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Aconitic acid recovery from sugar-cane stillage: from the modelling of

the anion-exchange step to the conception of a novel combined process
ABSTRACT

Sugarcane stillage is rich in tri-carboxylic aconitic acid. To study its purification through anion-
exchange, selectivity coefficients between aconitate and the major competing minerals were
determined on a weak-base resin for different pH. Simulation of solutes separation in column,
using mass conservation equations and equilibrium theory, confirmed that resin in sulfate form
and pH = 4.5 led to the best separation performances, and showed that a preliminary chloride
removal up to 0.5 g Lt was the most profitable to increase the ionic exchange capacity for aconitic
acid. Demineralization of a real stillage by conventional electrodialysis followed by the optimized

ion-exchange step, led to an aconitic acid-rich extract.

Keywords: sugarcane stillage; aconitic acid; ion-exchange; low-pressure chromatography;
electrodialysis



Nomenclature and units

BV = resin Bed Volume (in liter of resin or Lr)

Ci = mass concentration of i in solution (g L™)

Cio = initial mass concentration of i in solution, for batch experiments (g L)

Cri = mass concentration of i in the column feed (g L™)

Dax = axial dispersion coefficient in the column (m2 s)

DM = dry matter content (% w/w)

¢ = Resin bed porosity (-)

FB = Free Base form

Kxi/j = Rational selectivity coefficient, considering i/j pair of anions (-)

L = column length (m)

m = resin dry mass in the column or in the closed flasks (gr)

N = X[ (eq L™)

P = aconitic acid purity with respect to DM (% w/w)

Papp = aconitic acid apparent purity with respect to global anions content analyzed in the
solution (% wi/w)

gi = mass retention capacity of solute i on the resin (g Lr* or g gr?)

(max Aaco = Maximal mass retention capacity of aconitic acid on the resin (g Lr or g gr?)
Ot = Y[R — i] = total ionic exchange capacity of the resin (eq Lr™ or eq gr™)
Raaco = Aconitic acid recovery rate in elution fractions (%)

u = linear velocity of the fluid assumed uniform on a section of the column (m s™)
V = volume of solution for equilibrium measurements in closed flasks (L)

Vo = void volume in the column (L)

Vsi = stoichiometric or average breakthrough volume for the solute i (L)

Vsat = saturation volume passed until having at the column outlet C =0.95 Cr (L)

x; = ionic fraction of solute i in solution (-)

y; = ionic fraction of solute i in the resin (-)

Y aaco = Aconitic acid regeneration yield during elution step in column (%)
Ysat Aaco = Aconitic acid yield during saturation phase (%)

[i] = solute i concentration in solution (eq L)

[R-i] = solute i concentration in resin phase (eq Lr* or eq gr™)



1. Introduction

Since 2000 and due to the instability of the world sugar market, sugar producers intend
to better valorize their by-products by extracting high-value solutes. Regarding cane sugar
industry, several by-products (especially molasses and stillage) are rich in valuable
organic compounds including carboxylic acids, phenol derivatives, amino acids, proteins
and coloring matters™™). Aconitic acid, a tricarboxylic acid present as cis- or trans- isomer
(Figure 1), is one of the prevalent organic molecules!?. Its trans- form is predominant and

the cis- one is unstable, leading to trans.

Aconitic acid has a great potential in a number of areas: it can be used as acidulant or
umami flavor enhancer in food™!. It is also currently considered with great interest for its
antibacterial, anti-inflammatory, anti-tumoral or herbicide propertiest*®l and its use for
the synthesis of vinyl polymerst” & or as precursor for itaconic acid productiont® 1% has
been described. Eventually, it belongs to the second class of the building block
chemicalsi*¥l due to its unsaturated tricarboxylic acid structure. Today, it is obtained
chemically from citric acid by dehydration!*? and its production currently stands at about

400 kg/year.

It was shown that its concentration could reach 2 g L™ in sugarcane juices and as much
as 5% (% Dry Matter, w/w) in cane molasses™®l. Its recovery from these by-products has
been studied by liquid-liquid extraction (mainly with tributylphosphate), or salt
precipitation > 1451 However, concern for more environment friendly processes such as
ion-exchange and membrane techniques has embraced the sector of agroindustry by-

products valorization, both for solutes extraction® 171 and water recovery€l, They follow



the same trend as recent organic acids production schemes from microbial fermentation
broth, generally targeted around combination of membrane, ion-exchange membrane,
adsorption and/or ion exchange chromatography techniques(*®?%, sometimes including in
situ recovery® 1. But far from the issue of an optimized and targeted fermentation,
purification processes applied on by-products have to face specific challenges due to
composition fluctuations and low purity of the target solute to valorize. Some studies exist
on aconitic acid extraction by anion-exchange from cane molasses or juices® 26 271, put
the data obtained (capacity information, etc) do not allow scaling up, neither
performances prediction for different compositions. A report?®! on 2007 sugarcane
campaign in La Réunion confirmed that there was about 5% of aconitic acid (% Dry
Matter, w/w) in local sugarcane distilleries stillage, a waste representing a potential
resource of more than 1200 t of aconitic acid /year, and up to now most often discharged
in the sea. Aconitate is there much diluted and only represents 20% (w/w) of the global
anion content (Table 1), the remainder anions being composed of carboxylates including
lactate, acetate and citrate, in addition to minerals. Specificity and capacity are therefore

key parameters for its sustainable extraction and purification processes.

A preliminary study!?® 3 on cane stillage from Riviére du Mat distillery (Saint-Benot,
La Réunion, France) has resulted in the selection through batch mode experiments of a
weak anionic resin (LEWATIT ® S4528), used in sulfate form. Separation in column led
to separate aconitic acid from other less retained carboxylic acids. But high contents of
minerals still remained in the eluate obtained, with an insufficient purity only up to 14%
(w/w). A comprehensive evaluation of the efficiency of this step and its improvement
appeared necessary. The ambition of this work is to provide for the first time generic data
enabling scaling of the anion-exchange step, for the different aconitate forms (H>Aaco

and HAaco? at stillage pH values studied), in competition with the major minerals present



in the stillage (chloride and sulfate) on the preselected resin. Therefore batch mode
experiments were run and the ion-exchange coefficients obtained used in a model of
multi-components ion-exchange in column. The behavior of a synthetic solution
containing only aconitic acid, chloride and sulfate was studied at two pH (pH = 4.5
(natural pH of the stillage) and pH = 3.6 (mainly monovalent aconitate form (Figure 2))
in order to evaluate the influence of the aconitate valence on the resin selectivity.
Breakthrough simulations with the adjusted parameters set were then run to predict the
potential capacity gain for aconitic acid if a preliminary desalting step took place. Since
it had been shown that conventional homopolar electrodialysis (ED) was an efficient pre-
treatment step to separate organics from salts (¢ 3123 a combined ED / Anion-exchange

separation process was evaluated for the purification of a real sugar cane stillage.

