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Abstract - The wet agglomeration process is implementedimprove the powders

functionalities. The objective of the present waskto investigate a novel reverse wet
agglomeration process for reactive powders. Thigehprocess is conducted in two main
successive phases during mechanical mixing. Tlsé ilhase consists of mixing a specific
amount of powder and water to produce a continusatsrated paste, called dough, by
controlling the physicochemical reactivity of thedhemical components of the powder. The
second stage consists of generating the agglomsetateadding the powder inside the
continuous dough under mixing conditions. This aggtration process is mainly promoted
by fragmentation mechanism. We have evaluatedntipadt of the process conditions on the
electric consumption, agglomeration vyield and cbtimméstics of the agglomerates.
Experiments were conducted using durum wheat semal$ raw materials. The results were
compared to those obtained by using the classiealagglomeration process, at same final

water content of the agglomerates.

Keywords - Reverse agglomeration, fragmentation mechanisrastral consumption, wheat

powders, compactness, microstructure.
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1. INTRODUCTION
Agglomeration is a unit operation, which is implertexl to improve the powders

functionalities relating to flow properties, dugtngration, mixing capacity, solubilitgfc.,by
increasing the size of structur&uring agglomeration, native particles are gatheoefibrm
larger assemblies, called the agglomerates. Wetraltma growth agglomeration refers to
agglomeration processes during which a liquid hinslsprayed over an agitated powder bed
(Ennis et al., 1991; Iveson et al., 2001). Knowkddpout the agglomeration process of food
powders still remains partial, although significaotentific works have been conducted over
the last 15 years (Litster and Ennis, 2004; Sateh@uigon, 2009; Palzer, 2011; Cuq et al.,
2013). The description of the mechanisms, whichirwelved during the agglomeration of

the food powders, still represents a real sciensifake.

The wet agglomeration of powders requires the axddf water to generate capillary bridges
which adds cohesion between particles. Agglomarati@chanisms result from the spatial
arrangement of the native particles with the bindemponents, promoting attractive
interactions and links. The contribution of liqumlidges between native particles largely
overtakes the physical forces and the van der Watdsactions (Hapgood et al., 2003). For
food powders, besides the contribution of physpte@nomena, the mechanisms also depend
on the physicochemical reactivity of the moleculbjch strengthens the adhesion forces
between particles, by adding a significant contitouof the viscous forces (Cugq et al., 2013).
When the food powders are subjected to the addafomater, and/or to mechanical stresses,
the molecules are able to undergo the glass tramsénd/or irreversible physicochemical
changes€.g. solubilisation, denaturation, diffusioric). The process conditions, including
mechanical stress, temperature, water addition, @odess time, greatly determine the
effective contribution of the physicochemical réaty of the molecules (Cuq et al., 2013).
Based on their chemical composition, food molechkege the capacity to establish, between
themselves and with the surrounding molecules,rant®ns of different energies. Low
energy interactions include hydrogen bonds, hydobphinteractions, and ionic interactions,
while covalent bonds such as disulfide bonds remtesigh energy interactions. These
interactions contribute to defining their capadityreact when subjected to water addition
and/or heat treatments. For examples, the wheateipso can establish continuous
macromolecular network when subjected to watertemidand mixing, and they can establish
irreversible intermolecular covalent bonds, underathtreatments, that contribute to

irreversible reticulation mechanisms (Abecassa.eR012).
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Wet agglomeration is generally described as a coation of three processes at different
rates: wetting-nucleation, consolidation-growthd aattrition-breakage (Ilveson et al., 2001).
The apparent rate of the agglomeration dependshenspecific contribution of each
processes. The growth mechanisms depend on thesitgmontributions of cohesion and
rupture mechanisms. The cohesion forces genertgmations between particles, while the
rupture forces and the local shearing effects teduteakage. The mechanisms of attrition and
breakage help to improve homogeneity and strendththe granules by promoting
consolidation, in addition to the obvious growttardation (Reynolds et al., 2005).

Recent works have investigated the interest toidenghe mechanisms of breakage and
fragmentation as a major way to produce agglomerd®ndet (2008) was the first to
develop a reverse agglomeration process appligtiree different powders (microcrystalline
cellulose, calcium phosphate, and kaolin) clasicaded for pharmaceutical applications.
The first stage of the process is the preparatfca wet saturated paste by mixing the native
powder with high amounts of water. The second pleassists of adding the native powder
inside the paste during mixing, in order to promtte fragmentation mechanisms and
generate the agglomerates with controlled watertetin The authors demonstrated the
reversibility of the paste transition, between thscrete granular state and the continuous
paste state. The paste transition was identifieal secific range of water contents, close to
the plastic limits of the powders. The agglomeratesmore spherical and compact than those
produced by the classical wet agglomeration process

In 2010, a reverse wet granulation process wamateor pharmaceutical uses (Li et al.,
2010). Granules are formed by incorporating a nétof dry powdersife. the excipients)
into the drug-polymer slurryi.€. the active pharmaceutical ingredient), and by rdyyihe
products. The granules formed comprise a core tontp the active pharmaceutical
ingredient having poor aqueous solubility.

Recently, Wade et al. (2013, 2014, 2015) develapemvel reverse-phase wet granulation
process for pharmaceutical applications, basedenmmersion of the dry powder mix, into
the binder liquid. From a slurry state, the additaf the powder mass enables mechanical
distribution of binder liquid to take place, uritile desired particle size is obtained, through
controlled breakage. The main mechanisms are sadgosbe breakage of the large saturated
agglomerates. The binder liquid is dispersed thnouy the powder by mechanical
distribution. This novel approach is supposed teehhe potential advantages of eliminating

the traditional variations associated to the staiggranule nucleation, and of reducing the
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potential risk of uncontrolled growth of the gragsil They evaluated the effects of: liquid
saturation, binder liquid viscosity, and impellpesd on the physical and end-uses properties

of the granules.

