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Figure A: Levulinic Acid Adsorption Process/ Sekil A: Levulinik Asit Adsorpsiyonu

levulinik asidin Amberlite IRA-
RA-400  regineleri  itizerindeki
yonu incelenmistir. IRA-96, 357 mgl/g
site ile IRA-400'den (128 mg/g) daha
ek performans gostermigtir.

This study investigated levulinic acid adsorption
using Amberlite IRA-96 and IRA-400 resing, IRA-
96 exhibited a higher adsorption cap
mg/g) than IRA-400 (128 mg/g)..

Highligts (Onemli noktalar) ®

> » IRA-96, IRA-400 recinesine gore daha
yiiksek adsorpsiyon kapasitesi gosterdi.
> separation Elde edilen bulgular, levulinik asidin

sudan  sirdiiriilebilir ~ bir  sekilde

ayrimasini desteklemektedir.

Aim (Amag): Investigation of levulinic acid adsorption with Amberlite IRA- 96 and Amberlite IRA-
400 ion- exchange resins /Amberlite IRA- 96 ve Amberlite IRA- 400 iyon degistirici regineleri ile
levulinik asit adsorpsiyonunun incelenmesi

adsorption performance, equilibrium, and kinetics were evaluated, revealing the
of Amberlite IRA-96 for efficient levulinic acid recovery/ Bu ¢alismada, Amberlite
erlite IRA- 400 reginelerinin adsorpsiyon performansi, denge ozellikleri ve kinetigi
irilmis;, Amberlite IRA-96' min levulinik asidin etkin geri kazamimi igin daha yiiksek

dsorpsiyon kapasitesi sundugu ortaya konmustur.

Results (Bulgular): The maximum adsorption capacities of AIRA-96 and AIRA-400 for LA uptake has
been obtained to be 357 and 128 mg/g. ge value has been obtained 259,65 mg/ g for AIRA-96 and
228,69 mg/g for AIRA- 400 according to pseudo- first- order kinetic model. Also ge value has been
calculated regarding pseudo- second- order kinetic model and found 400 mg/g for AIRA- 96 and 315
mg/g for AIRA- 400./ AIRA-96 ve AIRA- 400 i¢in maksimum adsorpsiyon kapasiteleri 357 ve 128 mg/
g bulunmustur. Birinci derece kinetic modele gire qe degerleri ise sirasiyla 259, 65 mg/ g ve 228,69

mg/ g olarak hesaplanmustir.

Conclusion (Sonug): The outcomes were shown that AIRA-96 and AIRA-400 are high selectivity for
LA. Adsorption isotherm modelling study specified that the adsorption of LA on both adsorbents were
a heterogenous processes and multilayers. Kinetic modelling outcomes have been defined as
appropriate fitting the pseudo-second order model for AIRA-96 while fitting the pseudo-first order
model for AIRA-400./ Elde edilen sonuglar, AIRA-96 ve AIRA-400"in LA'va karsi yiiksek segicilige
sahip oldugunu gostermigstir. Adsorpsiyon izoterm modelleme ¢alismasi, LA'min her iki adsorban
tizerine adsorpsiyonunun heterojen bir siire¢ oldugunu ve ¢ok katmanli adsorpsiyon gerceklestigini
ortaya koymugstur. Kinetik modelleme sonuglari, AIRA-96 i¢in yalanci ikinci derece modelin, AIRA-
400 igin ise yalanct birinci derece modelin uygun oldugunu géstermistir.
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Levulinic acid (LA) is a multi- purpose platform chemical derivel from
widely utilized in pharmaceuticals, polymers, and fuel additives:
of LA from aqueous solutions constitutes a significant chall
and the presence of various by-products. This study systemat]
performance of two ion exchange resins: Amberlite |

oé‘#:;o& biomass,
e

icient recovery
high solubility
jnes the adsorption

Keywords (AIRA-400). Batch adsorption trials have been rggli fluences of equilibrium

) contact time, temperature, adsorbent dosage® and A concentration. The maximum
Adsorption adsorption capacities for AIRA-96 and AIR
Efﬁ:ﬁ;ms respectively. The outcomes emphasize the pote
Levulinic Acid for the recovery of levulinic acid and provide
Amberlite IRA- 96 application in downstream biorefine
Amberlite IRA- 400

