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Levulinic acid (LA) is a significant building block in industry. It can be produced by
the hydrolysis of lignocellulosic feedstocks and needs to be separated from the aqueous
production medium. This study focuses on evaluating fly ash, a waste byproduct from a
sugar factory, for use in the adsorption of LA from aqueous media. The sugar beet pro-
cessing fly ash (SBFA) was characterized using XRD, FTIR, SEM, and N, adsorption-
desorption analysis. The data fit the pseudo-second-order kinetic model, with good
agreement between the experimentally measured (454.55 mg g™') and calculated (452.40
mg g') adsorption capacities. It was observed that the efficiency slightly decreased with
increasing temperature, with the effect more pronounced at lower concentrations. Calcu-
lated thermodynamic parameters demonstrated that the process was exergonic and exo-
thermic. The capacity of LA adsorption reduced with SBFA dose while enhanced with
acid concentration, achieving a maximum of 464 mg LA/g SBFA, higher than values
previously achieved with other adsorbents. The Langmuir isotherm model fit well with
equilibrium data. Complete recovery of LA was achieved using 0.2 M NaOH, and SBFA

could be reused with high efficiency for five consecutive cycles.
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Introduction

The National Renewable Energy Laboratory of
the US Department of Energy identifies levulinic
acid (LA) as one of the most important compounds
derived from biomass that can be used as building
blocks for key bio-based chemicals and fuels. Its
global market size was USD 83.0 million at the end
of 2023, and is projected to grow at a compound
annual growth rate (CAGR) of 8.2 9% through
2030."? Levulinic acid has the chemical formula
CH,C(O)CH,CH,CO,H, and its keto-acid structure
facilitates the synthesis of value-added LA deriva-
tives.> The hydrolysis of lignocellulosic materials
results in the formation of pentose(s) and hexose(s),
which are converted to LA via an acid-catalyzed re-
action.* Together with its derivatives, LA can be
used to produce high-value compounds and biofu-
els. It has a wide range of applications in many in-
dustries, including resin, textiles, plasticizers, anti-
freeze, animal feed, and paint.> However, industry
requires high-purity LA for these applications, ne-
cessitating its isolation from the production or treat-
ment media.
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Many techniques have been tested for the re-
covery of carboxylic acids from aqueous-based
solutions, including fermentation media, effluent,
and by-product streams.®® Adsorption is regarded
as a promising and effective physicochemical pro-
cess, particularly for the recovery and removal of
compounds, especially from dilute solutions. It of-
fers various advantages, such as cost-effectiveness,
simplicity of operation, high adsorption capacity, a
sludge-free process, reusability of adsorbents, low
energy consumption, high removal efficiency, and
selectivity, making it an attractive alternative.”’ In-
dustrially produced ion exchange resins have been
proposed for this purpose.!® However, low-cost al-
ternatives need to be explored due to the high cost
and regeneration problems associated with resins.”!!

Fly ash is an industrial waste by-product that
requires proper handling and processing. It may
contaminate soil and water, cause respiratory issues,
and disrupt biological cycles. The sugar manufac-
turing process generates large quantities of this sub-
stance. Its value-added application is of great inter-
est because its management poses a serious,
challenging, and costly environmental concern. Fly
ash is typically used as a filler in the manufacture of
cements and composite products.'>'* Reports have
also demonstrated its ability to remove or recover
compounds from aqueous media.'*!'” However, stud-
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ies evaluating fly ash for carboxylic acid removal
are limited. There are few studies evaluating the ef-
fectiveness of fly ash in the adsorption of carboxyl-
ic acids.""'®20 Kennan and Xavier used a fly ash-ac-
tivated carbon mixture to separate acetic acid from
the medium, though the high cost of activated car-
bon is a significant disadvantage.'® Nawle and Patil
evaluated fly ash obtained from flue gases in an
electrostatic precipitator during coal combustion for
acetic acid separation.'” Soni et al. used bagasse fly
ash to remove glycolic acid from aqueous solutions.?
In our previous study, we achieved maximum ad-
sorption capacities of 322 and 336 mg g' for for-
mic acid and acetic acid using fly ash, respectively.’