2. Methods

2.1.  Resin, chemicals and solutions
The weak base macroporous resin LEWATIT® S4528 selected from previous work
was used and purchased from Lanxess (Courbevoie, France). Its physical properties are
given in Table 2. In the pH range investigated (2.5 - 5.6) weak base sites of the anionic

resin are fully ionized.

NaCl was purchased from Fisher Chemicals (lllkirch, France), trans-aconitic acid 98 %
from Sigma Aldrich (Saint-Louis, MO, USA), Na;SO4, H2SO4 and HCI 37 % from

Panreac (Barcelone, Spain) and NaOH from VWR Prolabo (Leuven, Belgium).

The study was run with different lots of sugarcane stillage supplied by Riviere du Mat
distillery. Once collected, stillage was micro-filtered right away on a TIA filtration system

(Bolléne, France) equipped with 0.14 um ceramic membranes and kept frozen until



further experiments. To compensate for the variability of the lots (DM between 4 to 10.5
%), stillage was standardized by adjusting the concentration of the major compounds so
as to obtain a standard composition (Table 3). It was checked through the analyses that
both cis- and trans-aconitic acid had the same behavior in the present study (same
breakthrough). Consequently, they were considered as a single species (their
concentrations were added) and Caaco Set at 5 g L™ by addition of trans-aconitic acid.
Stillage purity in aconitic acid was then P = 6 % (w/w), and its pH about 4.5. To study
pH influence on the chromatographic separation, for some of the experiments standard
stillage had to be acidified until pH 3.6 while keeping the anion content unchanged. This
was achieved by cation-exchange with Amberlite 252 resin in H* form (Dow Chemical).

A given volume of acidified stillage was further mixed with the un-acidified one in order
to reach the required pH. The composition of this solution was assessed by HPIC analysis

to ensure that the resulting anion concentrations conform to the standard composition
(table 3). Overall the concentration of the solution after pH correction being slightly lower

than the standard composition, it was adjusted by addition of the major compounds.

In order to evaluate ion-exchange mechanism between the major ion species contained in
stillage, a synthetic solution was also studied. It only contained trans-aconitate, chloride
and sulfate anions, at the concentrations of the standard stillage (Table 3). Its natural pH
being about 2, between 8 and 12 mL of 5 M NaOH solution was added to 1 L solution to

reach the targeted pH of 3.6 or 4.5.

2.2.  Analyses
Anions (organic and minerals) were quantified by High Performance lonic
Chromatography (HPIC) on a Dionex ICS-3000 equipment (Courtaboeuf, France)

equipped with a DP ICS-3000 pump, an AS ICS-3000 auto-sampler (4°C) and a



conductimetric ICS-3000 CD detector. The lonPac AS11-HC column (250 mm x 4 mm
I.d., 10 um particle size, Dionex Courtaboeuf, France) was used and heated at 30°C. The
mobile phases used are (A) NaOH 0.1 mol L? and (B) ultra-pure milli-Q water. Flow-
rate was 1 mL mint. After 1 min of 2% A, A increased from 2 to 4% in 9 min, then from
410 30% in 15 min, and finally from 30% to 60% in 10 min; then it returned to 2% during
2 min. Global analysis duration was 38 min. With this method, trans- and cis-aconitic
acid could be distinguished.

Stillage and breakthrough samples obtained during the adsorption phase on the column
were diluted 100 times before analysis, and samples from column elution, 200 times.
Before analysis, they were all filtered on a «Syringe Filter» with a porosity of 0.45 pm.
Based on repeatability tests, precision (relative standard deviation (RSD)) of about 10%
was evaluated for aconitic acid and 5% for other solutes.

Dry Matter (%) was measured for some of the samples in order to determine aconitic acid
purity P (w/w). Therefore a vacuum oven (70 °C, 0.1 bar) from Vaciotem (Selecta,
Barcelone, Spain) was used. Between 2 g and 10 g of sample was introduced and mixed
homogenously with about 30 g of sea sand from Panreac (Barcelone, Spain), previously
dried and weighted. It was let to dry in the vacuum oven during 18 hours and Dry Matter

calculated by weight difference after 30 minutes cooling in a desiccator.
2.3.  Selectivity coefficients and resin capacity determination

The ion-exchange reaction between two anions of equivalent charge can be written

according to the mass action law. For HoAaco™ /CI™ exchange on a resin R, it gives:
R-CI + HxAaco” S R-HzAaco + CI° 1)

The corresponding rational selectivity coefficient is defined as:



K« HoAaco/Cl = LHzece” Xe=  _ Umyas) xaz () )

XHyAaco~ YCi— "~ (-xc-) yer-
with
X = %: ionic fraction of solute i in solution (-)

[R—i]

dtot

Vi = = ionic fraction of solute i in the resin (-)

[i] = solute i concentration in solution (eq L) = (solute i valence).Ci (g L) / Mi
[R-i] = solute i concentration in resin phase (eq Lr™ or eq gr depending if resin
quantity is expressed in volume (Lr) or dry mass (gr))

N =Y[i] =[CI"] + [HyAaco™] (eq L?)

gt =).[R —i] = [R — CI] + [R — H,Aaco] = total ionic exchange capacity of the resin
(eq Lr* or eq gr™)

inzl and Zylzl

Exchange between anions of different valences (for example HzAaco™ /SO4%) is written

as.:
R,-S0, +2 HyAaco S 2(R-HxAaco )+ SO,* €))

and its corresponding rational selectivity coefficient is:

2
7 - X - 1- -) x _

- _ y 2 y 2 2

Kx H2Aaco/SO,%> = =244 S04 :( S04 ) S04

2
XH,Aaco™ y5042— (1—x5042_) y5042_

() (4)

Determination of the equilibrium y; = f(x;) of the solute i, exchanged with solute j on the
resin, allows the rational selectivity coefficient of the anion pair i/j, Kx i/j to be estimated,

according to a least square non-linear minimization method.



Equilibria were achieved in closed flasks at 25°C. About 1 g of wet resin (precisely
weighted) in free-base form was added to V = 50 mL of a mixture containing trans-
aconitic acid and either Na,SO4 or NaCl at different initial concentrations Cio (g L™).
Before measurement of Cio, initial pH was adjusted below 2 with either 0.5 M H>SO4 or
1 M HCI so as to ensure after equilibrium, a pH below 3.3, for which there is no divalent
aconitate. For some of the experiments with sulfate, equilibrium pH was in the range 4 —
5.6, close to the natural pH of the stillage, for which divalent and monovalent aconitate

forms are in equivalent proportions.