The objective of the present paper is to investigae novel reverse wet agglomeration
process by fragmentation of a pasty state, in gexic case of reactive powders, able to
form a continuous dough stabilized by a moleculatgn network. Durum wheat semolina
was used as reactive powder for the present siligly.novel process is conducted as two
main successive phases, during continuous mechamigang. The first stage consists of
mixing a specific amount of powder and water todoice a continuous saturated paste, called
the dough, by controlling the physicochemical rvégt of the biochemical components of
the powder. This paste could not be consideredgaraular suspension because the original
granular state of the native particles is lost. M/the cohesion of the granular paste is almost
reversible in the previous works (Rondet, 20083, jglresence of reactive proteins of the wheat
(i.e. gluten) in the particles of durum wheat sen@led the formation of a dough stabilized
by a biochemical molecular network and the irreddesoss of the native granular state. The
second stage consists-ef in generating the aggaiegerby adding the dry powder inside the
continuous dough, during the mixing. The fragmeatatmechanisms induce dough
disruption and agglomerates production.

We have evaluated the impact of the process condition the electric consumption,
agglomeration yield and characteristics of the aggrates. Experiments have been
conducted by using durum wheat semolina as raw rralte Durum wheat semolina is a
reactive powder able to form a continuous protegtwork, when it is wetted and
mechanically sheared (Pollini et al., 2012). Thggdochemical reactivity was controlled by
the water content of the dough. Two conditions Haeen tested: low reactivity at low water
content of the dough (above the plastic state)raghl reactivityat high water content of the
dough (above the pseudo-liquid state). The resutscompared to those obtained by using

the classical wet agglomeration process, at theedaral water contents of the agglomerates.

2. MATERIAL AND METHODS

2.1. Raw materials
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Durum wheat semolina of industrial quality (Panzgmaiup, France) was used as raw material
for the agglomeration experiments. Semolina wagedtin hermetic containers at 4°C until
experiments were carried out.

Semolina was first characterized using standardmethods. The water content of semolina
(16.4 £0.5 g water/100 g dry semolina) was deteechiaccording to the approved method 44-
15A (AACC, 2000), by weighing after oven drying (R0, WC Heraeus GmbH, Hanau,
Germany) at 105°C for 24 h. The total nitrogen eab{TN) of semolina was determined by
the Kjeldahl method, and the crude protein con{@@t4 g protein/100 g dry matter) was
calculated according to TN x 5.7 based on the AFN@#hod V 03-050 (AFNOR, 1970).
Median value of particle diameter of semoling (287 £8 um) was measured by using laser
granulometry (Coulter TMLS 230, Malvern, England)raom temperature. The diameter
span ((do-d10)/ds) was 1.56. The semolina true density (1.478 +0§@&°) was measured
by helium pycnometry.

Liquid limit and plastic limit, which correspond #itterberg tests used in soil science (Holtz
and Kovacs, 1981) are carried out on semolina cor@ance with the French P 94-051 and P
94-052-1 methods (AFNOR, 1993, 1995). For granaiadia, the plastic limit (¥ is the
water content which gives the transition betweesn gblid and the plastic state. The liquid
limit (w_) is the water content which gives the transitietwzen the plastic and the pseudo-
liquid state. The plastic and liquid limit value® aneasured at respectively 59% and 76% for
the durum wheat semolina. The plasticity index -(w) is equal to 17% and allows
assimilating the durum wheat semolina at a plastganic soil like plastic silt (Holtz and
Kovacs, 1981).

2.2. Agglomeration processes

The present work specifically investigates the afté two different agglomeration paths (the
direct classical wet agglomeration process anddiierse agglomeration process), by using a
low shear planetary mixer (Fig. 1).

The direct classic wet agglomeration processonducted by spraying water directly
on the native powder inside the mixer bowl, durihg mechanical mixing (Fig. 1). Water
spraying is conducted until reaching the defineteweontent (i.e. the process water content),
of the wet agglomerates (30, 40, or 50%).

The reverse agglomeration procassonducted with two successive steps. A part of
the native semolina powder is first mixed in thexenibowl. The first step consists of

generating the continuous wet dough in the mixexlpby adding the defined amounts of
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water on the native semolina, during the mechamuaing. Water addition is conducted
until reaching the defined water contents, to poedilne plastic dough (at 75% water content)
or the pseudo-liquid dough (at 110% water cont@fif). 1). The second step corresponds to
the formation of the powders by fragmentation medras, lead by the addition of the native
powder. The native powder was poured on the frefasel of the dough and incorporated
inside by the mechanical mixing. The amount of dldeled powder is defined to reach the
final water content of the wet agglomerates (30,04®0%).

We tested 9 different experimental conditions, \utace associated to the 3 process paths and
to the 3 final water contents of the agglomeratés reproducibility of the process paths was
checked by realizing some experiments in triplicateleast one for each different process
path. Experiments were done by using a batch @anenixer (Kenwood Major 1200),
equipped with a fixed bowl of 5 liters and a K laatiat rotates around a vertical axis. All the
experiments were conducted with the constant fowd (1.5 kg) of the wet agglomerates and
the constant rotation speed of the blade (70 rponpromote the conditions of low shear and
constant total time of mixing (12 min). The electrconsumption of the mixer was
continuously measured by using a wattmeter (WatfgoBefore the start of the experiments,
we have conducted a stage of no-load mixing, atpi® during a long enough duration (i.e.
30 min) to reach steady state conditions of theteteconsumption of the mixer (Fig. 2). The
initial load of the native powder (Table 1) was iddiyp poured inside the mixer bowl and
mixed for 2 min. During the wetting stage (Fig. ggrformed during the mixing, water was
directly sprayed on the free surface of the powmet at constant flow rate (5.25 mt)sy
using a flat spray nozzle (TPU650017, Spraying &ysEmani, France) connected to the
water supply network. The diameter of the waterptts were estimated to 50-1Q@n
(Mandato et al., 2012). In these conditions, theetisionless spray flux was estimated to be
around 0.2. This value is slightly higher than theeshold value (0.1) that distinguishes the
nucleation regime by the drop controlled, in thecleation regime map as defined by
Hapgood et al. (2003).

