which can also be concluded

from the estimated parameter values (Eq. (o).

The obtained Al values represent the agg.~meration that occurs during one pass through the nozzle zone
and are of the same order of mag ~itu ‘e as Al values found for a one-pass agglomeration during spray
drying by Williams et al. (2CJ9). The Al values found in that study were slightly lower than in this study
(0.008-0.127 versus 0.037-0. 1.89). Those values were obtained at lower fines-to-spray (F:S) ratios (0.15-
0.4 versus 0.824-1.841). This is due to the nozzle zone setup of the dryer used in that work. The dryer
had a fines inlet with three spray nozzles positioned evenly around the fines inlet and directed towards
the center of the drier. This setup forces collisions more than the concentrical fines curtain used for the
CCD trials (Figure 2). In industrial multi-stage dryers, particles are recycled until they are sufficiently large
to overcome the upwards flow and reach the fluid bed [9]. Al values here thus represent the onset of

nozzle zone agglomeration, and will be larger when multi-stage dryers are used.



Al = 0.07173 + 0.01222D, — 0.02041D; + 0.01440D, — 0.00648x, + 0.03689x, — 0.01357x;

8)
—0.00779x;x, + 0.00712x2 + 0.00739x2

3.2.  Effect of processing conditions on Al

All three variables affected the Al. The Al was found to decrease as the drying air temperature (x,)
increased. This may be related to the effect of temperature on the drying rate, which changes the
sticking probability. At higher temperatures, droplets dry more quickly and become more surface-dry
and less sticky before colliding with incoming fines, resulting in reduce~ ~drnosion. These findings match
earlier findings from Both et al. (2020), who observed a faster surface- Iry skin forming around the
droplets at higher air inlet temperatures, causing a lack of ad".~siL~ upon collision. Additionally, the
authors found a higher fraction of particles that were likely .0 b. agglomerates at lower temperatures.
The fines flowrate (x;) increases agglomeration by it.cre~<ing the collision probability. Introducing more
fine particles under the same drying condition. in-.reases the likelihood of a collision. This is in line with
findings from Frohlich et al. (2023) and Williems et al. (2009). A higher drying air flowrate (x3) was found
to decrease the Al. The effect of the d.,'ng ~ir flowrate is two-fold. First, it affects the sticking probability
as a higher drying air mass flowrate increases the drying rate. As with temperature, an increased drying
rate causes a drying droplet *= he ~urface-dry faster. Second, it affects the collision probability. Using less
drying air decreases the tu: ~ulence in the nozzle zone. Turbulence can disrupt the fines stream entering
the drying chamber and spread the particles quickly, which decreases the particle concentration in the
interaction zone, lowering the collision probability. Hence, a lower drying air flowrate is beneficial for

agglomeration.

Since the drying air temperature and flowrate both affect the drying rate, it is interesting to study the
relationship between drying rate and agglomeration more closely. The effects can be combined by

calculating the thermal energy supplied by the drying air per kg feed supplied (Q 4, (k)-kg™ total basis),



Eq. (9) in which 14, (kg-h™) is the mass flowrate of dry air supplied into the dryer, Cpa & Cpwy (k)-kg™)
are the specific heat capacities of air and water vapor, AH (kg-kg™) is the absolute humidity of the inlet
air, Ty, (K) is the inlet temperature of the drying air, Ah,, (kJ-kg-K™) is the enthalpy of vaporization for
water, and r'nfeed is the mass flowrate of the feed on total basis (kg-h™)). The Al decreases for increasing
supplied Q4 (Figure 4), confirming that a higher drying rate reduces agglomeration. The Al drops less
upon increasing Q4 for lower fines flowrates, which can be linked to the interaction term ;,x;x, from
Eq. (5). For higher fines flowrates, this meant that the Al dropped more u, ~stically because more fines
were bouncing off and not contributing to particle enlargement of th= _~rayed droplets. The spread in Al
values within each class of M is partly caused by the differc ~t days on which the experiments were
carried out, which has been taken into account in the model v * tne introduction of blocking factor D (eq.

(8)).