In this study, fly ash from a sugar beet factory
(SBFA) was used as the adsorbent during the ad-
sorptive separation of LA from aqueous solutions.
Previous reports have shown that the type of pro-
cess used to obtain fly ash is critical for the perfor-
mance of the waste material, as its ingredients and
properties change significantly depending on the
source and process conditions. Fly ash has often
been used for the removal of toxic chemicals such
as dyes, metals, and organics from aqueous-based
media. However, in this study, we used this waste
material as an adsorbent to recover LA, a value-add-
ed platform chemical used in the production of
unique components and green fuels. We also tested
the desorption of the target product, which has not
been tested before. Finally, to make the separation
economical, we tested the reusability of SBFA in
the adsorption process. All these factors make this
work novel and valuable for the literature. The ad-
sorbent was characterized using several methods.
The recovery of a platform chemical like LA using
low-value fly ash has significant potential to reduce
the cost of the production method. Capacity values
were compared with previously reported results.
Isotherms, kinetics, and thermodynamic analyses
were conducted, and the effects of process parame-
ters were tested.

Materials and methods

Materials

The fly ash used as adsorbent for separating LA
from aqueous solutions was obtained from a su-
crose (sugar) plant in Konya, Turkey. The material
was used without treatment except for sieving (<53
mesh). It was abbreviated as SBFA since it was ob-
tained from sugar beet processing. The characteris-
tic properties of the studied adsorbent have been
previously described.!" Levulinic acid (LA, 100 %
purity) was supplied by Merck Co. Ultra-high pure
(UHP) water, produced using the Merck Millipore
Direct-Q 3V System, was utilized in all the experi-
ments.

Characterization

The crystal structure of SBFA was analyzed
through X-ray diffraction (XRD) using a Bruker D8
Advance X-ray diffraction device with nickel-fil-
tered Cu Ko radiation (Germany) at a voltage of 30
kV and current of 30 mA in a 26 angular range of
10—90°. Functional group characterization of SBFA
was performed using a Fourier transform infrared
spectrometer (FTIR; Bruker Vertex 70, Kassel, Ger-
many) with samples prepared by KBr pellets in the
range of 4004000 cm™. The surface morphology
was investigated using Scanning Electron Micros-
copy (SEM; Zeiss EVO/LS10, Carl Zeiss AG Co.,
Germany). The specific surface area, pore volume,
and average pore diameter of SBFA were deter-
mined through Brunauer—Emmett—Teller (BET) and
Barrett-Joyner—Halenda (BJH) methods using a
TriStar 11-3020 Instrument (Micromeritics, USA)
with N, physisorption at 77 K.

The point of zero charge (pszc) of SBFA,
which is the pH value at which the overall electric
charge of its surface is neutral, was determined. To
do this, 45 mL of 0.01 M NaNO, was added to 100-
mL beakers. The initial pH values (pH,) were ad-
justed between 2 and 11 by adding HCI or NaOH.
Then, 0.1 g SBFA was added, and the final volume
was adjusted to 50 mL of 0.01 M NaNO,. The bea-
kers were sealed, and the suspensions were stirred
using a magnetic stirrer at room temperature for 12
h, after which the final pH (pH,) values of the su-
pernatant liquids were measured. The pH__of SBFA
was determined from the plot of the differences be-
tween pH, and pH, against initial pH values. The
pH . of the adsorbent corresponds to the point
where the resulting curve intersects the x-axis.

Assay

The initial and residual amounts of LA in the
aqueous phase were determined through HPLC
analysis using an Agilent LC 1220 instrument. The
system included an isocratic pump and a UV detec-
tor. Analyses were performed using a C, column
(ACE) at 30 °C. The solution of 0.05 mol L'
KH,PO,, including 1 % CH,N, at pH 2.8 was uti-
lized as the mobile phase. The flow was set to 1.25
mL min'.?! Experiments and analyses were con-
ducted twice, with relative uncertainties of these
being less than 1 %.

