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ABSTRACT

The present study is on the use of sugar beet processing fly ash (SPFA) during the separation of
acetic acid (AA) and formic acid (FA) from aqueous solutions by adsorption technique. Kinetic
studies showed that the equilibration time was about 70 min for AA while 60 min for FA. The related
data were observed to follow the pseudo-second-order kinetic model. Isotherm curves exhibited
that the process was fitted with Type 1. The adsorption efficiency increased with the increase in
SPFA dosage and decreased with the AA or FA concentration. Equilibrium data were in consistency
with the Langmuir isotherm model for both solutes. The adsorption capacities and removal effi-
ciencies obtained with FA were higher than those with AA. The maximum values were 7.00 and
5.60 mmol/g for FA and AA, respectively. These values were considerably higher than the ones pre-
viously reported for the adsorption of these acids using several types of synthetic resins and fly
ashes. Temperature negatively influenced the process but the effect was not significant. Regardless
of the acid type studied, the process was exothermic and spontaneous. The results showed that SPFA
can be efficiently used in the separation of these carboxylic acids from aqueous solutions.

Keywords: Sugar beet processing fly ash; Acetic acid; Formic acid; Adsorption; Equilibrium; Kinetics;

Thermodynamics

1. Introduction

Aqueous waste streams consisting of organic pollut-
ants must be treated prior to their discharge to the rivers or
re-utilization. Carboxylic acids are organic chemicals and
frequently encountered in wastewater streams since they are
widely used in various industries such as food, pharmaceu-
tical, agriculture, etc [1-3]. Depending on the raw materials,
process type and variables, the composition and amount of
carboxylic acids in wastewaters change. They are reactive
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chemicals and can form toxic chemicals with other materi-
als in the wastewaters. However, their removal combined
with their recovery will allow their re-use in industry. As a
result, carboxylic acids should be separated from wastewater
streams [4-6].

Acetic acid (CH,COOH, AA) and formic acid (HCOOH,
FA) are the simplest carboxylic acids and important raw
materials employed in many industries. Acetic acid is
mainly used in the production of vinyl acetate and acetic
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anhydride. The former is the precursor to the latex emulsion
resins, which have many applications in textiles, adhesives,
paints, and coatings. Acetic anhydride is primarily utilized
in the fabrication of cellulose acetate, which is one of the
most important materials in the textile, chemical, health,
plastic, and tobacco industries [7-9]. Formic acid is princi-
pally employed in textile, dye, leather, rubber, and pharma-
ceutical industries. Recently, its use in the ensilage of the
forage has augmented [8,10]. Because of their widespread
applications in various types of industries, effective recov-
ery of AA and FA from aqueous-based media by low-cost
means has reached great importance [11-15]. Several types
of techniques were established and tested for the separation
of these acids from aqueous solutions. Precipitation, elec-
trodialysis, crystallization, liquid-liquid extraction, (reac-
tive) distillation, and adsorption are amongst the methods
that have been evaluated for the aim [16-18]. Due to the
several disadvantages, most of these methods are not to
be accepted to be appropriate for industrial applications.
However, adsorption has been claimed to be one of the
most promising methods because of its low-cost, selectiv-
ity, and environmentally-friendly nature. Its simplicity is
also another advantage. In the literature, there are many
papers on the separation of low molecular weight carbox-
ylic acids from aqueous-based solutions by adsorption
technique. In these studies, generally synthetic resins, espe-
cially anionic exchangers, were used [12,14,16,19,20]. They
are efficient adsorbents; however, their high cost led the
investigators to find cheap and efficient alternatives.

Fly ash is an industrial waste that causes environmen-
tal problems [21]. Recently, it has been started to be uti-
lized for several purposes in the industry. In general, it is
employed as a filling material in the production of cement
and composite materials [22-24]. Its effective usage in the
adsorption of several solutes from aqueous solutions was
shown in the literature [25-28]. However, there are a few
studies on the use of fly ash in the adsorptive separation
of organic acids from aqueous phases [29-31]. Kannan
and Xavier [29] mixed fly ash with activated carbon and
used this mixture for the separation of AA from aqueous
solutions. Unfortunately, the authors did not mention the
source of the fly ash in their publication. It was observed
that the adsorption efficiency increased with the decreases
in the AA concentration and particle size. On the other
hand, it increased with the contact time and adsorbent
dose. The researchers mentioned that the kinetic data were
well described with the pseudo-first-order (PFO) kinetic
model. In another study, Nawle and Patil [30] used the
fly ash attained by the removal of the solids from the flue
gases in an electrostatic precipitator through the combus-
tion of coal in a boiler, during the separation of AA from
aqueous phases. Their data were in consistency with the
Freundlich isotherm, which proposes a physical interaction
and multi-layer formation on the adsorbent surface. The
authors also added that process efficiency increased with
the adsorbent dose. Different from the previous study, a
similar trend was observed with the acid concentration.
Soni et al. [31] employed bagasse fly ash for the removal
of glycolic acid from aqueous phases. Most of the trends
reached in this detailed study were similar and consistent
with those reported by previous researchers. Isotherm

analysis showed that the highest value of the determina-
tion coefficient (R?) was obtained with the Freundlich iso-
therm model. The kinetics of the process was observed to
be well described by Elovich, pseudo-second-order (PSO)
and intraparticle diffusion (ID) models. The thermodynam-
ics showed that the process had an exothermic nature.

In this comparative study, fly ash obtained from sugar
beet processing was used as the adsorbent during the
adsorptive separation of AA and FA from aqueous single
acid solutions. The type of the process, in which the fly
ash is obtained, is critical for the performance of the waste
material. Effects of process parameters such as contact time,
initial acid concentration, adsorbent dose and temperature
on the adsorption efficiency and capacity were investigated.
The experimental data were used to determine the constants
of the kinetic- and isotherm models and thermodynamic
parameters. The results were compared for the two acids
studied and also with the data previously reported in the
literature.