Myq

Quq = ((Cpa+ Copr - AH) Ty + AH - Ahy)  (9)

mfeed
When a dry fine particle collides with a cor1p ctely wet droplet they coalesce and the dry particle is fully
absorbed. The volume of such drociet. after collision hardly increases and this type of collision is
therefore undesired. During dr 'ing, .ne droplet changes from wet to sticky to dry, and the collision
outcomes shift from co..~sconce, to sticking to bouncing. It was therefore expected that there would be
an optimum drying rate. huwever, no drying rate optimum was found to be significant within the
experimental range. It seems that more drying leads to less agglomeration, indicating a shift from
sticking to bouncing. A drying rate optimum could be suspected from the curvature when plotting drying
air flowrate versus temperature (Figure 3), where there was some curvature leading to an increase in Al
as x, was varied from -a to 0, and then a decrease as x; was varied from 0 to a. However, since the

quadratic term for x; was not significant, it is not possible to conclude if this optimum of the drying rate



exists, or if it is just the curvature of the interaction term f;,x;x,. Moreover, the effect of temperature

was small, if significant at all.

3.3.  Predicting power of RSM

To test the predicting power of the RSM, during block 4 a test point (a,a,-a) was included to see how
well the model could predict the Al for conditions outside of the experimental range. The model was
capable of predicting the Al up to a 95% confidence interval (Figure 5). In terms of agglomeration
performance, this condition had a larger Al (0.189) than the CCD point., . ~dicating that operating at a
high fines flowrate and low massflow of drying air leads to more z 3glo. neration. This verifies the trends
uncovered by the model that a high fines flowrate and low ma.-ticwv of drying air are beneficial for
agglomeration. Possibly, with a low temperature (-a,a,-a) 2.1 eve 1 higher Al would have been measured,
(Alpregictes = 0.250), but the effect is assumed to be smalic chan that of the other factors. There is less
deviation from the trend in Figure 5 than in Fig.'vr. 4 because the model incorporates the blocking factor

D to correct for the spread caused by the diftc~ent days on which the experiments were carried out.

3.4. Effect of processing . nditions on particle morphology

Although the Al shows that pa:*icle .ize enlargement occurred, it does not indicate whether larger
particles were formed F, (p. "tie.) coalescence or agglomeration. However, different structures have
distinct functional propert.cs, leading to a preference for, for example, a grape structure. In literature,
researchers have investigated where in a spray dryer particles may agglomerate or coalesce [17-19], but
experimental results are lacking. Comparing the types of structures between experimentally produced
samples can give some indications of how drying conditions affect the collision outcomes. Morphology
analysis results (Figure 6) are presented without comparison to the powders without fines addition.

Therefore, differences between samples are due to changes in natural agglomeration of the droplet-



droplet collisions and forced agglomeration of droplet-fines collisions. The number of particles that could

not be classified (N,), was low.

A model was fitted to explain the influence of the parameters on the fraction of agglomerates. Since the
six-fold repetition of the center point yields different N;-values, a model including a blocking factor was
fitted (EQ.(10)). The model fit was less good than that of the Al model, as this model has an adjusted-R?
of 0.622 and the Al model of 0.8391. The parameter estimates indicate that the fines mass flowrate had
the biggest effect on the N4, and that drying air temperature was not > sig. ficant factor in explaining

the difference in Nggq.

Nggg = 0.07673 + 0.03122D, + 0.06796D5 — 0.01378D. + © 01091x, + 0.00821x5 (10)

The number of agglomerated particles (N,4,) increases ¥z~ increasing fines flowrates (x;). Thisis in line
with the Al, which is higher for those conditions. Wi, *n no agglomeration would have occurred during
fines dosing, the number of primary particles (N, ! should have increased drastically for higher fines
dosing rates due to the presence of more u ~ag.lomerated fines. The effect of the fines flowrate on the
morphology of the samples is not as <tro..= as on the Al. This can be explained since the morphology
analyses were not compared to t..= . o-fines” condition, it is difficult to distinguish if the changes occur
by increasing natural or forr ed < 3glomeration. The main conclusion that can be drawn is that adding

fines results in the formatior of more agglomerate clusters, which could be expected.

However, within each fines dosing rate, there is also variation, meaning that the drying air temperature
and mass flow also affected the obtained morphologies. The drying air flowrate (x3) increased Ngqg,
which is opposite to its effect on Al. It is hypothesized that the increase in the air flowrate affected the
smaller particles in the nozzle zone more than the larger ones. This makes physical sense as smaller
particles have less inertia (Williams, 2007). This could have led to more collisions between fines and

smaller spray particles, forming rather small agglomerates. This outcome could explain a decrease in Al



and an increase in N,g, because the agglomerate subclass did not filter for size and can include small
grape agglomerates. This result must be taken with caution as the smaller the particles are, the lower the
relative resolution of the particles. Hence, the shape parameters calculated from the projection of a
small agglomerate do not have the same accuracy as a large agglomerate. However, this trend describes
a trade-off between particle enlargement (Al) and particle morphology (N,4,) since increasing the air

flowrate decreases Al while increasing Nggq.