[ J
[}
Amberlite IRA-96 ve IRA-4008yon D®gisim Recineleri ile Levulinik Asit
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t (LA), ilaglarda, polimerlerde ve yakit katki maddelerinde yaygin olarak kullanilan
yokutleden elde edllen gok yonlu bir klmyasaldlr Aym zamanda LA' nn yuksek

atik olarak incelenmistir. Denge temas siiresi, sicaklik, adsorban dozu ve baglangic LA

Adsorpsiyon
Izoterm

konsantrasyonunun etkilerini degerlendirmek icin adsorpsiyon denemeleri gergeklestirilmistir.
AIRA-96 ve AIRA-400 i¢in maksimum adsorpsiyon kapasiteleri sirasiyla 357 mg/g ve 128 mg/g
olarak bulunmustur. Sonuglar, iyon degisim reginelerinin levulinik asidin geri kazanimi i¢in etkili
malzemeler olarak potansiyelini vurgulamakta ve biyorafinasyon siireglerinde pratik
uygulamalar1 i¢in degerli bilgiler saglamaktadir.

1. INTRODUCTION (GIRiS)

Levulinic acid (LA) is an organic intermediate that
serves as a key raw material in the synthesis of a

several chemicals, including fuel additives,
solvents,  coatings, plasticizers, flavorings,
fragrances, and pharmaceuticals [1, 2]. This
biomass-derived  compound  has  garnered

remarkable attention in the chemical industry
because of its versatility as a raw material in the

production of infinite chemicals and fuel [3, 4]. LA
can be efficiently produced at a low cost by
converting renewable biomass into sugars, which
are then transformed into levulinic acid through
processes such as acid hydrolysis or degradation [5].
Also referred to as 4-oxopentanoic acid, levulinic
acid is a water-soluble organic compound that
boasts extensive functionality and reactivity,
attributed to various functional groups, including a
ketone carbonyl group (C=0) and a carboxyl group
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(COOH) [6]. Levulinate esters hold a prominent
position in the fuel additive, cosmetics, and food
industries, owing to their flavoring and emulsifying
properties [4]. As a fundamental chemical raw
material, levulinic acid can react with a diverse
array of chemicals to synthesize various products. It
can be converted into methyltetrahydrofuran
(MTHF), which serves as both a solvent and fuel
additive, aminolevulinic acid (DALA), a
biodegradable herbicide, and diphenolic acid
(DPA), amonomer used in the synthesis of polymer
resins [5, 7].

Due to LA used in processes must be of high purity,
and the recovery of LA from aqueous solutions by
low-cost and environmentally friendly methods
poses a challenge. Therefore, recovery and
purification of levulinic acid is required, including
aqueous solutions, wastewater and chemical
industries. Various separation methods such as
adsorption [8], extraction [9], distillation [10],
ultrafiltration [11], electrodialysis [12] and
membrane separation [13] are used for the
separation of LA from aqueous solutions and
wastewater. When considering all these methods,
adsorption is one of the most preferred methods
owing to its low cost, ease of application, ;
recovery efficiency and variety of low-cg
adsorbents [14-16]. The removal of L

otable role in the

geh be composed of
charged functional groups.
ion exchanger attracts
anions, while a negatively
hanger attracts positively charged

exchange of ion

attention their high adsorption capacity and
selectivity in removing various pollutants. Their
flexible molecular structure allows for the design of
resins that target an array of contaminants, including
heavy metals, organic toxins, and hazardous
chemicals [22]. Among the different types of resins,
Amberlite resins stand out as a promising
alternative adsorbent group due to their favorable
physical-chemical properties and diverse pore
structures [23]. The adsorption process using ion
exchange resins is particularly beneficial because of
its selectivity, durability, higher adsorption

performance, and comparatively low cost. It has
been reported that Amberlite resins are effective
adsorbents for dyes, phenols, and organic acids.
Specifically, AIRA-400 is a macroporous, strongly
basic anion-exchange resin in gel form [24].
Meanwhile, AIRA-96 features a styrene-divinyl
benzene matrix with polyamine functional groups
and sulfonic acid as the active group, exhibiting a
macroreticular  structure that offers greater
maximum porosity compared to other gel-matrix
resins [25].