After stirring (48 hours), equilibrium was reached and concentrations Ci (g L) were
measured by HPIC. pH was also controlled allowing the contribution of each ionized state
of solute i to be calculated. Taking account of the valence of each of these states, global
[i] (eq L) was calculated for each species, and consecutively N that considers all the

species, and as a result Xi.

In relation with the known dry mass m of resin in the flask, mass balance allowed the

solid-phase concentration of each species gi (g gr™) in equilibrium with C; to be deduced:

(Cip—=CYV
g = Cocd ©

t m

Therefore, the ratio -dry/wet- resin mass had previously been measured precisely: after
preconditioning of the resin, it was filtered (0.45 um) under vacuum so as to remove most
of the liquid. A sample of this wet resin was weighted and dried (104 °C during 24 h), in
order to obtain each time the given ratio -dry/wet- resin masses used to determine m. For
each flask and ion pairs, taking account of the valence of the ions exchanged (as for [i]),
calculation of the ionic concentration of each solute in the resin [R-i] (eq gr™) was

obtained from gi, and consequently gt (eq gr™) and yi could be calculated.
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In order to confirm the value of g, the total ion-exchange capacity of the resin, acid/base

titration of the resin was made [34 351,

2.4.  Column experiments and model development
2.4.1. Experimental procedure

Breakthrough of the main anionic components was studied through loading or saturation
phase, where the column was fed with synthetic solution or standard stillage until resin
saturation.

Experiments were run at room temperature on LEWATIT® S4528 previously
conditioned in chloride or sulfate form, using a 40 cm x 1.5 cm i.d. Omnifit Solvent Plus
glass column (Gilson, Villiers-Le-Bel, France) equipped with a peristaltic pump Minipuls
3and a fraction collector FC 204 (both from Gilson, Villiers-Le-Bel, France). The column
was full of liquid and a piston was used to evenly distribute the solution on the resin top
surface (leaving a volume of liquid over the resin bed less than 1 mL). Bed height and
consequently Bed Volume (BV, in resin liter, Lr) were then measured. For each of the
resin forms tested, BV was about 60 mL. After each experiment, the resin was recovered
and its dry mass weighed after drying at 104°C during 24 h. The average resin dry
mass/Bed Volume (or apparent density) obtained were about 240 gr L for both sulfate
and chloride forms and 324 gr Lr? (FB) for its free-base form, half that given by the
supplier (Table 2).

During saturation, at least 20 BV of solution was percolated downward at a flow-rate of
2 BV h!, after what the resin bed was rinsed at the same flow-rate with distilled water (2
BV). Fractions were collected at the column outlet for pH measurement and anions
analyses. Elution step then took place upward at 1 BV h™* with 10 BV of a regeneration

solution: either, H»SO4 0.25 M to recover resin in sulfate form or HCI 0.5 M to recover it

11



in chloride form. In the fractions collected all along the step, pH was measured and anions

analyzed.

2.4.2. Calculations

Saturation phase

The mass center of the solute i breakthrough curve or stoichiometric breakthrough volume
Vsi (L) was calculated as

St vacy

Vsi = (6)

Cri

With Cri = mass concentration of i in the column feed (g LY).

Mass retention capacity of solute i in the column can then be deduced according to the

solute mass balance, between solute feed and outlet until Vs;:

Cri(Vsi—Vo)

q = 22— 9 gr™) (7)
Where
Vo = void volume (L), including the extra-column volume contribution (pipes and other
dead volumes of the equipment) plus the resin bed porosity estimated at 50% of BV,

giving a total Vo about 0.8 BV.

m = resin dry mass in the column (gr).

Aconitic acid yield (Ysat aaco) during saturation phase was estimated relatively to the
minimal passed Vsat until reaching C = 0.95Cr at the column outlet; it accounts for Aaco

loss, due to breakthrough spreading:

Ysat Aaco = 100 Ysaaco (%) (8)
Vsat Aaco
Elution step

12



During elution, aconitate is expected to separate in a certain extent from other retained

anions. Its performances were estimated by:

Aconitic acid regeneration yield, Yaaco, Which is the ratio between the quantity recovered

through elution and that adsorbed during saturation:

YAaco - 100 MAaco tot recovered (%) (9)

MAaco retained
With

Muqco tot recovered = 9l0bal mass of aconitic acid recovered in the elution samples all

along the elution step ()

Myaco retained™ CFAaco( VSAaco - VO) (g)

Aconitic acid recovery rate, Raaco, Which represents the quantity of aconitic acid
recovered until a given elution fraction n (3§ Maqco), @S compared with the maximal

quantity that can be recovered in the elution peak:

Rpaco = 100 — 28 Taco (%) (10)

MAaco tot recovered

Aconitic acid apparent purity, Papp, which compares the mass of aconitic acid in solution
with the mass of the global anionic species analyzed simultaneously (including Aaco, Cl,
Sul, Alac, Aace and Acit). During elution, it is calculated from the beginning to the n-th

fractions considered :

P, = 10020 M4aco. (%) (11)

- n
pp 20 MAanions

This purity criterion is used instead of P to estimate the purity evolution during the elution
step especially, as dry matter measurement on each collected fraction would have been

very cumbersome.

13



2.4.3. Governing equations of the separation modeling tool
A model based on classical mass conservation equations was written for ion-exchange in
fixed-bed with 3 ions of equal valence. For the mobile phase, convective flow with axial
dispersion was considered. For each of the species, the hypothesis of a local and

instantaneous equilibrium between liquid and resin phases was assumed.

The mass conservation for solute i in the mobile phase written for each position z along
the length of the column (0 < z < L) takes the form:

0%i | dror 9yi . U 0% _ 0%x;

= il 12
ot eN Ot & 0z ax gz2 (12)

With

Xi = ionic fraction of solute i in solution, assumed uniform on a section of the column
¢ = Resin bed porosity (-)

Dax = axial dispersion coefficient in the column (m2 s)

L = column length (m)

u = linear velocity of the fluid assumed uniform on a section of the column (m s™)

For a mixture of 3 components, the time derivatives of the ionic fraction of i in the resin
can be calculated from the time derivatives of the ionic fraction of i in the solution

noting that:

o). 62 G G _(3)
Ot /xyxaz \0Xy s at/, \O0xs % at /,

and (), Go) G, GG, 13

X3 X2
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Furthermore, it is assumed that ion exchange equilibrium for solute i in a mixture of n

solutes is affected by other solutes through a competition law according to:

Ky i/ %i

Vi= 5 (14)

te1 K iy Xi
leading for example for j =1 and i = 2 and 3 respectively, to :

Kx2/1 X2 Ly = Kx3/1 X3
1+(Ky21~1)x 2 +(Kx3/1=1)x3 73 1+(Kx2/1-1)% 2 +(Kx3/1-1)x 3

Y2 = and y, =1-y, -y,

Initial and boundary conditions:

- Att =0 whatever z, (Xaaco, Yaaco) = 0 and (Xci, Ycr) or (Xsu, ysu) = 1, depending on

the resin initial form (either chloride or sulfate)

- Atz=0andt>0, (%)0 =— (xi0 — xp;) (15)

0z € Dgy
with xg; = ionic fractions of Aaco, Cl or Sul in the feed, calculated according to the
analyzed composition of the synthetic solution or the standard stillage tested, and taking

account of their valence for the given pH.