Again, the effects of drying air temperature and drying air flowrate on mor hology can be combined by
calculating the Qda. Increasing the thermal energy supplied by dry.ng ~ir 1ed to a decreasing trend in N,
at the expense of an increase in N,,. For a given fines flowrate i reasing the thermal energy seems to
have reduced the partially coalesced fraction while keeping “he 2gglomerate fraction unaffected (Figure
7). Partial coalescence is only possible if the particler a. : s*.ll liquid enough so that they can penetrate
before the larger particle dries. The results inc. ~at : that when Qda was increased in the nozzle zone, the
droplets dried more rapidly, reducing the inc.4ence of coalescence while relatively increasing the
incidence of agglomeration (particles ~ ~ne‘ruted less than 50% of their diameter). Moreover, increasing
Q44 led to the formation of more ..imary particles, which is most probably related to the over-drying of
droplets resulting in surface-~'~v _'“1s [15,20]. These results point to lower drying rates yielding a size
enlargement that might no be as desired as higher drying rates as partial coalesced particles do not
bring the functional benefits that grape-type agglomerates do. However, these results only apply for a
single pass through the nozzle zone and may change when the size of the dry particles changes upon

circulating through the nozzle zone more times.



3.5. Comparing nozzle zone agglomeration by microscopy

Because the Al and the N4, give contradicting results, the samples were also visually compared using
SEM (Figure 8). The samples that seem to be more agglomerated, have a higher N4, value, but lower Al
values. It is important to bear in mind that the Al is a measure for particle volume increase upon fines
addition. Samples with higher Al values do not necessarily have a larger particle size, but they have
grown the most compared to the condition without fines addition. The Al is based on measurements
with laser diffraction, a method based on the principle that particles of ci.“erent sizes scatter the light
differently. The particle size is then presented as the diameter of a <nh. = with the same volume [21].
However, the particles are often largely spherical, but with a fii.» parucle attached to them (Figure 8).
The Al is based on volume increase, but the adherence of a t1. = *0 a coarse particle hardly affects its
total volume. With the morphological classes from the ir.1a; e analysis, these small attached particles are
better taken into account. This means that the mo' pho.ogical analyses represent the samples better,
making image analysis the preferred meth. 1 to cornpare the agglomeration between the samples. This
applies to the investigation of the onset uf nc zzle zone agglomeration. To investigate the agglomeration
of powders produced in a multi-sta ze s ~ray dryer, the Al may be much more indicative than here. This is
because the powder in that ca.~ wculd consist only of agglomerates and not a mixture of primary

particles, partially coale . =a ~arcicles, and agglomerates.

4. Conclusion

The effect of drying air temperature (160 — 200 °C), fines flowrate (7.1 + 1.2 — 15.9 + 0.5 kg-h™"), and
drying air flowrate (472.8 + 6.2 —590.8 + 9.9 kg-h™) on nozzle zone agglomeration was systematically
investigated using response surface modeling. The results showed that fitting a response-surface model
to a designed experiment provided a way to statistically study a complex system with relative ease and

efficiency. The experimental design consisted of a central-composite design with eight factorial



treatments, twelve axial treatments (six treatments in duplicate), and six center treatments. To compare
size enlargement due to fines supplementation across treatments, an agglomeration index (Al) was
applied. To compare morphological differences across treatments, static image analysis methods were

applied to separate the particles into subclasses.

It was found that conditions that favored size enlargement of powder particles were those with low
drying air temperatures and flowrates, and high fines supplementation flowrates. Regarding
morphology, an increase in fines flowrate and air flowrate led to more eray ~-like cluster agglomerates
being formed. From these three factors, the fines supplementatior. 1. wiate was the most significant in

impacting both the size enlargement as well as the developmenu ~f grape-like clusters.