Equilibrium

Aqueous solutions containing 0.05 to 1.00 M of
LA were used in the adsorption experiments. The solu-
tions were prepared using UHP water obtained from
a Millipore Direct-Q 3V UHP Water System. The
SBFA dose was varied between 0.05-0.50 g/10 mL.
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Ten milliliters of LA solutions were mixed with
predetermined amounts of SBFA in a 50-mL Erlen-
meyer flask, and the phases were shaken at 150 rpm
for 60 min. The mixture was centrifuged at 4000 g
for 2 min to separate the phases upon reaching equi-
librium. After carefully removing the supernatant
from the system, the amount of residual LA in the
aqueous phase was determined. Both the adsorption
capacity (g,) and efficiency (£/%) were calculated
using Equations 1 and 2, respectively.

S —Ce .

9. = Vs (M

m

¢y —C

E (%) = €. 100 (2)

)
Kinetics

Experimental studies were conducted to deter-
mine the time needed to achieve the equilibrium,
and to monitor the impact of the contact period. The
operating conditions were set as follows: SBFA
dose of 20 g L', LA concentration of 0.25 M, and
solution volume of 10 mL. The kinetic experiments
were performed over a period of 180 min. The LA
concentration in the resulting aqueous portion was
then analyzed. Kinetic data were analyzed using
four kinetic models: pseudo-first-order (PFO), pseu-
do-second-order (PSO), Elovich, and intraparticle
diffusion (ID) kinetic models. The equations for
these models are shown as follows (Egs. 3—6):2%

PFO dg,/dg=k (g, —q,) 3)
PSO dg, /di=k, - (¢, —q,)* )
Elovich dg,/dt = a-exp(=f-q,) (5)
D gk, t/2+1 (©)

Thermodynamics

The thermodynamic analysis of the process
was conducted by performing experiments at three
different temperatures (298-318 K). The initial LA
concentration ranged from 0.05 to 1.00 M, with a
contact time of 60 minutes. The final concentration
of the aqueous phases was determined by HPLC.
The data were used to calculate the thermodynamic
parameters, including Gibbs free energy (AG®), en-
thalpy (AH®), and entropy (AS°) changes, using the
relevant data and Eqgs. 7-9.

AG°= AH® —TAS°® (7)

AG°=—R-T-InK; (8)
AH® AS°

InK, =— + 9

R-T R

Langmuir, Freundlich, and Temkin isotherm
models were applied, and the nonlinear expressions
of these models are shown in Eqgs. 10-13.2628

K, -c
L i = L e 10
angmuir g,=Q, .. 14K, -c, (10)
R = 1/(1+K c) (11)
Freundlich ¢,=K[c,]"" (12)
. R-T
Temkin qe=7 “In (K- c,) (13)

Desorption and reusability

Desorption experiments were conducted using
SBFA samples obtained from adsorption, where the
initial LA concentration was 0.1 M and the SBFA
dose was 0.5 g. For desorption, 0.5 g of LA-SBFA
samples were mixed with 10 mL of eluent (0.1 and
0.2 M NaOH) at 150 rpm at 298 K for 60 min. De-
sorption efficiency (E)) was calculated using Eq.
14. The regenerated adsorbent was obtained by cen-
trifuging the mixture, followed by washing with
distilled water. The regenerated SBFA was then
used in successive experiments to assess its reus-
ability.

Myes

E, (%)=—%-100 (14)

ads

Results and discussion

Characterization

Fig. 1 displays the XRD pattern of SBFA, indi-
cating quartz (SiO,), mullite (Al Si,O,,),”” and some
hematite (Fe,0,) as the major phases of the sample.
The FTIR spectrum in Fig. 2 reveals the asymmet-
ric stretching vibration of Si—O-Si at 1049 cm™' and
781 cm™', while the peak at 676 cm™' is attributed to
the Al-O stretching vibration of Al Si O ,.***" The
peak at 433.5 cm™' is the characteristic peak of the
bending vibrations of Fe-O in Fe,0,.** These four
peaks confirm the presence of mullite, quartz, and
hematite, indicating agreement between the FTIR
and XRD results. These findings are consistent with
previous reports in the literature.?*