- Atz=L, (‘;—’;)L =0 (16)

A spatial discretization of these equations led to a system of ordinary differential
equations. This system was solved using a dedicated algorithm “odel5s” developed in
Matlab® computing software (The Mathworks Inc., Natick, Mass, USA) and adapted to
stiff systems where each of unknown variables may exhibit radically different variation
Kinetics. This algorithm automatically adjusts the time step used for numerical integration
of the equations. It allowed the ionic species breakthrough curves (x; = f(t)) and further C;

= f(t) to be calculated at the outlet of the column (at z = L).

15



2.5. Homopolar electrodialysis experiments

In the purpose of decreasing the competing anions (chlorides or sulfates) of the stillage
before ion-exchange and possibly increase resin capacity and separation performances,
electrodialysis was introduced as a preliminary step. Experiments were performed with a
conventional two-compartment electrodialyzer TS-2-10 from EURODIA (Pertuis,
France), containing seven pairs of anion- and cation-exchange membranes alternately
arranged for a total effective area of 0.14 m2. Anion-exchange NEOSEPTA AMX and
cation-exchange NEOSEPTA CMX membranes from Tokuyama Soda (Japan) were used.
Experiments were run at room temperature in batch recycling mode with two tanks
(diluate and concentrate) containing 2 L solution each. Stillage (in the diluate tank) and 5
g L't NaCl solution (in the concentrate tank) were both pumped at 200 L ht in the system
and recirculated. A NapSO4 solution (12 g L) was circulated through the electrode
compartments to ensure electric power conduction. A constant tension of 18 V was found
suitable for operating the system. During all trials, pH and conductivity were monitored
in the concentrate and the diluate compartments, and current intensity was monitored.
Samples were taken throughout the experiments for HPIC analyses.

Retention rate for solute i during the ED process is defined as:

[il(g L™1) in the diluate at time t ) (%) (17)

Retention rate = 100 ([i](g L~1) in the diluate initially

A demineralization rate was defined relatively to chloride or sulfate removal as:

[Clor Sul](g L_l) in the diluate after electrodialysis
[Cl or Sul](g L=1)in the initial stillage

Demineralization rate = 100 (1 -

) %) (18)

16



3. Results and discussion

3.1.  lon exchange characterization
Depending on the pH, aconitic acid exists either in non-ionized or ionized forms
(HsAaco/H,Aaco /HAaco?/Aaco® - Figure 2) expected to behave differently in the ion-
exchange process. Usually, the higher the aconitate valence, the higher the resin affinity
for this form!34. But this could be at the expense of the mass capacity of the resin for this
acid. Actually, if one aconitate molecule interacts through several anionic groups rather
than one, it might occupy more cationic sites on the resin, resulting in a decreased
adsorption capacity. For monovalent aconitate (H2Aaco’), ion exchange isotherm results
were obtained for equilibrium pH values inferior to 3.3 (Figure 3.a.), where it represents
between 94 — 99 % (in eq L) of its global ionized forms. Ky values estimated from Eq. 2
and 4 are:
Kx H2Aaco/Cl- = 5.7 and Kx H2Aaco/SO4% = 0.07 (for 0.001 < N < 0.007 eq L™).
From these, value of Kx SO4%/CI- = 464 can be deduced.
It should be noted that in the case of aconitate/sulfate mixtures and for this pH range,
monovalent sulfate (HSO4") represents between 4.5% and 9% of its global ionic charge.
Preference for SO4? is therefore somewhat underestimated.
For four experiments with sulfate, equilibrium pH was in the range 4 — 5.6, close to the
natural pH of the stillage, for which divalent aconitate form (HAaco?) is also present.
Due to the very few number of experimental points it is hardly possible to optimize
together Kx H2Aaco/S04% and Kx HAaco?/SO4> parameters in that case. However,
results clearly show a stronger affinity for aconitate than for SO+ (Figure 3.b.). Behavior
of the divalent species was considered as prevalent in that case and Eq. 2 applied to

appreciate the ion exchange coefficient between both aconitate forms together (then noted

17



Aaco) and SO4%. A much higher coefficient than for monovalent aconitate alone was

found: Ky Aaco/SO4% ~ 5.

As expected®4, Ky values and curves shape reflect a strong preference of this weak
anionic resin for the divalent species, HAaco? being preferred to SO4%, followed by

monovalent aconitate and eventually chloride ions.

Overall isotherm results allowed the total ion exchange capacity qiwt of the resin to be
estimated. Whatever the ion pairs and the pH, it reached a constant value of 3.4 + 0.5 meq
gr%, showing that all the solutes under concern interact in direct relation to their valence.
Given the density of the resin in the free-base form (measured here at 324 gr Lr* (FB)),
it corresponds to gt = 1.1 eq Lg%, much less than the specification of the supplier (1.7 eq
Lr! (FB)). Titration of the resin successively by HCI and NaOH allowed a total capacity
of about 5 meq gr™* (or 1.6 eq Lr™) to be calculated, confirming that when only minerals
are concerned, capacity value obtained is close to the supplier’s specification. The high
molar mass of aconitic acid may cause steric hindrance for the access to all ion exchange

sites, and especially inside the resin bead.

3.2.  Aconitic acid purification by anion-exchange

3.2.1. Separation during the saturation phase
Both chloride and sulfate forms of the LEWATIT ® S4528 resin were tested. An
experiment with a solution of aconitic acid alone adjusted at pH 4.5 on LEWATIT®
S4528 column in sulfate form was run to appreciate the maximal capacity that could be
reached for this solute. From the breakthrough curve analysis, it was found Vs aaco = 16.7
BV (Eq. 6), corresponding to Omax aaco = 94 g Lr™ (Eq. 7) (Table 4). Expressed in ionic
capacity, it represents a Qo value of 1 eq Lr™ (FB) consistent with previous results in

batch mode.