It was hypothesized that conditions that increased the ~=!lision frequency in the nozzle zone (i.e.
increase in fines mass flowrate, decrease in air flow, ‘te) would lead to higher extent of agglomeration.
This was confirmed when analyzing the size enla. fement due to fines supplementation. Interestingly,
increasing the air flowrate negatively affe..~d +'ze enlargement while improving agglomerate quality. An
improvement in agglomerate quality :on_'sted of an increase in the fraction of non-circular, irregularly-
shaped grape clusters. Considerii.J ti.~ limitations of laser diffraction, which form the basis of the Al,
division into morphological :las. es based on image analysis is the preferred method to compare the

onset of agglomeration betw 2en samples.

It was hypothesized that increasing the drying air temperature would show a maximum positive effect
on agglomeration outcomes up to a critical value as the droplet surface changed from wet to sticky. After
this critical value, the droplet surface would become too dry, causing more fines to bounce off it instead
of agglomerating. The obtained results were not conclusive when analyzing the drying air temperature,
as the effect of temperature on Al was small and not significant on N4, However, considering the

thermal energy provided by the drying air (Qg,), samples that were exposed to higher drying rates



(higher Qg values) were systematically less agglomerated (lower Al) and had higher fractions of primary,
non-agglomerated particles (higher N,,). For this study, the feed consisted of maltodextrin DE21 only,
and the dosed fines consisted of maltodextrin DE21 with a small fraction of colorant. Although found
trends can likely be extrapolated to other compounds, the exact values might differ per compound as

they have a different T, and viscosity and thereby have different stickiness regimes.
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Tables

Table 1: Coded variable levels and corresponding natural variable levels for the three studied factors. Also included are the

calibration data for fines mass flow rate for tested conveyor frequencies and air flow rate for tested capacities with

corresponding 95% confidence interval (Cl).

Coded
Natural variables
variables
X1 X2 X3
Tin (OC) mfines mdry air
Design Actual value esic n variable — Actual value - Mgy gir
variable (Hz) ~ 95% Cl (kg-h™" Air capacity (%) +95% Cl (kg-h™)
- 160 20 71:03 |70 473352
-1 168 26 77210 74 503.1+11.4
0 180 35 1u.8+0.2 80 541.3+5.2
1 192 44 14.0£0.0 86 578.0+13.7
o 200 50 159+0.1 90 592.9+9.6




Table 2: Particle classes categorized according to specifically defined shape factors as calculated by the Morphology 4 image

analysis software. Particles that did not belong to any of these three classes, were categorized as ‘other’ (Ny). The convex

hull area is the area of the object if an imaginary “rubber band” is wrapped around the 2D projection. 2500 random examples

of the three main classes can be found as gif under supplementary data.

Particle class High Sensitivity Circularity Solidity Elongation | Example particle with
(HS) equivalent area circle (CE)
Actual area width
Convex hull area " length diameter
Perimeter )
(Perimeter equiv.area circle
Primary particles
>0.98 >0.6 <01
(Npp) |
|
' 98.21 pm
Partially coalesced
0.98>..20.8 > 0.6 <0.7
particles (Npc)
93.45 pym
Agglomerated
<0.8 >0.6 <0.7

particles (Nggq)

117.92 um
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Table 3: Experimental results following the CCD. Included are processing values (physical factor levels for x, x,, and x3, the
fines to spray F:S ratio on dry basis, and the heat supplied by the drying air) and experimental outcomes (agglomeration

index Al, the number fraction of particles with different morphology, and the moisture content).

ccb Mary MC
Block | Ty, | Miines FS | Qu |Al Nogg | Npe | Npp | N,
pOint air
°C | kg:h* | kg-h? ki-kg? (%)

414 +

(-1,-1,-1) 2 168 7.7 513.8 0.901 0.061 0.105 0.444 0.430 0.021
5609 0.04
3.75%

(-1,1,2) 2 168 14.0 592.5 1.640 0.148 0.132 0.407 0.441 0.020
6275 0.03
3.39%

(0,0,0) 2 180 10.8 5348 1.272 0.074 0.073 0.537 0.372 0.018
6116 0.00
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3.67 %

(0,0,0) 2 180 10.8 522.6 1.266 0.102 0.148 0.410 0.421 0.022
5876 0.11
3.48

(1,1,-1) 2 192 14.0 475.7 1.647 0.164 0.102 0.475 0.404 0.019
5800 0.06
249+

(1,-1,2) 2 192 7.7 545.1 0.901 0.053 0.075 0.495 0.410 0.020
6302 0.02

3.81%

(-0,0,0) 4 160 10.8 558.2 1.254 0.066 0.054 0.515 0.416 0.016
5604 0.30



(0,0,-a)