Fig. 3 shows the SEM micrographs of SBFA
before and after LA adsorption. The SBFA samples
exhibited a porous surface and an irregular shape.
Variations in the surface morphology of SBFA after
adsorption confirmed the presence of LA molecules
on the surface. Fig. 4a shows an H3-type hysteresis
loop in the type Il isotherm, according to the IUPAC
classification. This type of isotherm is the most de-
scribed phenomenon in BET analyses and rep-
resents physical adsorption on non-porous or mac-
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Fig. 1 — XRD pattern of SBFA
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Fig. 2 — FTIR spectrum of SBFA

s Signal A = SE1 EHT = 20.00 kV Mag= 20.00 K X '20_0‘""‘ = Signal A = SE1 EHT = 20.00 KV Mag = 20.00 KX ﬂnm
V WD = 10.0 mm | Probs = 50 pA V WD =10.0 mm | Probe = 50 pA

Fig. 3 — SEM images of a) SBFA, and b) LA loaded-SBFA
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Fig. 4 — a) Nitrogen adsorption—desorption isotherms at 77
K, b) Point of zero charge of SBFA. Error bars rep-
resent standard deviation of uncertainty.

roporous adsorbents. The specific surface area
(Sggp)> pore volume (V, ), and average pore diame-
ter (Dg,,,) of SBFA were calculated to be 15.47 m* g,
0.0045 cm’® g, and 35.43 nm, respectively. Addi-
tlonally, the pH of SBFA was calculated, which
is the pH value ‘at which the surface charge of the
material is equal to zero. According to the data, the
pH of SBFA was approximately 7 (Fig. 4b).

Kinetic studies

Adsorption kinetics are essential for estimating
the equilibration time, adsorption mechanism, and
designing continuous systems.** Fig. 5 shows the
results from kinetic experiments where the initial
LA concentration, SBFA dose, and temperature
were constant at 0.25 M, 20 g L', and 298 K, re-
spectively. The adsorption rate was rapid over the
first 10 min due to the availability of empty surface
sites on SBFA for binding LA.*3¢ As these sites be-

40 -
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Fig. 5 — Equilibrium time for the adsorptive separation of LA
using SBFA (LA con.: 0.25 M, SBFA dosage: 20 g L™/,
temp.: 298 K). Error bars represent standard devia-
tion of uncertainty.

came saturated, the adsorption rate slowed down,
and reached equilibrium in 60 min. However, the
results indicate that separation efficiency is negligi-
bly affected by the contact time between SBFA and
LA solution after the first ten minutes (p > 0.05 and
f < 5, Table 1). To analyze the data, PFO, PSO,
Elovich, and ID models were employed. Model ex-
pressions and associated graphs were used to calcu-
late the values of the model constants and determi-
nation coefficient (R?). Fig. 6 and Table 2 show that
the R? values were 0.9777, ~1.0000 (0.99998), and
0.9608 with PFO, PSO, and Elovich, respectively.
Accordingly, the data align well with the PSO ki-
netic model for the adsorption of LA by SBFA. The
experimentally obtained (454.55 mg g') and calcu-
lated (452.40 mg g') adsorption capacities were
also in good agreement, indicating that chemisorp-
tion controlled the adsorption process.”*3” The ID
model can be used to assess the effect of film and
intraparticle diffusion resistance on adsorption.?3*
The multilinear plot from the ID equation (Fig. 6)
indicated three stages: external diffusion, intraparti-
cle diffusion, and equilibrium between adsorbates
and adsorbents.****# The line did not pass through
the origin and multi-linearity was observed, sug-
gesting that other mechanisms may have also con-
trolled the adsorption rate.*!*

Table 1 — Significance of process variables on the separation
of LA using SBFA

Term p-Value f-Value
Contact time (min) 0.119 2.97
Temperature (K) 0.744 0.11
Initial acid concentration (M) 8.40 - 107 21.11
Adsorbent dosage (g L) 0.005 9.50