18



For the same resin form fed with the standard stillage (at natural pH 4.5) (Figure 4), Vsaaco
drops to about 12.5 BV, and the corresponding resin capacity for aconitic acid to 57 g Lr
L(£7 g Lr?Y) (0r 0.238 g gr'L; for Crpaco = 4.97 g LY). As expected, aconitate is preferred
to monovalent organic acids and to minerals contained in the stillage: acetic and lactic
acids are not retained (Vs close to Vo), probably because of their lower valence; sulfate
ions initially present in the conditioned resin are displaced, due to competition effects
(xsu decreases from 1 to 0.2). Even if the tricarboxylic citric acid may compete for ion
exchange, it is quite not retained due to its much lower concentration: 1.3 mmol L*
against 29 mmol L for aconitic acid. Chloride ions then appear as the major competing

species for this resin form, with retention of 11.2 g Lr* (for Ceci= 4.2 g L™).

For the chloride form of the resin and the same standard stillage (not shown here), similar
behavior is observed, but with a switch between chloride and sulfate. Aconitic acid
breakthrough is about Vs aaco = 10 BV, corresponding to a capacity of 49 g Lr (+ 6 g Lr’
1Y (or 0.204 g gr?, for Craaco=5.3 g L}), in the same order of magnitude than previously.

Capacity for competing sulfate is there 10 g Lr™* (for Ce su=3.0 g L™).

In order to optimize the chromatographic step and take the variability of stillage
composition into account, behavior of a synthetic solution containing only aconitic acid,
chloride and sulfate was studied. Both chloride and sulfate forms of the resin were tested,
as well as two pH values: pH 4.5, the natural pH of the stillage; pH 3.6, where monovalent
aconitate predominates. The modeling tool of ion-exchange in column was used to adjust
hydraulic (Dax) and selectivity coefficients (Kyij) by comparison between calculated and
experimental breakthrough curves (best fit results). As the model accounts for equilibrium
between homovalent species, all solutes “families” were initially considered as carrying
a same monovalent charge. The set of coefficients noted then Ky Aaco/Cl, Kx Aaco/Sul

and Ky Sul/Cl together with the hydraulic Dax parameter were adjusted on the
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breakthrough results of two experiments run with the synthetic solution at pH 4.5, on the
resin respectively in sulfate and chloride forms (Figure 5). A Dax = 10 m2 5! value was

then found and kept once for all for further simulations.

As shown in Figure 5.a. for pH 4.5 and resin in sulfate form, breakthrough curves of the
3 components are well represented by the coefficients pair Ky Aaco/Cl = 5.3 and Ky
Aaco/Sul = 3.2 (then Ky Sul/Cl =1.66). Plateau height discrepancy between experimental
points and simulations can be related to analytical errors. lon exchange coefficient
between aconitate and chloride (Kx Aaco/Cl=5.3) is very close to Ky H2Aaco / ClI'=5.7,
obtained during batch isotherm experiments at pH ~ 3 (Table 5), suggesting that in
competition with chloride, resin affinity for aconitate is always higher and constant
whatever its ionized state, mono or divalent. Concerning the exchange between aconitate
and sulfate, coefficients obtained through column and batch experiments at pH = 4.5 are
in the same order of magnitude (respectively Kx Aaco/Sul = 3.2 and Kx Aaco/ SO4* ~ 5).
For the record, these species are considered as carrying the same charge for both models.
These adjusted coefficients also well account for the behavior of the 3 components when

the resin is initially conditioned in chloride form (Figure 5.b.).

Aconitic acid retention for the synthetic solution at pH 4.5 is equivalent for both
conditionings, at about 70 g Lr* (Table 4), a capacity higher by about 30% to that for the
standard stillage. This can be explained by the presence of the additional solutes in this
latter. As already mentioned, aconitic acid purity is P = 6 % (w/w) in the standard stillage,
which also contains 12% of -chloride plus sulfate- and quite the same for the additional
organic acids (neglected in the simulation). Non-analyzed compounds, including coloring
matters, then represent about 70 % (w/w) of the stillage (or a concentration of about 70 g

L for DM in the stillage at about 10%). In the synthetic solution, aconitic acid purity is
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much higher at P ~ 32 % (w/w), chloride and sulfate representing the remaining part (68
%). The impact of the neglected additional solutes to ion-exchange and aconitic acid
retention appears finally quite limited in regards to their contribution to the stillage dry
matter (82%), which confirms the relevancy of this approach based on the behavior of a

synthetic solution.

As a result, the coefficients set applied to simulate standard stillage saturation on both
resin forms leads to a correct description of the breakthrough shapes, but to an over-
estimation of the capacity for aconitate (example in Figure 6 for resin under chloride

form).

The influence of pH on resin selectivity and capacity for aconitic acid was also
investigated. As observed for the isotherms, increasing the aconitate valence leads to a
higher affinity with the resin; but it could also cause a decrease in mass (or molar)
capacity, as a divalent form occupies two resin sites instead of one for a monovalent form.
Example for the resin in sulfate form is given for both synthetic solution and standard
stillage in Figure 7. For breakthrough simulation, Ky Sul/Cl was considered as non-
affected by pH change (Kx Sul/Cl = 1.66). Only the rational selectivity coefficient
between aconitate and sulfate was adjusted for the synthetic solution results (Figure 7.a.),
with Ky Aaco/Sul = 1.8, much lower than at pH 4.5, due to the predominance of aconitate
monovalent form (Kx Aaco/Cl = 3 then arises). Thanks to this modification, the
breakthrough of Aaco, Sul and Cl is correctly predicted, for the synthetic solution as well

as for the standard stillage (Figure 7.b.).

All in all, working at pH 3.6 led to a decrease of aconitic acid mass capacity of 12% and

20% for synthetic solution and standard stillage, respectively (Table 4). For further
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studies, pH = 4.5 was then considered as the best choice for aconitic acid separation from

sugarcane stillage.

3.2.2. Elution performances
Elution was studied after loading steps with standard stillage at pH 4.5 on the resin in
sulfate and chloride forms. Elution curves are given in Figure 8. A regeneration yield
Y naco in aconitic acid of about 72 % was achieved in both cases. Being non-ionized at the
acidic pH of the elution solution, aconitic acid elutes first (from 2 BV) and the apparent
purity Papp Of the cumulated fractions reaches a maximum of Papp max ~ 90 % at about 3
BV. It was about 23 % initially in the standard stillage. It further decreases with the
breakthrough of minerals. Recovery rate and apparent purity developing in opposite
directions after that, elution fractions were considered pure enough until about 4.2 BV,
which corresponds to a recovery rate of Raaco = 82 % for resin under sulfate form and
elution with sulfuric acid 0.5 N (Figure 8.a.) and 85 % for resin under chloride form and
elution with hydrochloric acid 0.5 N (Figure 8.b.). Purity evaluation of the fractions of
interest (in the range 2 BV to =~ 4.2 BV) was respectively Papp = 83 % and 80 %. At the
same time P increases from 6 % initially to 32 % (w/w) for both (Table 6), which
corresponds to a purification factor of x 3.3 regarding Papp and over x 5 regarding P. Dry
matter is also composed of about 10 % of both minerals, and 1.5 % of additional organic
acids; non analyzed compounds then still represent about 56 % of the DM of these

fractions.