For the direct process, the spraying time{30-&3-s@s defined to incorporate the
necessary mass of water (Table 1) to reach therwatgent of the final agglomerates. After
the spraying phase, the wet agglomerates were nurgda total time of process of 12 min
(Fig. 2).

For the reverse processes, the first stage ofdimation of the continuous dough is
conducted during a constant time of 2 min. Durimg stage, the spraying time was defined to

incorporate the necessary mass of water (Table t@&ch the defined water content of the
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continuous dough (Fig. 2). During the following draentation stage, the addition of the
powder was conducted at constant feeding rateg(8&€") by using a weight feeder (K-SFS-
24, K-TRON, New Jersey, USA), which was directlpg#d above the mixer bowl. The time
for the addition of the powder was defined to ipoyate the necessary mass of powder
(Table 1) to reach the water content of the wetaggrates. After the powder addition phase,
the wet agglomerates were mixed until a total ppedane of 12 min.

The wet agglomerates were characterized accordinpdir size distribution immediately
after the processing. 100 g of product was sampkgde the mixer and poured over a column
of 11 sieves of decreasing mesh size (10, 5.6,25%, 0.9, 0.8, 0.71, 0.63, 0.5, 0.4, and 0.315
mm). The sieve column was moved by gentle manuaingt for 1 min to separate the
agglomerate fractions. The repartition of the fatt on each sieve was measured by
weighing. The size distribution was expressed asprcent of total weight. Even if the
particle size distribution curves were not unimodhé apparent median diameteggfdand
apparent span (§etdio) / dsg) of the size distribution were calculated as glofyaparent

descriptors, that could under or over-representrarel.

2.2. Consolidation and stabilization of the agglombes

After the agglomeration stage, the wet agglomenatre consolidated by the steaming stage
and they were stabilized by the drying stage. Tthges of steaming and drying were only
conducted on the wet agglomerates that were sanhgiedeen the sieves of 1.25 and 2 mm
mesh size. We made this choice, because it comedsp one of the fields of application
expected for our works: the manufacturing of thglagerated couscous grains of durum
wheat (Abecassis et al., 2012). Obviously, the Kedge of the properties of this fraction
does not allow describing the properties of thgdaor smaller fractions.

Immediately after sieving, the agglomerates wereap as a thin layer (about 3 mm) over a
stainless steel plate, inside a steam cooker &f @avant Chaudronnerie, France). The stage
of steaming was conducted for 15 min at 100°C, usdeurated steam flow of 20 kg,hand

at atmospheric pressure. The steamed agglomeratesimmediately dried as a thin layer
(about 3 mm) over stainless steel mesh, by usipdoa scale dryer (Afrem, Lyon, France).
The drying was conducted for 60 min at 70°C andB@#o relative humidity. The dried

agglomerates were collected and stored inside hrplastic cups until characterization.

2.3. Characterization of the (wet and dried) ag@mtes
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Water content The water content was determined on 3-5 g sanple a drying method in
an oven (RB 360, WC Heraeus GmbH, Hanau, GermanyQzC for 24 h (AACC Method

44-15A). Mean values were determined from tripkcat

Compactness The solid mass (8ig; g dry matter) was first calculated from the weigh

values of the agglomerates (m; g) and their wadatent (w; g water / g dry matter)..

m

Msolia = 77,

1)

The density of the agglomeratgs @.cni®) was determined by using a hydrostatic balance
(Precisa serie 321 LX 120A SCS, equipped with &it determining density for solid and
liquid) and using paraffin oil. The solid volumeadtion of the agglomerates;(cnt® solid

matter / cm) was calculated using Eq. (2).

b = Vsolid _ p (2)

Vo psoua(lw)

Where \soiiq is the volume of the solid matter of the agglortesacni solid matter) and
p*solid IS the true density of material (1.478 +0.005 grmmeasured by helium pycnometry.

Mean values were determined from triplicate.

Shearing properties Shearing properties of the wet agglomerates werasured using the

FT, powder rheometer (Freeman Technology, WorcesterddK) according to Rondet et al.
(2013). Measurements were carried out in a cyloadiiglass cell (diameter = 50 mm; height =
50 mm) and the FKTprobe (with a helix of a -5° angle and a diamete23.5 mm). The
sample was subjected to a pre-shearing stage 0.8h 60° with a pressure of 15 kPa)
carried out with the Fpowder rheometer shearing probe. Four shearinigsyeere carried
out for various normal stresses (1.75, 1.5, 1.88,lakPa), at a speed of 0.3°.Failure shear
stress was recorded for each studied normal sttbsdrained shearing tests were analysed
using Mohr's representation of the plane strede stdh the normal stresg,(kPa) and the
shearing stresst,(kPa). The shearing properties were describedgugia Mohr-Coulomb
rupture criterion.

T=us+c 3)
whereu is the friction coefficient (dimensionless) aads the cohesion (kPa). The friction
coefficient is the slope and cohesion is the imptavith the y-axis of the linear relationship

betweers andz. Experiments were carried out in triplicate.
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Scanning electron microscopylhe microstructuref the dried agglomerates was observed

by scanning electron microscopy (JSM-T2000, JEQIkyD, Japan). A sample was mounted
in epoxy resin and coated by gold to provide thedoativity and the emission of secondary

electron. For each sample, pictures with differaagnifications were taken.