In this study, the adsorption of LA
using AIRA-96 and AIRA-400 poly
adsorbents. The optimum ti
adsorption to reach equilm
the impacts of the inital aci

investigated
iC resins as

parameters. mechanism was
explained eiti isotherm and kinetic
modelli

2. MATE LS METHODS (MALZEME VE

(Malzemeler)

lini€ acid was supplied by ACROS Organics.
A-06 and AIRA-400 were provided from
ck.

2.2. Experimental Design (Deney Tasarimi)

Batch adsorption trials have been realized to
investigate the adsorption of LA by AIRA-96 and
AIRA-400. Firstly, equilibrium contact time was
specified at 25 °C by utilizing Amberlite dosage of
0.1 g, LA concentration of 10% w/w Then, at initial
concentrations ranging from 2 to 10% acid solutions
have been prepared by dissolving LA in distilled
water and the initial LA concentration effect on
adsorption has been defined. After that, the
adsorbent dosage influence on the adsorption has
been investigated and various quantities in the range
of 0.05 to 0.30 g have been utilized. Finally, to
examine the effect of temperature on adsorption, the
experiments has been studied at temperatures of 25
to 55 °C. All adsorption trials have been performed
out by shaking in a thermostatic water shaker bath
(Core ST 30) at 150 rpm. After the adsorption,
Amberlite resins have been separated by filtration
technique from the solution. The concentration of
LA in the solutions prior to and following the
adsorption step has been defined by employing
automatic titrator (Schott Titroline Easy Module 2)
using 0.1 N NaOH. Adsorption capacity, adsorption
(%) values, which express the adsorption
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performance of adsorbent and g. (mg/g) have been
calculated using the following equations:

Adsorption% = ( - %) * 100 Q)
0

a0 = [F5]v @

In the equation, Co indicates initial concentrations
of the acid solution and C. indicates equilibrium
concentrations of the acid solution, respectively. M
is the quantity of adsorbent and V is the volume of
acid solution.

3. RESULTS (BULGULAR)

Adsorption optimum time (Optimum siire denemeleri) b

In order to determine the equilibrium time of LA,
trials have been conducted in the range of 30-210
minutes. For this purpose, samples were prepared
by utilizing 0.1 g of AIRA-96 and AIRA-400
adsorbents separately into a 10% LA solution. The °
results are shown in the graphs in Figure 1, where
the adsorption increased rapidly in the first 60
minutes for both adsorbents and reached

equilibrium at 120 minutes. .
°
400
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Initial acid concentration
konsantrasyonu etkisi)

(Baslangi¢ asit

To investigate the influence of initial acid
concentration on the adsorption of LA, solutions
with a concentration range of 2-10% were adsorbed
using 0.1 g of adsorbent in 120 minutes, which is
the optimum time and, at temperature of 25 °C. The
outcomes are shown in Figure 2, and it was
observed that the amount of adsorbed acid enhanced
as the initial LA concentration raised. The
molecules in the adsorbate solution obtain greater
impetus to the adsorbent, facilitating diffusion. This
results in more frequent collisions between the
active sites on the adsorbent and the molecules in
the adsorbate [26].

Adsorbent dosage (Adsorban miktary etkisi)

grafikleri)

400
350 -
300 -
=250
£200 -
= 150 -
100
50
0 ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12

Initial acid concentration (%)

(@)

AIRA- 96 and AIRA- 400 resins were utilized in the
range of 0.1-0.5 g to research the influence of the
amount of adsorbent on adsorption. The trials were
carried out with an initial LA concentration of 10%,
at temperature of 25 °C and equilibrium time of 120
minutes. The outcomes are shown in Figure 3 and it
is seen in the graphs that as the amount of adsorbent
increases, the g. decreases. Here, g. refers to the
amount of adsorbate retained per unit mass of
adsorbent, meaning that a higher quantity of
adsorbent corresponds to a lower ge.