This chromatographic step has contributed not only to the elimination of about 90 % of
the competing organic acids but also to that of about 40 % of the unquantified components

in the stillage. At the same time aconitic acid has been threefold concentrated.
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Even if ion exchange appears efficient in extracting aconitic acid from sugar cane stillage,
elution fractions collected still contain chloride and sulfate ions (at concentrations lower

from 3 to 10 times respectively as compared with the feed) and are still colored.
Moreover, the ion-exchange experiment with aconitic acid alone showed that a resin

capacity increase of 65% for this acid was achievable, provided the removal of minerals.
This would increase the effectiveness of the ion-exchange step and at the same time

improve the quality of the eluted fractions.

3.2.3. Study of the impact of a demineralization step on the anion-exchange
performances

The ion exchange parameters set obtained previously was used to predict the aconitic acid
breakthrough for decreased concentrations of minerals (chloride for the sulfate form of
the resin, and sulfate for the chloride form), as could be obtained after a preliminary
demineralization step. As expected, for resin in sulfate form, a decrease of the chloride
content of a synthetic solution results in shifting the aconitic acid breakthrough towards
higher Vs with a maximal predicted capacity around 94 g Lr™* (Figure 9), consistent with
the result for aconitic acid alone (Table 4). Calculating capacities for aconitic acid versus
the corresponding demineralization rate (Figure 10) clearly indicates that sulfate removal
is less interesting than chloride one, as only 77 g Lgr for aconitic acid is then achieved.
This can be explained by the fact that the initial sulfate concentration in the stillage
studied is much lower than is chloride, with xsu = 0.2, when xc; = 0.6. Even after a
complete sulfate removal and if chloride are not affected by this pretreatment, chloride
would still represent 75 % of the global ionic charge of the solution. Moreover, both
figures show that there is little interest in decreasing chloride content below 0.5 g L™ (or

xci below 0.14) which corresponds to a demineralization rate of 89%.
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Conventional electrodialysis was then used as pre-treatment step to decrease chloride

content.

3.3.  Treatment of the standard stillage by combination of electrodialysis and
anion-exchange steps

Electrodialysis studied with the standard stillage (pH 4.5) shows that after 10 min,
aconitate retention rate in the diluate decreases, as transfer towards concentrate begins
(Figure 11). However its loss towards the concentrate after 15 minutes is only about 5%
when simultaneously, chloride one is 95%. As expected 16 32 331 glectrodialysis is
efficient to eliminate chloride ions of the stillage, at the expense of a moderate loss of
aconitate. Simultaneously, sulfate ions stay with aconitate ions at more than 90% in the
diluate, even after 25 minutes (Table 7). Citrate also remains in the diluate, probably due
to its high charge and hydration: it appears sterically hindered and behaves as aconitate.
For combination of electrodialysis pretreatment and ion-exchange purification,
electrodialysis was performed during 25 min in order to reach the lowest chloride
concentration of 0.2 g L%, which corresponds to a demineralization rate of about 96%. As
previously mentioned, it could have been stopped sooner as no real benefit shall be
observed on ion-exchange performances for a chloride content below 0.5 g L. After this

step, aconitic acid purity was measured quite unchanged at P ~ 6 % while its apparent

purity was increased by a factor x 1.5, from Papp ~ 23% until 35%.

The demineralized stillage was further purified by anion-exchange on the LEWATIT®
S4528 resin under sulfate form. Breakthrough curves are given in Figure 12. As expected,
capacity for aconitic acid was increased from 57 g Lr™ (standard stillage) up to 78 g Lr*
(Vs aaco=16.4 BV). Actually, the demineralization step results in an increase of Xaaco from
about 0.2 until 0.51. Even if aconitic acid breakthrough seems close to that when it is

alone in the same pH condition, the corresponding capacity of about 94 g Lr™ is not
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reached, due to the sulfates still present in the feed (xsu = 0.44), or to other compounds

neglected until then and not quantified as already discussed.

Chloride removal by conventional electrodialysis finally allowed the duration of the
chromatographic loading step to be enhanced by 30%. Further elution by H>SO4 0.5 N
led to a very acidic extract (pH ~ 1) (eluted fractions from 2.1 to 4.4 BV) containing
aconitic acid at Papp = 86 % and P = 39 % (Table 8). Other analyzed anions contributed
to 6% (w/w) instead of 24% initially in the standard stillage. Non-analyzed compounds

still represent more than 50% of the dry matter and the fractions are still colored.

4. Conclusions
Sugarcane stillage in the Reunion Island (French overseas department) could be better
valorized by extraction of interesting organic solutes including aconitic acid. Separation
of this tricarboxylic acid from other organic acids and minerals was studied by anion-
exchange on LEWATIT® S4528 resin (weak base resin). lon-exchange experiments in
batch mode showed a strongest affinity for the divalent form of the aconitate, followed
by sulfate, monovalent aconitate and at last chloride. From the analysis of the total
capacity of the resin obtained for different combinations of the different ions, it also
emerged that the divalent form of the aconitate interacts with the ionic sites of the resin
through its two charges. Fractionation in column was then studied on sulfate and chloride
forms of the resin, and for two pH values in order to compare the selectivity and mass
capacity for monovalent form (majority at pH 3.6) and a mixture of monovalent and
divalent forms of the aconitate (for natural pH 4.5 of the stillage). For a given resin bed
volume, mass capacity appeared to be the highest in the case of the natural stillage pH
(4.5), and that whatever the resin form, showing that the charge effect remains beneficial.