Color —A sample of dried agglomerates was densely packedcylindrical glass cell (6 cm
diameter and 2 cm thickness) and levelled off. €otwordinates (L* lightness, a* redness,
and b* yellowness) were measured directly by usingeflectance colorimeter (Konica
Minolta CR - 410, France) with the calibration tailg light (D65). Colours measurements
were carried out in triplicate on three differer#ngples. The arithmetic means of the
coordinates were calculated together with totabicdlfference.
AE = X(x; — x0)* (4)

Wherex is L*, a* or b*, andi refers to the different products afdmeans durum wheat

semolina as standard.

Swelling capacity The swelling capacity of the dried agglomerates maasured according
to Guezlane and Abecassis (1991). A sample (204 §) was placed inside a graduated 100
mL test tube (25 cm long and 3 cm diameter) comgi®0 mL of distilled water. The test
tube was sealed and turned upside down 10 timeessigely. Water at 20°C was carefully
added to wash down the agglomerates stuck to teenad sidewall of the test tube, until the
final volume of the mixture reached 100 mL. Thet tagbe was then placed at room
temperature for 30 min. The volume of solid hyddatehase" was directly read on the tube.
Measurements were realized in triplicate. The smgltapacity criterion at 20°C (mi%y
corresponded to the ratio the final volume of tlyelrhted agglomerates (V; ml) over the

initial mass of agglomerates (M; g).

Vv
S,pc = 100— 5
20°C M ( )

2.4. Statistical analysis

The statistical significance of results was assksseng single-factor analysis of variance
(ANOVA). Multiple comparisons were performed by aahkting the least significant
difference using Microsoft Excel 2011, at a 5% #igance level.
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3.RESULTS
The comparison of the direct or reverse agglomamafirocesses was conducted by both
monitoring the energy consumption during the preicgs and by measuring the

characteristics of the wet agglomerates and ofitleel agglomerates.

3.1. Electric consumption during pr ocess

The electric consumption of the mixer was measutedng the successive stages of the
agglomeration processes. During the first stageoetoad mixing, we observed a small peak
of electric input power, followed by a progressdexrease of the electric power until it reach
a constant value, in steady state conditions (datgresented). According to Rondet et al.
(2012), the electric input power during the no-laadking is the sum of the mechanical
output power for rotating the blade and of the idesson terms (heat dissipation, motor
magnetic dissipation, and motor mechanical dissipatThe measured values of the electric
input power were normalized by subtracting thegaatvalue measured at the end of the stage
of no-load mixing (Rondet et al., 2012).

During the mixing of the initial load of the natiywder (Fig. 3), the normalized electric
input power values are low. These values (Tabl@r®) correlated (R= 0.988) with the
weight of the native powder in the mixer tank beftine water addition (Table 1), except

when the initial load is too low (less than 40®gd), compared to the mixer size.

During the agglomeration stage, the curves of tivenalized electric input power are specific
of the process. For the direct agglomeration po¢es). 3A), the electric input power rapidly
increases during the spraying of the water (stggeu® to the increase in cohesion between
the particles (Rondet et al., 2013). The electrjut power reaches a maximum value at the
end of the stage of water spraying, and then pssgrely decreases during the final stage of
mixing, and reaches a final plateau value.

For the reverse agglomeration processes (Fig. 3Ba@)first observe an increase in the
electric input power during the stage of water gpig (stage 3), due to the formation of the
continuous dough. For the plastic dough conditidfsy. 3B), the power curve is
characterized by a high peak and large bandwidétdithe high consistency of the dough.
For the pseudo-liquid dough conditions (Fig. 3Gg power curve is characterized by a slight
increase and small bandwidth, due to the liquidaiedur and low consistency of the dough.

When starting the final stage of powder additiom, fisst can observe a short transitory phase

-10 -
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with fluctuations of the electric input power, dwethe lubricant effect of the added patrticles,
which are not incorporated inside the dough stingctlihe addition of powder induces a rapid
increase of the electric input power (Fig. 3B-Q)edo the increase of the dry matter content
of the dough: the continuous dough becomes morested Similar increases in the cohesion
of wheat semolina dough with decreasing water cugt&vere observed by Rondet et al.
(2013). They identified a maximum dough cohesiolueanear 52% water content (i.e. the
plastic limit), which is the limit water content, the structure transition from the continuous
dough to the granular pasta. Below 52%, the deeredghe water content decreases the
values of the cohesion of the discrete granularesme medium. During the reverse
agglomeration process (Fig. 3BC), we also obsdrae final powder addition decreases the
electric power values, due to the transition fréwa tontinuous dough to the discrete granular
cohesive medium. During the final period of mixiflgig. 3BC), the electric input power
continues to slightly decrease and reaches aglat¢au value.

Whatever the processes, increases in the wateertofitom 30 to 50%) of the wet powders
increase the values of the electric power measairéiie end of the process (Table 2). This is

due to the increase in the cohesion between thaggdmerates (Rondet et al., 2013).

The measured values of the normalized electrictippwer were used to calculate the electric
energy consumption during each stage of the prddedsie 2). For the direct agglomeration
process, the values of the total energy consumpiiedow (11-27 kJ), because the products
still stay in a powdered granular state with lovhesion forces, which were determined at 4
to 11 kPa for the water contents ranging from 36%0% (Rondet et al., 2013). These forces
are low when comparing to the wheat dough with iomoius protein network, whatever the
end water content of the wet agglomerates.

For the reverse agglomeration processes, the miainthe continuous dough during the
stages of water addition and of fragmentation meguhigher level of mechanical energy
(Table 2). Whatever the water content, the totargy consumption for the liquid dough
conditions (13-38 kJ) is slightly higher than thaseasured for the direct process. The level
of viscosity of the continuous pseudo-liquid dowtfpes not require high levels of electric
energy. On the other hand, the total energy consamfor plastic dough conditions (21-61
kJ) are largely higher than those measured foditext process. The cohesive behaviour of
the plastic dough requires high level of electmergy during the stage of mixing, whatever

the end water content of the wet agglomerates.
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3.2. Characteristics of the wet agglomer ates

To compare the agglomeration processes, we haveumeghthe distribution of the size
properties and of the hydro-textural charactessttthe wet agglomerates (diameter, water

content, and compactness).