140
120
100
80
60 |
40 A

g, (Mg/g)

0 30 60 90 120 150 180 210 240
Time (min)

(b)

O T T T T T
0o 2 4 6 8 10 12
Initial acid concentration (%)

(b)

Figure 2. The outcomes of adsorption processes: The influence of initial acid concentration for the LA

adsorption by (a) AIRA-96 and (b) AIRA-400 (AIRA- 96 (a) ve AIRA- 400 (b) ile LA adsorpsiyonuna baslangig asit
konsantrasyonu etkisi)

X
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Figure 3. The outcomes of adsorption processes: The influence of adsorbent dgsage

160
140

0

0.2 0.4 0.6

Adsorbent dosage (g)

adsorption by (a) AIRA-96 and (b) AIRA-400 (AIRA- 96 (a) ve AIRA- 400 (b) ile‘x [ adsorban
miktart etkisi)
Temperature (Sicaklik)
500

Adsorption experiments were executed utilizing
10% LA solution, 0.1 g adsorbent, and temperatures 400 -
ranging from 25-55 °C to research the effect of
temperature on the adsorption of LA with AIRA-96 = 300 -
and AIRA-400. The experimental outcome® m £
illustrated in Figure 4, indicate that the g declingé ] 200
as the temperature rises. The results show that the
adsorption of LA by AIRA-96 and AIRA00 a 100 1
exothermic processes. These results are gonfirme 0 |
by previous studies in the literature [18, 2 20 40 60
Isotherm models (Izoterm modelleri) Temperature (°C)
Isotherm models have using @
equilibrium data from ion process to
assess the mechanis dsorpthon by AIRA-
96 and AIRA-400. ieh, Temkin, and 160
Langmuir isoth stracted in Table 140
1 [27]. The linear for these adsorption 120
isotherms nted in Table 2, with the =100 -
outco gures 5 and 6. The highest £ gp |
R? IRA-96 and AIRA-400 have 60 |
been he Freundlich isotherm model, ©
0.9623 0.8761, respectively. This suggests that 40
it is the most proper model for characterizing 20 1
adsorption of LA. This model supposes that active 0 ‘
adsorption sites consist of heterogeneous surfaces, 20 40 60
resulting in multilayer adsorption on the adsorbent Temperature (°C)
surface [28].

(b)

Figure 4. The outcomes of adsorption processes: The influence of temperature for the LA adsorption by

(a) AIRA-96 and (b) AIRA-400 (AIRA- 96 (a) ve AIRA-400 (b) ile LA adsorpsiyonuna sicaklik etkisi).
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Table 1. Equations of Isotherm Models (izoterm model denklemleri)

Langmuir isotherm model

. _ QObCe (3)
Non — linear form: q, = 1+bC,
Li f 1 1 +( 1 ) (1) (4)
inear form: — =— * | —
de QO b = QO Ce
Plot ! 1
ot: — vs.—
qe Ce

Q,: Maximum adsorption capacity (mg/g)

b: Langmuir isotherm constant (L/mg) )\\

°
Freundlich isotherm model °
1 » 5
Non — linear form: q,= K;C.r ©)
_ 1 (6)
Linear form: logq, = logK; + Elog C. .O
Plot: logq,.vs. logC,
n: Freundlich isotherm constant regarding adsor; intens
K ¢: Freundlich isotherm constant regardi 0 ty (mg/g).(L/mg)"
f g .fm y (mg/g).(L/mg)
Temkin @otherm\jno el
A
, RT (7)
Non linear form: q,= BWIn(K;C¢ =45
t
Linear form: q, = BIn¥X,+ B e (8)
Plot: q,vs. In
b,: Temkin iso nstaqt relating to adsorption heat (J/mol)
K;: Temkin isother ngtant (L/g)
Tab e meters of isotherm models for the LA adsorption by AIRA-96 and AIRA-400 (AIRA- 96
ve AIRA-400 ile LA adsorpsiyonuna ait izoterm model parametreleri)
Isotherm models Parameters AIRA-96 AIRA-400
b (L/mg) 6.63*10° 4.69*10°
Langmuir Qo (mg/g) 344.82 126.58
R? 0.9127 0.8371
n 3.14 2.53
Freundlich K¢ (mg/g).(L/mg)" 8.15 1.20
R? 0.9623 0.8761
. K; (L/g) 5.62*10* 2.57%10*
Temkin b (3/mol) 31.76 71.43

X
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Figure 6. (a) Langmuir, (b) Ereundlichyand (c) Temkin models for LA adsorption by AIRA-400 (AIRA-