A modelling tool describing the fractionation of homovalent species during ion-exchange
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in column was elaborated to investigate the behavior of the solutes for the different pH,
resin forms, and solutes proportions in the stillage. After adjustment of the ion-exchange
parameters using a synthetic stillage, the impact of a pre-demineralization step on the
resin capacity for aconitic acid could be evaluated. Elimination of chloride until 0.5g L
! appeared as the best option. Electrodialysis was then run to eliminate quite completely
chloride ions in the concentrate with a very limited loss of the acid. In a certain extent, it
also led to a decrease in lactate and acetate ions contents. Separation of the remaining
organic acids in the demineralized stillage, especially monovalent ones, was run through
the anion-exchange step, with resin in sulfate form. Previous elimination of chloride from
the stillage allowed to reach 82.5% of the maximum retention capacity of this acid, when
it was only 62% for the standard stillage. Elution with H2SO4 0.5 N led to a purification
factor for aconitic acid of about 7 relatively to P (%DM)), a concentration factor about x
3, for a global yield about 40% (Figure 13). Through these steps, the proportion of other
analyzed anions in the dry matter decreased from 24% to 6%, when for non-analyzed

solutes (including coloring) it was from 70% to 56%.

It appears clearly that complementary steps should now be added and studied, upstream
or downstream of ion-exchange. Especially, study of discoloration on an adsorbent resin
of the stillage and of the eluate after ion-exchange has already been undertaken [35]. The
latter gives very positive results, with up to 90% of color elimination together with a

limited loss in aconitic acid, which might enable a direct crystallization afterwards.
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Tables

Table 1. Anion average composition and variability of Riviére du Mat distillery
stillage (10 lots analyzed within November 2013 and June 2015)

Solutes Abbreviation Molar mass, M Concentration and lots
analyzed (g mol?) range (g L)
Lactic acid Alac 90.08 79+15
Chloride Cl 35.5 47+28
Acetic acid Aace 60.05 27+20

Sulfate Sul 96.06 22+0.6

Formic acid Afor 46.03 0.3x0.1
Butyric acid Abut 88.11 02x0.1
Isocitric acid Aisocit 192.12 0.2+0.1
Citric acid Acit 0.1+£0.1
Pyruvic acid Apyr 88.06 0.1+0.1
Oxalic acid Aoxa 90.03 0.1+£0.04
Phosphate Pho 94.97 0.1+0.1
Trans-aconitic acid Trans-Aaco 39+1.0
Cis-aconitic acid Cis-Aaco 174.1 16+0.6
Total Aconitic acid Aaco 55+1.6
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Table 2.

Physical properties of LEWATIT® S4528

Bead
] Functional | Exchange capacity | Moisture | Max. swelling ] Density
Matrix diameter
groups (eq Lr1t*) (Yow/w) | (% FB — CI) (gr Lr™)
(mm)
Styrenic | Tertiar
y Hary 1.7 46-52 45 0.40-1.25 620
MR amine

(*) Lr =L of resin in column, free-base (FB) form
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Table 3.

Average standard stillage composition

Caaco (g L-l)

Ca(gL?

Csu (g L)

CAIac (g L-l)

Caace (g L-l)

CAcit + Aisocit (g L-l)

5

4.5

2

4

2

0.5
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Table 4. Summary of aconitic acid capacity in column for the different feeds and resin

forms tested
q Aaco (g LR™Y) - pH 4.5 q Aaco (g LRY) - pH 3.6
Resin form Standard Synthetic Aconitic acid Standard Synthetic
stillage solution alone stillage solution
Sulfate 57 (x7) 68 (+ 8) 94 (= 10) 46 (£ 5) 60 (£ 7)
Chloride 49 (£ 6) 74 (£ 9) / / /
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Table 5. Values of ion-exchange rational selectivity coefficients obtained through

isotherm equilibrium measurements and column experiments

pH Species o values
Isotherm Column

Aaco / SO4* ~5 3.2
4.5 H.Aaco / CI - 5.3
Sul/ Cl - 1.66
Aaco / Sul - 1.8

3.6 Aaco / Cl - 3
Sul/ Cl - 1.66

H2Aaco™ / SO4* 0.07 -

25-3.3 H2Aaco / CI 5.7 -

S04*/ CI 464 -
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Table 6. Elution performances: quality and recovery of the fractions of interest

collected
) Volume Concentrations (g L)
Elution Raaco Papp
_ range )
solution (BV) Aaco Sul Cl Alac Aace Acit| (%) (%)

H.SO405N | 21t0o45 | 158 168 236 0.22 0.02 0.37 82 83
HCI0.5N 2t04 138 0.17 219 0.07 002 0.26 85 80
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Table 7. Solutes retention rates in the dilution tank during ED process.

(Standard stillage - pH =4.5; U=18 V; AMX and CMX NEOSEPTA membranes)

Time Retention rate (%)

(min) Aace Alac Aaco Acit Cl Sul
15 51 62 95 71 5 72
25 44 58 83 100 1 93
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Table 8. Quality and recovery of the fractions of interest collected during each

purification step

Concentrations (g L?) Y aaco 5 P
Purification steps Cl Acit (%) P (%
Aaco Sul Alac  Aace (%)
DM)
Standard stillage 58 21 50 8.9 1.0 0.7 23 6
Dechlorinated stillage 4.9 2 0.2 9.3 1.7 0.1 | 85-95 35 6
Loading on ion-exchange -
column
Eluted fraction
by H2SO4 0.5 N 16.6 23 0.084 0.097 0.014 0.082 59* 86 39

(2.110 4.4 BV)

(*) Product of the recovery rate (Raaco) in the eluted fraction and the regeneration yield

(YAaco)
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Figure 1. Aconitic acid isomers and properties
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S04?. (a) Monovalent aconitate (H2Aaco") for pH = 2.5-3.3; experimental and modeling
(----- Kx H2Aaco/Cl = 5.7, Kx H2Aaco /S04 = 0.07); (b) Mixture of monovalent

and divalent aconitate (Aaco) for pH = 4.1 - 5.6: experimental and modeling (—— Ky

Aaco/S04* ~ 5). Comparison with experimental points for monovalent aconitate only.
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Figure 4. Breakthrough curves of main components for the standard stillage (pH 4.5) on

LEWATIT® S4528 resin in sulfate form (BV = 61.9 mL).
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Figure 5. Experimental and simulated breakthrough curves for synthetic solution at pH
4.5 on LEWATIT® S4528 resin in (a) sulfate form; (b) chloride form.

(BV =61 mL /65 mL; Xaaco = 0.2; Xsu = 0.2; Xc1 = 0.6; N = 0.211 eq L%; Lines correspond
to Dax= 10° m2 s; K« Aaco/Cl =5.3; Kx Aaco/Sul = 3.2 (then Ky Sul/CI = 1.66)).
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Figure 6. Experimental and simulated breakthrough curves for standard stillage at pH 4.5
on LEWATIT® S4528 resin in chloride form.

(BV =61.5 mL; Xaaco = 0.18; Xsur = 0.25; xc1 = 0.57; N = 0.251 eq L - ; Lines correspond
to Dax=10° m2 s%; Ky Aaco/Cl =5.3; Kx Aaco/Sul = 3.2 (then Ky Sul/Cl =1.66)).
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Figure 7. Experimental and simulated breakthrough curves at pH 3.6 on LEWATIT®
S4528 resin in sulfate form for (a) the synthetic solution; (b) the standard stillage.