3.2.1. Size distribution

The agglomeration processes generate agglomeradthsdigpersed sizes. Whatever the
processes and the water contents, the end sizébdigin display multimodal shapes curves
(Fig. 4-5). The size distributions of the wet aggrates were here described by considering
four classes of agglomerates according to themdtar: small (d < 0.4 mm), medium (0.4 <
d < 0.71 mm), large (0.71 < d < 1.25 mm), and \arge (1.25 mm < d) agglomerates (Fig.
6). Even if the distribution curves of diameter didt display unimodal normal shape, we
calculated the apparent median diametegg) (dnd apparent dispersion parameter (span) as
global criteria (Fig. 7).

The results demonstrated a significant impact @& fnocess on the slope of the size
distribution curves (Fig. 4), whatever the watemtemt. The reverse plastic process is
characterized by the agglomerates with slightly dowalues of the apparent median
diameters (-90 um) and of the apparent span, cadgarthe direct process (Fig. 7). On the
other hand, the reverse liquid process is chaiaeteiby agglomerates with slightly higher
values of the apparent median diameters (+115 pang),lower values of the apparent span,
compared to the direct process. These effects eamdinly observed at 30% and 50%
content, albeit with a greater difference at 50¥eleWe cannot give explanation into why at
40% the 3, for all process show similar values.

Whatever the process type, the increase of therwatgent induces expected increases of the
apparent median diameter (Fig. 7), with lower cotgef the small agglomerates and higher
contents of the large agglomerates (Fig. 5-6). ddrgent of the medium agglomerates is the
highest at 40% water content. Increasing the watatent (from 30 to 50%) does not affect
the apparent diameter span values for the reveosesgses (Fig. 7).

Large differences in the size distribution curvegy(4-5) and in the apparent span values
(Fig. 7) of the wet agglomerates have been foundhi® low water contents (30 or 40%). For
the experiments conducted at 50% water conteny, slight differences in the particles size
distribution curves (Fig. 4C) and the apparent spalues (Fig. 7) were demonstrated

between the direct process and the reverse pracelsere is a low impact of the process on
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the properties of the agglomerates, when the watetent is close to the plastic limit and to
the formation of continuous dough.

3.2.2. Water content distribution

As showed by Barkouti el al. (2014) for the diregtfglomeration, the results demonstrate
whatever the process a significant dispersion ef rtteasured values of the water content
between the four classes of the agglomerates, atkfloy their size (Fig. 8): the large
agglomerates are more wet than the small onesewdrathe process water content (30, 40, or
50%).

Increasing the process water content (from 30 #6)gnificantly increases of the measured
water content for the agglomerates of medium 9z& {nm < d < 1.250 mm), but does not
affect the water content of the small and of tligdaagglomerates.

For the reverse plastic process, we observe a Idispersion of the measured water contents
between the four classes of agglomerates (Fig. &B)pared to the direct process (Fig. 8A).
For the reverse liquid process, we observe theehiglspersion of the measured water
contents between the four classes of agglomer&igs 8C), close to those of the direct

process.

3.2.3. Compactness distribution

Whatever the process, the results demonstratendisamt dispersion of the measured values
of the compactness between the four classes @ghemerates, defined by their size (Fig. 9-
10): the large agglomerates are less compact tteasrhall ones, whatever the process water
content. Compactness of the agglomerates is linetieir water content, in the same way
that Barkouti et al. (2014) have showed.

The agglomerates produced by the reverse plasiteps are characterized by slightly higher
and less dispersed values of the compactness, cedga the direct process. The
agglomerates produced by the reverse liquid proaessharacterized by slightly higher and
more dispersed values of the compactness, comparnbe direct process. This difference is
certainly due to the difference between the aggtati@ mechanisms. A potential future
work conducted at the particle scale could provalevant data to describe the impact of the
reverse agglomeration process on the compactnasssva

Increasing the process water content (from 30 8h)5@ecreases the compactness values of
the wet agglomerates, but does not significantfecafthe dispersion of the compactness

values.
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3.2.4. Rheological properties

The cohesion and the friction coefficient were ontyeasured for the selected wet
agglomerates.g. with size between 1.25 and 2 mm). The reversegss®s (plastic or liquid)

give the agglomerates with higher values of thetibh coefficient and lower values of the
cohesion, when compared with the direct procesg. (ElL). Whatever the process, the
cohesion of the bed of the wet agglomerates ineseadth the process water content. We did
not observe significant effects of the process mabatent on the friction coefficient. Similar

increase in the cohesion of wheat semolina dougih wicreasing water contents was

observed and discussed by Rondet et al. (2013).

3.4. Properties of thedried agglomer ates

The dried agglomerates were obtained after theestafjsteaming and drying of the selected

wet agglomerates.€. between 1.25 and 2 mm).

3.4.1. Microstructural description

The topology of the surface of the dried agglomeratas described from scanning electron
microscopy (Fig. 12). The process significantlyeafs the superficial microstructure of the
agglomerates. The agglomerates produced by thet ¢irecess (Fig. 12A) are characterized
by more or less spherical shapes, with some iregigigls on their surfaces. They are not
dense objects, since an apparent porosity opemirigeosurface is observed. At the low water
content, the surface of the agglomerates is madenall particles that seem to be glued to
each other but still remained discernible. Theaase of the water content during process
gives the dried agglomerates with smooth areaiein surface. It is difficult to identify the
native particles, because they are partly meltetraarged, due to the specific reactivity of
the hydrated wheat proteins which composes the lgsmuarticles.