400 ile LA adsorpsiyonuna ait (a) Aa

loped using datum
attained ion process to assess the

mech

Al ummary of the Elovich, pseudo-
first-0 o-second-order kinetic models,
and the orris intraparticle diffusion model
are provided in Table 3 [28]. The resulting kinetic

data can be found in Table 4 and is illustrated
graphically in Figures 7 and 8. Based on the results
in Table 4, the pseudo-second-order kinetic model
was detected to be the most appropriate for AIRA-
96, while the pseudo-first order kinetic model was
identified as the more proper model for AIRA-400.

ndlich, (c) Temkin izoterm modelleri)

The conditions for the pseudo-first-order model
occur at high initial concentrations of adsorbate, and
the adsorption process is not limited by the
availability of active sites. In certain instances, the
pseudo-first order model effectively represents both
external and internal diffusion processes [29].
Conversely, the pseudo-second-order model is
characteristic of experimental datum associated
with chemisorption phenomena [30].
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Table 3. Equations of kinetic (Kinetik denklemler)

Pseudo-first-order model

d
Non — linear form: % =ky *(qo — qt) (12)
Linear form: In(q,—q;) = Inq, —kq xt (13)

Plot: In(q, —q;) vs. t

k4 : Pseudo-first-order Kinetic rate coefficient (1/min)

Pseudo-second-order model

°
]
Q’y
d 14
Non — linear form: %:kz*(%—qt)z (14)
t 1 1 °
Linear form: —=-——+—xt ° (15)
¢ 4t k2 *(qe de
Plot: — vs. t
qc _

k,: Pseudo-second-order Kinetic rate coefficien

Eloyich mo
d
Non — linear form: d_ctl =qx p(_ﬁv (16)
1 1
Linear form:  q, = k Int (17)

Plot: q;vs. Int

a: Initial adsorptiog,rat .
B: The constalf of d rptio) g/mg)

Intra-particle diffusion model

(18)
(19)

C: Intercept relating the thickness of boundary layer
q:- Adsorption capacity of the adsorbent at the time (t) (mg/g)
* q.. Adsorption capacity of the adsorbent at the equilibrium (mg/g)

Table 4. The parameters of kinetic models for the LA adsorption by AIRA-96 and AIRA-400 (AIRA-96 ve
AIRA-400 ile LA adsorpsiyonuna ait Kinetik parametreler)

Kinetic models Parameters AIRA-96 AIRA-400

Pseudo-first order q. (mg/g) 259.64 228.69
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ky (1/min) 0.0314 0.0407
R? 0.9153 0.9990
q. (mg/g) 400 315
Pseudo-second order k, (mg/g.min) 1.40*10* 2.06*%10°
R? 0.9972 0.9386
a 74.19 6.01
Elovich B 0.0132 0.0197
R? 0.9627 0.9
. °
k;q (mg/g.min%?) 18.81e 2.
Intra-particle diffusion
R? 0.92@ 90
- AQ
5 0.40
45 ... y = -0.0314x + 5.5593
4 e R2=0.9153 0-35 e
35 0.30 -
a_, 3 ) 0.25
325 ' S 020 -
E 2 '... 015
15 *’
0.10 y =0.0025x + 0.0447
! R® = 0.9972
05 0.05
0 . 0.00
0 50 . 100 150 0 50 100 150
O
4 .
400 400
350 LBte 350 0.
30 | e oeett 0 | P
250 e 250 Rt
200 o 200
150 150 18.815x + 155.9
100 y = 75.274x - 1.5789 y=18.00X T Lo,
R2=0.9637 100 R?=0.926
50 50
0 0
3 3.5 4 45 5 4.00 6.00 8.00 10.00  12.00
In(t) {2
(c) (d)