(BV =51.4 mL/62.2 mL; Xaaco = 0.13; Xsu = 0.21/ 0.17; xc1 = 0.66 / 0.7; N = 0.191 eq
L1/ 0.196 eq L ; Lines correspond to Dax = 10° m2 s%; Ky Aaco/Cl = 3; Kx Aaco/Sul =
1.8 (Kx Sul/Cl =1.66 unchanged)).
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Figure 8. Elution curves of the main stillage components following a saturation step with
standard stillage pH 4.5: (a) elution with H>SO4 0.5 N, for LEWATIT® S4528 initially
under sulfate form; (b) elution with HCI 0.5 N, for LEWATIT® S4528 initially under

chloride form.

(BV = 61.7 mL; elution flow-rate = 1 BV ht).
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Figure 9. Simulated breakthrough of aconitic acid contained in a synthetic solution with
decreasing chloride content, at pH 4.5 on LEWATIT® S4528 resin in sulfate form.

(Initial composition: Caaco F = 5.01 g L Cair=45g LY Csur=191g L - Lines
correspond to Dax = 10° m2 s1; Kx Aaco/Cl =5.3 ; Kx Aaco/Sul = 3.2 (then Ky Sul/Cl =
1.66)).
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Figure 10. Simulation of the influence of the demineralization rate on the resin capacity
for aconitic acid (chloride removal: resin in sulfate form; sulfate removal: resin in chloride

form).

47



100

80

Retention rate in the diluate (%)

60
@® Aaco
40 A Sul
m Cl
20
0
0 5 10 15 20 25
t (min)

Figure 11. Evolution of the solutes retention rates in the diluate during electrodialysis
(standard stillage — pH 4.5; U =18 V; AMX and CMX NEOSEPTA membranes).
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Figure 12. Experimental and simulated breakthrough curves at pH 4.5 on LEWATIT®
S4528 resin in sulfate form for standard stillage after chloride removal by electrodialysis

(BV =49.8 mL; Xaaco = 0.51; Xsur = 0.44; xc1 = 0.05; N = 0.088 eq L*; Lines correspond
to Dax=10° m2 s%; Ky Aaco/Cl =5.3 ; Kx Aaco/Sul = 3.2 (then Ky Sul/Cl =1.66)).
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Figure 13. Overall purification process of aconitic acid from sugarcane stillage
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Figures captions

Figure 1. Aconitic acid isomers and properties

Figure 2. Aconitic acid speciation diagram

Figure 3. lon exchange isotherms on LEWATIT® S 4528 of aconitic acid with ClI- and
SO4%. (a) Monovalent aconitate (H2Aaco’) for pH = 2.5-3.3; experimental and modeling

[(E— Kx H2Aaco/Cl- = 5.7; Kx H2Aaco/S04% = 0.07); (b) Mixture of monovalent
and divalent aconitate (Aaco) for pH = 4.1 - 5.6: experimental and modeling (—— Kx

Aaco/S04> ~ 5). Comparison with experimental points for monovalent aconitate only.

Figure 4. Breakthrough curves of main components for the standard stillage (pH 4.5) on
LEWATIT® S4528 resin in sulfate form (BV = 61.9 mL).

Figure 5. Experimental and simulated breakthrough curves for synthetic solution at pH
4.5 on LEWATIT® S4528 resin in (a) sulfate form; (b) chloride form.

(BV =61 mL /65 mL; Xaaco = 0.2; Xsu = 0.2; Xc1 = 0.6; N =0.211 eq L'%; Lines correspond
to Dax=10° m2 s%; Ky Aaco/Cl =5.3; Kx Aaco/Sul = 3.2 (then Ky Sul/Cl =1.66)).

Figure 6. Experimental and simulated breakthrough curves for standard stillage at pH 4.5
on LEWATIT® S4528 resin in chloride form. (BV = 61.5 mL; Xaaco = 0.18; Xsu = 0.25;
Xc1 = 0.57; N =0.251 eq L~ ; Lines correspond to Dax= 10° m2 s%; Ky Aaco/Cl =5.3; K
Aaco/Sul = 3.2 (then Ky Sul/Cl =1.66)).

Figure 7. Experimental and simulated breakthrough curves at pH 3.6 on LEWATIT®
S4528 resin in sulfate form for (a) the synthetic solution; (b) the standard stillage. (BV =
51.4 mL/62.2 mL; Xaaco = 0.13; Xsu =0.21/0.17; xc1 = 0.66 /0.7; N = 0.191 eq L™/ 0.196
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eq L ; Lines correspond to Dax = 10° m2 st; Ky Aaco/Cl = 3; Kx Aaco/Sul = 1.8 (Kx Sul/ClI
=1.66 unchanged)).

Figure 8. Elution curves of the main stillage components following a saturation step with
standard stillage pH 4.5: (a) elution with H2SO4 0.5 N, for LEWATIT® S4528 initially
under sulfate form; (b) elution with HCI 0.5 N, for LEWATIT® S4528 initially under
chloride form. (BV = 61.7 mL; elution flow-rate = 1 BV hl).

Figure 9. Simulated breakthrough of aconitic acid contained in a synthetic solution with
decreasing chloride content, at pH 4.5 on LEWATIT® S4528 resin in sulfate form.
(Initial composition: Caaco F =5.01 g LY Ccir=459g L% Csur=1.91¢g L - Lines
correspond to Dax = 10° m2 s; Kx Aaco/Cl =5.3 ; Kx Aaco/Sul = 3.2 (then Ky Sul/Cl =
1.66)).

Figure 10. Simulation of the influence of the demineralization rate on the resin capacity
for aconitic acid (chloride removal: resin in sulfate form; sulfate removal: resin in chloride

form).

Figure 11. Evolution of the solutes retention rates in the diluate during electrodialysis
(standard stillage — pH 4.5; U =18 V; AMX and CMX NEOSEPTA membranes).

Figure 12. Experimental and simulated breakthrough curves at pH 4.5 on LEWATIT®
S4528 resin in sulfate form for standard stillage after chloride removal by electrodialysis
(BV =49.8 mL; Xaaco = 0.51; Xsur = 0.44; xc1 = 0.05; N = 0.088 eq L!; Lines correspond
to Dax= 10 m2 s'1; K« Aaco/Cl=5.3 ; K« Aaco/Sul = 3.2 (then Ky Sul/Cl =1.66)).

Figure 13. Overall purification process of aconitic acid from sugarcane stillage
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