The agglomerates produced by the reverse proc€Bsps12B-C) are characterized with
heterogeneous and shapes far from sphere. Wheeagsext at low water content (30%) by the
reverse processes, the agglomerates are charadtéryzlengthened shapes. The surface of
the agglomerates is made by an apparent continomedium, with some visible small
particles glued, giving the aspect of granular fmegs. The proportion of the small particles
is higher on surface of the agglomerates produgedhb reverse plastic process, when

compared to those produced by the reverse liquidgss.
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When processed at intermediary water content (4@%)the reverse processes, the
agglomerates are characterized by original flapebacomparable to glitters or flakes. The
shape ratio (i.e. apparent thickness / diamete®sitmated at 1/5. The surface of these
agglomerates is made by the association of pastialbich seems to be glued on each other.
When processed at high water content (50%) by dklierse processes, the agglomerates are
characterized by heterogeneous and not spheriagesh The surface of the agglomerates is
then made by smooth areas on which some partickesn@rged. The proportion of the
merged patrticles is lower on the agglomerates medily the reverse plastic process, than

on those produced by the reverse liquid process.

3.4.2. Compactness

Whatever the process water content of the wet aggiates, the compactness of the dried
agglomerates produced by the reverse plastic pgd@e®41) or by the reverse liquid process
(0.848) are slightly higher than those producedhgydirect process (0.831) (Fig. 13). We do
not identify significant effect of the process watentent on the values of compactness for

the dried agglomerates.

3.4.3. Colour properties

The colour characteristics of dried agglomeratesdypeced by the reverse processes are
significantly different to those produced by theedt process (Fig. 13). The colour difference
with wheat semolinaAE) is close to 36.8 for the agglomerates producedhie direct
process. The reverse plastic process produced ragoghes with lower values of colour
difference AE = 33.4), due to specific values of the brightn@s$. For the reverse liquid

process, the colour differencéE = 35.9) is close to those of the direct process.

3.4.4. Swelling properties

The process influences the swelling ability of thgglomerates (Fig. 13). The swelling
capacity of the dried agglomerates describes thiglity to interact with water molecules,
which depends on the crystalline state of the Btgranules, and on the ability of the porous
agglomerates to swell and entrap water insiderttegnal voids (Cuq et al., 2013).

The swelling capacity of the dried agglomeratesdpeed by the reverse plastic or liquid
process (3.10 or 3.08 ml*yare slightly higher than those measured for tinect! process
(2.95 mL.g"). Whatever the process, the increases in the gsos@ter content of the wet

agglomerates before the stage of steaming incris@seswelling capacity after the drying.
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Higher water contents of the wet agglomerates eséh#ime mechanisms of gelatinization of
the starch granules during the steaming stagelo®eof the crystalline structures, and the

formation of amorphous hygroscopic structures endhied agglomerates.

4. DISCUSSION
The major aim of this work was to investigate tlef@rmance of an original new reverse

agglomeration process (based on the fragmentatiom dough and the formation of
agglomerates, by adding a dry powder), in comparisth the direct wet agglomeration
process: water droplets on particles, or the noeekrse-phase wet granulation process:

particles in water layer (Wade et al., 2014).

During the reverse agglomeration process, the stegje of the elaboration of the continuous

dough is conducted to initiagghysicochemical mechanisms based on the reactivity of the

wheat components under high water contents and anex shear stresses. These
mechanisms generate irreversible changes of thatvwdoenponents (solubilization of proteins
and fibers, formation of protein network) inside ttlough (Bloksma 1990, Eliasson 1990,).
Two conditions of dough water contents were ingeddd to modulate the extent of the
physicochemical mechanisms: the reserve plasticegsoat 75% water content, with the
dough of high consistency and low reactivity; tlewarse liquid process at 110% water
content, with the dough of low consistency and higgctivity.

The present study allows investigating the appasdecttric cost of the physicochemical
mechanisms during the process, and more partiguthrting the period of mixing of the
continuous dough and of the fragmentation stagenfamed to the direct process, the electric
cost of the reverse process is almost similar wdmrsidering the liquid dough conditions
(Table 2). The low consistency of the liquid dowdgfes not require overconsumption of the
electric power in order to be mixed. The high malac reactivity under the liquid dough
conditions does not generate electric overcostmgliine agglomeration process. The electric
costs of the mixing of the continuous dough of loansistency are close to those of the
mixing of the granular paste in the classic agglatien process. On the other hand, the
electric cost is higher when considering the ptadtiugh. The high consistency of the plastic
dough requires electric overconsumption duringstiage of mixing.
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The energy cost of the reverse agglomeration psosethus not proportional to the extent of
physicochemical mechanisms involving the wheat camepts. The reverse agglomeration
process can thus be managed to promote differemteirsible physicochemical reactions

without negative impacts on the electric energysos

The present work demonstrates thatdhar acteristics of the continuous dough are important

factors during the reverse agglomeration processause they directly contribute to the
physical mechanisms involved in the formation o thgglomerates. They impact more
particularly the relative dispersion of the indival properties of the agglomerates.

(i) The low consistency of the liquid dough is favduleato the mixing efficiency of
the mixer, in order to quickly generate homogenedmsgh at the end of the initial stage of
the addition of water. On the other hand when aegig the plastic dough with the high
consistency, more process time is required duhegriitial stage of mixing in order to obtain
a homogeneous dough.

However, the present results do not demonstratelawer dispersion of the individual
properties of the agglomerates produced by thadigeverse process, when compared with
the reverse plastic dough process (Fig. 8-9). Tapalility of the mixer to homogenize the
dough thus does not seem to affect the dispersiothe® individual properties of the
agglomerates.