Figure 7. LA adsorption by AIRA-96: (a) pseudo-first order, (b) pseudo-second order, (c) Elovich, and (d)
Weber-Morris intra- particle diffusion kinetic models (AIRA-96 ile LA adsorpsiyonu: (a) yalanci birinci dereceden
kinetik, (b) yalanci ikinci dereceden kinetik, (c) Elovich, (d) Weber- Morris partikiil i¢i difiizyon kinetik modelleri)
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ies of LA, the highest g was
achieved th  MWCNT (multiwall carbon
nanotube) and was found to be 483,25 mg/g [8].
In studies using AIRA-96 as an adsorbent, the
highest ge has been determined to be 275,20 mg/g
in the formic acid adsorption study [31]. The
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@) pseudo-first order, (b) pseudo-second order, (c) Elovich, and
sion kinetic models (AIRA-400 ile LA adsorpsiyonu: (a) yalanci birinci dereceden
Elovich, (d) Weber- Morris partikiil i¢i difiizyon kinetik modelleri)

highest value of ge for AIRA-400 has been
assigned to be 1.010 mg/g in the lactic acid
adsorption [32]. In this study, the highest
adsorption results were found for AIRA-96 and
AIRA-400 as 357 and 128 mg/g, respectively.
When all studies are examined comparatively, it
can be said that the results of this study show
above-average performance compared to both
LA and Amberlite adsorption studies. Therefore,
it can be concluded that AIRA-96 and AIRA-400
can be utilized as a promising adsorbent for the
absorption of carboxylic acid or other substances.
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Table 2. Comparison of the adsorption capacities of LA, AIRA-96 and AIRA-400 with various
reported adsorbents and adsorbates (AIRA- 96 ve AIRA-400 ile LA adsorpsiyonunun farkli adsorban ve adsorbatlar ile

karsilastirilmasi)
Adsorbent Adsorbate Tempoerature Adsorption capacity References
(4 ®) (mg/g)
D301 resin LA 22 2.60 [19]
Amberlite XAD-4 LA 25 26.85 [5]
XADTHP resin LA 25 39.90 [33]
XAD-4 resin LA 25 53.10 [3
o
L]
SY-01 resin LA 25 95.7 [34]
SY-01 resin LA 25 103! [17]
D315 packed bed LA 22 Y 10 [35]
o
XAD761 resin LA 25 12. [33]
Montmorillonite LA 25 355.69 [18]
Cloisite 20A LA ° 428.63 [18]
MWCNT LA 483.25 [8]
AIRA-96 Cr (VI) 28.10 [36]
AIRA-96 Levodopa 5 24.00 [37]
AIRA-96 Entacagone 25 69.00 [37]
AIRA-96 25 275.20 [31]
AIRA-400 30 74.40 [38]
AIRA-400 25 176.70 [39]
AIRA-400 Lactjc’acid 25 222.46 [40]
AIRA-400 g** 25 303.03 [41]
AIRA-4 ongo Red 25 427.35 [42]
AIRA-400 Lactic acid 25 1,010 [32]
LA 25 357.00 This study
LA 25 128.00 This study

In this cdrrent work, LA adsorption was
performed by successfully utilizing AIRA-96 and
AIRA-400. In this context, the influences of
contact time, Amberlite resins dosage, initial LA
concentration, and temperature on the ge have
been examined. According to the outcomes, it
was monitored that the g. of Amberlite resins
increased with rising initial LA concentration and
contact time. Nevertheless, the ge of amberlite
resins decreased with the rising in the amount of
Amberlite resins. The maximum adsorption

capacities of AIRA-96 and AIRA-400 for LA
uptake has been obtained to be 357 and 128 mg/g,
respectively. The outcomes were shown that
AIRA-96 and AIRA-400 are high selectivity for
LA. In addition to, adsorption modelling studies
have been performed and the outcomes have been
evaluated. Adsorption isotherm modelling study
specified that the adsorption of LA on both
adsorbents were a heterogenous processes and
multilayers. Kinetic modelling outcomes have
been defined as appropriate fitting the pseudo-
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second order model for AIRA-96 while fitting the
pseudo-first order model for AIRA-400.
Consequently, this work illustrated that the
AIRA-96 and AIRA-400 have been an efficient
and favorable adsorbent for adsorption of LA.
Furthermore, these adsorbents could be
considered potential candidates for the separation
of other carboxylic acids from aqueous solutions.

Future Work (Gelecek galismalar)

Future studies should include FTIR and SEM
analyses before and after adsorption provide
further insight into the interaction mechanisms
between levulinic acid and the resin surface.
Additionally, studying the regeneration cycles the
resins is considered an important area for future
research about demonstrating the industrial
applicability and economic sustainability of the
process. Prospective studies are planned to
investigate the effects of other components that
may exist with levulinic acid on adsorption
behavior and resin selectivity in order to better
represent real process conditions.
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