* p-value<0.05 & f-value>5: Significant; p-value>0.05 &
f-value<S: Insignificant.
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14 - PFO 0.2 - PSO Table 2 — Constants and determination coef-
ficients of the kinetic models for LA adsorption
. onto SBFA
2 Kineti
?‘ g ml(ilgeiz Constants
1.0 - £0.1 -
2 3 q, (mgg') 31.62 £ 0.45
= 2
= Rz =1.0000 PFO k, (min™) 0.055 = 0.001
) R 0.9777
0.6 - - - 0.0 - - (mg g! 454.55 £ 2.55
0 10 20 30 10 30 50 9. (me £
t (min) t (min) PSO  k, (L mol™ min™") 0.0054 = 0.002
455 - Elovich 500 - ID R 1.0000
450 | a (mg g min™") 2.246 - 10" + 4.55
Elovich B (g mg™) 12.209 + 0.55
= 445 =
3 o)) 2
2 2% /A)%“’“/A R 0.9608
£ 440 - = x k, (mg g min®%)  2.1721 + 0.02
s v Ri=06948 D I s 43328 +3.15
435 - (mg g™ - .
R 0.6948
400 T T T T )
430 2 3 4 2 4 6 8 10 12
In t t%5 (min®9)
Fig. 6 — Graphs of the kinetic models for the separation of LA using SBFA
(LA con.: 0.25 M, SBFA dosage: 20 g L™, temp.: 298 K)
Thermodynamic studies
Fig. 7 demonstrates the effect of temperature Table 3 — Thermodynamic parameters for the adsorptive
g p ly D 1%
on the recovery of LA from aqueous solutions using separation of LA using SBFA
SBFA at the values of 298, 308, and 318 K. The T (K) AG® (kI mol™") | AHP (kJ mol™) [ AS® (J mol! K)
adsorbent dose was 20 g L', and LA concentrations 503 000
ranged from 0.05 to 2.0 M. The graph shows that, e :
as temperature increased, both adsorption effective- 308 —8534+£0.14 -19.548+0.25 -37.670 + 0.45
ness and capacity decreased, though the influence 318 7247 +0.15

was not significant (p > 0.05 and f < 5, Table 1).
This phenomenon can be attributed to the diminish-
ing cohesive forces between LA molecules and the
SBFA surface as the temperature increased.'* This
trend is consistent with many reports in the litera-
ture, and indicates the exothermic nature of the pro-
cess.'"? The AG®, AH® and AS° values are present-
ed in Table 3. The (AG®) values ranged from —7.247
and —8.534 kJ mol™, suggesting most likely a phys-
ical adsorption process. The negative values indi-
cate spontaneous or exergonic nature of LA adsorp-
tion. The AH® was found to be —19.548 kJ mol™,
confirming the exothermic nature of the process.*
The negative value of AS° indicates a decrease in
the randomness at the solid-liquid interface during
LA adsorption.

c. (M)

Effects of LA concentration and SBFA dose

. . Fig. 7 — Temperature effect on the adsorptive separation of
~ Fig. 8 shows the isotherm curve for the adsorp- LA using SBEA (dosage: 20 g L'). Error bars repre-
tion of LA by SBFA at a dose level of 30 g L!. The sent standard deviation of uncertainty.
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Fig. 8 — Isotherm curve for the adsorption of LA using SBFA
at 298 K and dosage of 30 g L. Error bars repre-
sent standard deviation of uncertainty.