(i) The final stage of the addition of power during theerse process is conducted in

order to promote theontrolled breakage mechanisms of the continuous dough. The

breakage mechanisms are generated by adding tive patticles under mechanical stresses
to produce the wet agglomerates. The wet aggloe®ee made by the association of small
pieces of dough and of the dry native particleshtiuld be pointed out that the spans of size
distributions obtained by using the reverse proeeesarrower than that obtained for direct
agglomeration process. The breakage mechanismsydine reverse process are thus not less
efficient in order to produce grains with homogameoharacteristics, compared to the growth
mechanisms during the direct process. The reversseps makes it possible to increase the
agglomeration yields of the process. Wade et &142 2015) also indicated that size
distribution of the granules may be simpler to batwlled in the reverse-phase granulation
process. The size of the granules progressed tevearchimodal distribution indicating that

improved mechanical dispersion occurred.
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The present work demonstrates that the abilityhefdontinuous dough to be fragmented in
small pieces is partly dependent on the charatteyisf the dough. The low consistency of
the liquid dough is favourable to the dispersed maasms of breakage: this allows the
formation of pieces of dough, with high dispersiorthe sizes and properties (Fig. 8-9). On
the other hand, the high consistency of the pladtagh requires more energy for the
breakage mechanisms: the high cohesion of the déagburs the effects of mixing and

allows the formation of homogeneous pieces of dpugth low dispersion in the size and

properties, such as water content or compactness.

Strong differences in thenicrostructure of the agglomerates were demonstrated when

comparing the direct and reverse processes (Fig.Th# direct process generated classical
round to ellipsoid structures. The reverse proceggEmnerate particles with no spherical
shapes, but with original shape close to the flakiag results, show different trends when
compared to Rondet (2008) who found that the revagglomeration experiments produced
"more spherical and compact (agglomerates) thasethmroduced by the classical wet
agglomeration process”. These differences coulduaeto differences in the range of plastic
and liquid behaviour of the continuous dough. Indidn, their microstructure is
heterogeneous due to the fact that native partati¢se surface are entrapped in an apparent
pasty matrix. This makes it possible to generatenpmsite material with different
components. The end use properties can thus signify differ from those of the
agglomerates obtained thanks to the direct prodésswiakes it possible to consider the
prospect of new product development in which th@eddpowder is different from that used

to generate the dough.

The variations of the compactness and water comtetite agglomerates during the process

can be discussed by using thgdro-textural diagram (Ruiz et al., 2005) (Fig. 14). This

diagram is limited in its upper part by the satwratcurve, which represents the maximum
water content that a medium of a given compactonasscontain. Whatever the process, the
increase in agglomerates size is concomitant withnarease in their water content and a
decrease of their compactness. The results aréasitoithose obtained thanks to a classical
agglomeration process, in the conditions of wettngl mixing which corresponding to the

drop control regime of nucleation (Rondet et @010). Nevertheless, the agglomerates
generated in this study (and whatever the prochesen) are found to be totally saturated

with water (Fig. 14). In the case of the reversecpss, this result is not surprising insofar the
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agglomerates are generated from initially saturatedigh pieces. When the direct
agglomeration process is considered, the saturaifoagglomerates is dependent on the
conditions of wetting and mixing, that impose a hdcal dispersion regime of nucleation.
Wade et al. (2014) have demonstrated that the geygtase process is able to generate
granules with low intragranular porosity when steytfrom dense suspension, due to the
complete filling of intraparticulate pores by thender liquid in the initial phases of the
process. The addition of further powders reduceditjuid saturation of the granules, with the
desired particle size being obtained through cdlietidoreakage. Proposed advantages of the
reverse-phase process over the conventional wetiigiteton approach include a reduced risk
of uncontrolled granule growth. Wade et al. (20b8ye indicated that the conventional
process showed granule growth driven by viscousefrwhereas the reverse-phase process

showed granule breakage driven by capillary forces.

5. CONCLUSION

The different agglomeration processes have beendfdo generate agglomerates with

specific functional attributes, due to the physhemical reactivity of the wheat semolina
components. Dough characteristics and fragmentatn@thanisms have been found to
contribute to the determinism of the end use ptoggeof the agglomerates. The multiplicity
of mechanisms and interactions identified during teverse agglomeration of the durum
wheat semolina offers the opportunity to generaiteerdity of the agglomerates. The
relationship between the process parameters anceritbeuse properties of the resulting
agglomerates still needs to be better understamdjnktance by investigating the spatial
distribution of the mechanisms at a local scalsidie the structure of the agglomerates. This
work offers innovative potentials to design the enwe agglomeration process for food

powders and generate news products.
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Figure 1. Schematic description of the three investigated agglomeration processes, direct process
(A), reverse plastic process (B), or reverse liquid process (C), as a function of the process water

content.

Figure 2. Schematic description of the successive stages during the three investigated agglomeration

processes: direct process (A) or reverse processes (B).

Figure 3: Typical normalized electric input power curves monitored during the agglomeration of
wet agglomerates at 30% water content. With the direct agglomeration process (A), the reverse

plastic process (B), and the reverse liquid process (C).

Figure 4: Impact of the agglomeration process (direct process, reverse plastic process, or reverse liquid
process), and of the process water content (at 30% (A), 40% (B), or 50% (C) water content), on the measured

particle size distribution curves of the wet agglomerates.

Figure 5: Impact of the process water content (at 30, 40, or 50%) and of the agglomeration process (direct
(A), reverse plastic (B), or reverse liquid (C) process) on the measured particle size distribution curves of the

wet agglomerates.

Figure 6: Mass proportion for the 4 classes of the wet agglomerates, as a function of the process water
content (at 30, 40, or 50%) and the process type: direct process (A), reverse plastic process (B), or reverse

liquid process (C).

Figure 7. Impact of the process water content on the apparent median diameter (dso) (A) and

apparent span diameter dispersion (B) of the wet agglomerates produced by the different processes.