(0,-a,0)

(0,a,0)

(0,0,a)

(a,0,0)

S

N

180

180

180

180

200

10.8

7.1

15.9

10.8

10.8

489.3

552.7

551.5

586.3

535.8

1.254

0.824

1.850

1.254

1.260

5596

6101

6019

6255

6437

0.137

0.040

0.164

0.085

0.r2A

0.046

0.065

0.073

0.0°2

1.062

0.607

0.519

0.576

0.197

0.387

0.333

0.397

0.336

0.395

0.531

0.014

0.018

0.015

0.020

0.020

443 +

0.24

3.64+

0.22

333+

0.10

2.14

0.04

197 +

0.22
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Figure 1: Schematic overview of the DW-350 pilot scale spray dry :r, '.ot to scale.
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Figure 2: Schematic overview of the nozzle and inlet position of the fines, not to scale. Also pictured is the 25 cm extension of

the inner/outer tubes.
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Figure 8: Particle morphology vis’.aliz. 1 by SEM. The depicted samples are those with the lowest and highest Al values and

those with the lowest and highe.™ N4, values. All images were 300x enlarged.



8. Appendix

Table A. 1: Full CCD design organized by blocks showing treatment combinations with actual values for coded variables.

Factorial points are labelled (F), axial points (A), and center points (C).

Coded variables
Tin (X1)  Myines (X2)  Marying air (X3)  Block
F | -1.01 1.00 -0.71 1
F | -1.01 -0.98 1.32 1
C | 0.00 0.00 -0.02 1
c 000  0.00 0.12 1
F | 1.01 -0.98 -..0) 1
F | 1.01 1.0C 0.83 1
F | -1.01 N.9¢ -0.75 2
Fl-10" 100 1.40 2
C | oL 0.00 -0.18 2
. i 0.00 0.00 -0.51 2
|
F 101  1.00 -1.79 2
F | 1.01 -0.98 0.10 2
A | -1.68 0.00 0.19 3
A | 0.00 0.00 -1.70 3
A | 0.00 -1.16 -0.04 3




clo000 0.0 -0.07 3
C 000 0.0 -0.05 3
A 000 161 -0.10 3
A 000  0.00 1.57 3
Al 168  0.00 -0.35 3
A -1.68  0.00 0.46 &
A 000  0.00 -1.42 p
Al000 -116 0.31 4
Al000 161 0.28 4
A 000  0.00 1..3 4
Al 168  0.00 -0.15 4

Table A. 2: Parameter estimates for the Al mode'. ir& ~ing significance level (*=0.05; **=0.01, ***=0).

Estimate Stu. Error 95% Cl (%)

tvalue Pr(>[t])

Bo
Bpa
Pps
Bpa

b

B2

Bs

0.07"5°2

0.01.22

-0.02041

0.01440

-0.00648

0.03689

-0.01357

70.00776
0.00957
0.00887
0.00943
0.00384
0.00441

0.00394

0.01645

0.02030

0.01879

0.01998

0.00814

0.00936

0.00835

9.25 8.1E-08  ***

1.28 2.2E-01

-2.30 3.5E-02 *

1.53 1.5E-01

-1.69 1.1E-01

8.36 3.1E-07  ***

-3.45 3.3E-03 ok



:812
ﬂZZ
ﬂ33

Table A. 3: Parameter estimates for N,;, model including significance level (> = 0.1; * = 0.05; *** = 0).

-0.00779

0.00712

0.00739

Estimate Std. Error 95% Cl (%)

0.00589

0.00449

0.00341

0.01249

0.00951

0.00722

-1.32

1.59

2.17

tvalue Pr(>[t])

2.0E-01

1.3E-01

4.5E-02

*

0.07673

0.03122

0.06796

-0.01378

0.01091

0.00821

0.01038

0.01482

0.01374

0.01467

0.00642

0.00585

0.02165

0.03091

0.02867

0.03060

0.01579

r.01220

7.39

2.11

© 94

-J.94

1.70

1.40

3.9E-07

4 .8E-02

7.8E-05

3.6E-01

1.0E-01

1.8E-01

* %%

*

%k %k %
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Highlights:

e Agglomeration increases with a higher collision frequency in the nozzle zone
e The dosing rate of fine powder impacted agglomeration the most
e Higher drying rates reduced nozzle zone agglomeration

e The onset of nozzle zone agglomeration can best be studied using image analysis