data follow Type 1 adsorption characteristics, indi-
cating that the adsorption process can be expressed
by the Langmuir isotherm model. The initial SBFA
dose and LA concentration ranged from 5 to 50 g L,
and 0.05 to 1.00 M, respectively. Fig. 9 shows the
effects of SBFA dose and LA concentration on effi-
ciency. At a constant SBFA dose, the LA concentra-
tion significantly affected adsorption efficiency (p <
0.05 and f > 5, Table 1), likely due to site saturation
on the SBFA surface. Consistent with the literature,
adsorption efficiency significantly increased with
SBFA dose, as available sites on SBFA increased (p
< 0.05 and f > 5, Table 1).!'36384 Maximum effi-
ciencies (100 %) were obtained at 0.05 and 0.10 M
acid concentration levels and 50 g L' SBFA. The
maximum capacity (¢g,__ ) reached in this study was
464 mg LA/g SBFA, generally higher than those re-
ported in previous studies using other resins and
adsorbents (Table 4).4*52 This was achieved with an
initial dosage of 5 g L' for SBFA and a LA quantity

Table 4 — Maximum adsorption capacities for LA adsorption
using different resins and adsorbents in the litera-

ture
Adsorbent q,. (mgg) Reference
SBFA 464.00 Present study
SY-01 resin 103.74 #
Amberlite XAD-4 29.04 46
Dry granular activated carbon 142.00 47
D301 resin 185.78 48
D315 resin 147.46 48
Montmorillonite 355.69 4
Cloisite 20A 428.63 #
335 resin 313.50 30
D301 resin 247.31 30
D315 resin 166.04 30
XAD-4 resin 92.00 3
XAD7HP resin 91.00 !
XAD761 resin 136.00 3
I(\{\I/}l\l)'\cfiglzlﬂiﬂ)carbon nanotube 48305 5

0f 0.05 M. The results support the potential of SBFA
to recover carboxylic acids, such as LA, from aque-
ous-based solutions.

Adsorption isotherms

Langmuir, Freundlich, and Temkin isotherm
models were applied to estimate the binding type of
LA onto SBFA.*** The Langmuir model proposes

100 { ——1.00M
——0.50 M
—4—0.25 M
-6-0.10 M
80 { —%0.05M
Sy
w
40 -
20
—o
o ——
0 . . . . .
0 10 20 30 40 50

Dosage of BFA (g L)

Fig. 9 — Variation of separation yield with SBFA dose at varied LA amounts. Error bars
represent standard deviation of uncertainty.
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Fig. 10 — Langmuir, Freundlich, and Temkin isotherms for
the adsorption of LA using SBFA at 298 K

monolayer coverage on a homogenous surface with
no interactions between adsorbed molecules. The
Langmuir and Freundlich isotherm models explain
that adsorption mainly occurs based on chemical
and physical forces, respectively. The Freundlich
isotherm model also presumes multilayer and
non-uniform adsorption on the surface. The Temkin
model proposes that the adsorption heat of the ad-
sorbed molecules decreases with surface cover-
age.’*> Non-linear expressions of these models are
shown in Egs. 10-13. Linearized forms of these ex-
pressions were used to plot the relevant graphs (Fig.
10). The R? values and isotherm model constants
are presented in Table 5. The highest R? was 0.9912
for the Langmuir isotherm model. A close relation-
ship was observed between the measured (377.00
mg g ') and estimated (384.61 mg g') capacity val-

E (%)

Table 5 — R? values and coefficients for the three isotherm
models for the adsorptive separation of LA using
SBFA at 298 K

Isotherm model Constants
0. (mggh 384.61 +2.33
i K, (Lmg") 26.00 £+ 0.35
Langmuir
R 0.9912
R, (0.010-0.254) + 0.0001
n 11.11 +£0.33
Freundlich K (L mg") 12.76 £ 0.35
R 0.8972
B 26.90 + 0.44
Temkin K (Lmg") 6.2-10°£5.00
R? 0.8556

ues, suggesting that the adsorption process is well
described by the Langmuir model. Additionally, the
process was considered favorable based on the R/
values,*® indicating good agreement between the
Langmuir isotherm model and equilibrium data.

Desorption and reusability

Desorption of adsorbate from the adsorbent en-
ables the recovery of the target product, and regen-
eration of the adsorbent material. Regeneration of
the adsorbent is essential to make the process eco-
nomical and commercially viable. The desorption
of LA from SBFA was carried out using NaOH at
0.1 and 0.2 M concentrations. Fig. 11 shows the re-
sults. The desorption efficiency was 47 % with 0.1
M NaOH. Increasing the concentration of the de-
sorption agent to 0.2 M resulted in the complete re-
covery of LA from SBFA.