Figure 8: Water content values for the 4 different classes of the wet agglomerates, as a function of the
process water content (at 30, 40, or 50%) and the process type: direct process (A), reverse plastic process

(B), or reverse liquid process (C).

Figure 9: Compactness values for the 4 classes of the wet agglomerates, as a function of the process water
content (at 30, 40, or 50%) and the process type: direct process (A), reverse plastic process (B), or reverse

liquid process (C).



Figure 10: Impact of the process water content on the compactness of the selected wet agglomerates
(1.25 < diameter < 2 mm), produced by the different processes.

Figure 11: Impact of the process water content on the rheological properties (cohesion and friction
coefficient) of the selected wet agglomerates (1.25 < diameter < 2 mm) produced by the different

jprocesses.

Figure 12: Microstructure by SEM of the dried agglomerates produced by the different process
(direct, reverse plastic, or reverse liquid process) at the different process water content (at 30, 40, or
50%).

Figure 13: Impact of the process water content on the properties (compactness, color characteristics

and the swelling properties) of the dried agglomerates, produced by the different processes.

Figure 14: Hydro-textural description (compactness vs. measured water content) of the wet
agglomerates and of the dried agglomerates, produced by the different processes (direct, reverse

plastic, or reverse liquid processes).



Table 1: Description of the experimental conditigmstial load of powder, mass of added
water, and mass of added powder) defined for tloeessive stages of the agglomeration

processes at the different process water content.

Process water Initial load of Mass of added Mdsslded Total final
content (% db) powder (g) water (g) powder (g) adldg)
Direct 30 1347 153 -= 1500
40 1250 250 - 1500
50 1167 333 -- 1500
Reverse 30 307 154 1039 1500
(75%) 40 500 250 750 1500
50 667 333 500 1500
Reverse 30 191 153 1156 1500
(110%) 40 314 252 934 1500
50 417 333 750 1500




Table 2: Mechanical energy consumption (kJ) measdrging the successive stages of the

agglomeration processes at the different processrwantent.

Process Mechanical energy consumption (kJ)
water content Total Initial load Water addition Fragmen-tation
(% db) Process mixing stage stage
Direct 30 11.3+0.6)? 0.76(x0.07)¢  10.4(x0.9)* -
40 12.9+0.8)®  0.60(+0.05)¢ 12.3(x1.2)¢ -
50 27.0#1.6)? 0.57 (+ 0.06f 26.4(+2.4)" -
Reverse 30 25.61.5)% 0.64(x0.06)* 7.2(x0.8)°¢ 13.1(x1.4)°
(75%) 40 34.3+2.0)¢ 0.11(x0.02)° 9.1(+1.0) 4 24.9(+2.6)"
50 60.6(x3.5)"  0.26(+0.03)°  10.8(x1.0)* 49.3(+5.3)¢
Reverse 30 13.20.8)°  0.05(x0.01)° 1.4(x0.2)° 11.8(x1.2)°
(110%) 40 16.71.0)¢  0.31(+0.03)° 3.3(+0.4)° 13.1(+1.4)°
50 37.7(x2.2)¢ 0.07(x0.01)° 10.2(x1.1)° 36.6(x4.2)°
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Figure 1. Schematic description of the three investigated agglomeration processes, direct process
(A), reverse plastic process (B), or reverse liquid process (C), as a function of the process water
content.
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Figure 3: Typical normalized electric input power curves monitored during the agglomeration of
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plastic process (B), and the reverse liquid process (C).
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Figure 4: Impact of the agglomeration process (direct process, reverse plastic process, or reverse liquid
process), and of the process water content (at 30% (A), 40% (B), or 50% (C) water content), on the measured
particle size distribution curves of the wet agglomerates.



Figure 5: Impact of the process water content (at 30, 40, or 50%) and of the agglomeration process (direct

(A), reverse plastic (B), or reverse liquid (C) process) on the measured particle size distribution curves of the

wet agglomerates.
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Figure 6: Mass proportion for the 4 classes of the wet agglomerates, as a function of the process water

content (at 30, 40, or 50%) and the process type: direct process (A), reverse plastic process (B), or reverse

liquid process (C).
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Figure 7. Impact of the process water content on the apparent median diameter (dsg) (A) and

apparent span diameter dispersion (B) of the wet agglomerates produced by the different processes.
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Figure 8: Water content values for the 4 different classes of the wet agglomerates, as a function of the
process water content (at 30, 40, or 50%) and the process type: direct process (A), reverse plastic process

(B), or reverse liquid process (C).
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Figure 9: Compactness values for the 4 classes of the wet agglomerates, as a function of the process water

content (at 30, 40, or 50%) and the process type: direct process (A), reverse plastic process (B), or reverse

liquid process (C).
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Figure 10: Impact of the process water content on the compactness of the selected wet agglomerates

(1.25 < diameter < 2 mm), produced by the different processes.
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Figure 11: Impact of the process water content on the rheological properties (cohesion and friction

coefficient) of the selected wet agglomerates (1.25 < diameter < 2 mm) produced by the different
Processes.
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Figure 12: Microstructure by SEM of the dried agglomerates produced by the different process
(direct, reverse plastic, or reverse liquid process) at the different process water content (at 30, 40, or
50%).
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Figure 13: Impact of the process water content on the properties (compactness, color characteristics

and the swelling properties) of the dried agglomerates, produced by the different processes.
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Figure 14: Hydro-textural description (compactness vs. measured water content) of the wet

agglomerates and of the dried agglomerates, produced by the different processes (direct, reverse
plastic, or reverse liquid processes).
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Highlights

Innovative process to agglomerate wheat powder
Agglomerates were produced by the novel reverse wet agglomeration process.
The process conditions control the properties of the agglomerates.

The agglomeration process is mainly promoted by fragmentation mechanism.