The reuse of SBFA for LA adsorption was also
tested. It was observed that the adsorption efficien-
cy was affected by less than 10 % upon SBFA re-

EAds. DODes. by 0.1 MNaOH mDes. by 0.2 M NaOH

100 -

60 -

40 |

1 2 3 4 5
Cycles

Fig. 11 — Desorption of LA and reusability of SBFA for the
separation of LA from aqueous media (Ads.. [LA] = 0.1 M,
SBFA dose: 0.5 g, temp.: 298 K, 150 rpm, 60 min; des.: eluent:
0.1 and 0.2 M NaOH, temp.: 298 K, 150 rpm, 60 min)
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use, demonstrating a significant advantage of SBFA.
After five cycles, the efficiency of LA adsorption
gradually decreased from 100 % to 77 %. Further-
more, the desorption efficiency with 0.2 M NaOH
also decreased from 100 % to 75 %.

Conclusions

In this study, sugar beet processing fly ash
(SBFA) was evaluated as an adsorbent for the re-
covery of levulinic acid (LA), a keto-monocarbox-
ylic acid, from aqueous media. The adsorbent was
characterized using several techniques. The adsorp-
tion system achieved equilibrium after 60 min, and
the data aligned well with the pseudo-second-order
kinetic model, exhibiting a very high R* value. The
effect of higher temperatures on the adsorption ca-
pacity was minimal, with maximum effectiveness at
298 K. Thermodynamic data indicated that the pro-
cess was both exothermic and exergonic. The ad-
sorption efficiency increased with the SBFA dose
and decreased with the LA concentration, whereas
adsorption capacity showed the opposite trend.
The maximum capacity was found to be 464.00
mg LA/g SBFA (~4 mmol g'), significantly higher
than the capacities previously reported for several
types of resins and adsorbents. The data were in
good agreement with the Langmuir isotherm model
(R* = 0.9912). Desorption of LA was carried out
using 0.2 M NaOH, and complete recovery was
achieved. SBFA demonstrated high efficiency and
reusability for up to five cycles.
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Nomenclature and abbreviations

B — Temkin isotherm constant, J mol™

¢, — Initial concentration of levulinic acid, M

¢,  — Equilibrium concentration of levulinic acid, M

E  — Adsorption efficiency, %

E_, — Desorption efficiency, %

1 — Boundary layer diffusion effects (external film
resistance), mg g

k — Pseudo first order rate constant, min™!

k, — Pseudo second order rate constant,
L mol ! min™!
k, — Intraparticle diffusion rate constant,

mg g min 3
K, — Freundlich adsorption capacity, L mg™!
K, — Langmuir equilibrium constant, L mg!
K, — Temkin constant, L mg!
m — Mass of the adsorbent, g
m — Mass of adsorbed onto SBFA, g
m — Mass of LA desorbed from SBFA, g
n

— Freundlich heterogeneity constant (adsorp-
tion intensity)

q, — Adsorption capacity at equilibrium, mg g~

9 icar — Calculated adsorption capacity at equilibrium,
mg g

Doiexpy — Experimental adsorption capacity at equilib-
rium, mg g!

q, — Adsorption capacity at time ¢, mg g

q,. — Maximum adsorption capacity, mg g!

R — Gas constant, 8.314 J mol™! K!

R, — Langmuir dimensionless separation factor

R? — Determination coefficient

SBFA  — Sugar beet processing fly ash

t — Time, min

T — Temperature, K or °C

14 — Volume of the aqueous levulinic acid solu-
tion, L

a ~ Elovich initial adsorption rate, mg g' min™'

S — Elovich desorption constant, g mg!

AG° — Change in Gibbs free energy, kJ mol™!

AH® — Change in enthalpy, kJ mol™!

AS° — Change in entropy J mol™!' K
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