2. Materials and methods
2.1. Materials

The sugar beet processing fly ash (SPFA) utilized as the
adsorbent in this study was obtained from a local sugar
factory in Konya, Turkey. It was used in the experiments
without any pre-treatment other than sieving (particle
size < 53 mesh). The carboxylic acids, AA (100% purity, CAS
64-19-7) and FA (99.5% purity, CAS 64-18-6) were supplied
by Merck Co., USA. Ultra-high pure (UHP) water, obtained
by Millipore Direct-Q System (USA) was used in the exper-
iments. Aqueous solutions of the solutes were prepared
by using the carboxylic acids and UHP water.

2.2. Characterization and analysis

The Fourier-transform infrared (FTIR) spectra of raw-
and acid-loaded SPFA were obtained via a Bruker Vertex 70
FTIR spectrometer (Bruker Co., Germany) using KBr pellets.
The spectra were collected in the range of 4,000-400 cm™.
The surface features and the ratio of the elements of SPFA
were examined by scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) spectroscopy instruments
(SEM, Zeiss EVO/LS10, Carl Zeiss AG Co., Germany; EDX,
Bruker 123 eV Quantax Microanalysis System, Bruker Co.,
Germany).

2.3. Assay

TThe concentrations of the AA and FA in the aqueous
phase were determined by an Agilent LC 1220 (Agilent Co.,
USA). The temperature of the column was 30°C and the
detection of the carboxylic acids was performed at 210 nm.
The “pH 2.8-0.05 mol/L KH,PO, + 1% C,H,N” solution was
used as the mobile phase and the flow rate was 1.25 mL/
min. All experiments were repeated twice to ensure data
integrity and each sample was analyzed twice. The rela-
tive uncertainties of the repeated experiments and analyses
were less than 1%. Averages were employed in the calcula-
tions [8,12,32].
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2.4. Kinetics

Kinetic studies were executed to observe the effect of
the contact period and determine the equilibrium time. The
experiments were carried out by weighing a fixed amount
of SPFA (0.2 g) and adding into 100 mL glass flasks contain-
ing 10 mL of 0.25 mol/L AA or FA solution. Samples were
taken out every 5 min for 3 h, centrifuged and analyzed for
the amount of AA or FA left in the aqueous phase. Kinetic
data were tried to be described by four different kinetic mod-
els, which were Elovich, PFO, PSO, and Weber—Morris 1D
models.

2.5. Equilibrium

A constant temperature shaker bath was utilized in the
adsorption experiments. Aqueous solutions of FA and AA
having varied initial concentrations (0.05-1.00 mol/L) were
prepared using UHP water. 10 mL of each of these solutions
was contacted with the known amounts of SPFA (5-50 g/L)
in a 100 ml conical flask at 298 K and 150 rpm for 2 h.
Following the equilibrium, the mixture was centrifuged at
5000 rpm for 5 min to split up the phases. Then, the aqueous
phase was carefully removed and analyzed for the amount
of acid remained. The amount of solute adsorbed by SPFA
at equilibrium (gq,) was determined by Eq. (1). In addition,
the efficiency of the adsorption process can be calculated
using Eq. (2).
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where g, (mmol/g) is the adsorption capacity at equilibrium,
C, and C, (mol/L) are the initial and equilibrium concen-
tration of the acid, respectively, m (g) represents the mass
of SPFA and V (L) is the volume of the aqueous solution.

2.6. Thermodynamics and isotherm models

In order to detect the influence of temperature on the
adsorption process, thermodynamic experiments were car-
ried out at different initial values. The temperature of the
separation process was changed between 298 and 318 K in the
shaker bath. The samples were also settled at that tempera-
ture. The concentrations of the acids in the aqueous phases
before and after the separation process were measured. The
data were employed during the calculations of the thermody-
namic parameters.

Three different isotherm models were applied to the
equilibrium data in order to obtain information about the
distribution of the acid molecules on the SPFA [33,34]. They
are Langmuir, Freundlich, and Temkin isotherm models.
The Langmuir isotherm model is the most commonly used
one for the processes that occur in liquid phases. The theory
assumes that the adsorption process happens at specific
homogeneous sites on the adsorbent surface. Furthermore,
it asserts monolayer adsorption and assumes that the
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interactions between the adsorbed molecules are negligi-
ble [35,36]. The maximum capacity of the adsorbent can
also be determined using the Langmuir isotherm equation.
Furthermore, the favorability of the process can be clarified
by using the calculation of the dimensionless separation
factor according to this isotherm model. The Freundlich
isotherm model is used to describe the systems having het-
erogeneous surfaces [37]. The third, Temkin isotherm model
suggests that the heat of adsorption of all molecules on the
surface linearly decreases with the coverage [38].

3. Results and discussion
3.1. Characterization

The characterizations of the raw and loaded SPFA
were carried out by FTIR and SEM-EDX. The FTIR spectra
give information about the functional groups and types of
chemical bonds that exist or can form on the fly ash surface
through the adsorption process [39]. The FTIR spectra of
SPFA and acid-loaded SPFA were displayed in Fig. 1 and
broadband between 3,222 and 3,500 cm™ was the indica-
tion of the presence of the hydroxyl group on the SPFA
surface [40]. The peaks at 2,883 and 2,351 cm™ in raw SPFA
shifted to 2,895; 2,342; 2,888; and 2,342 cm™! in FA-loaded
and AA-loaded SPFA, respectively. These peaks were due
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Fig. 1. FTIR spectra of the SPFA and FA loaded and AA load-
ed-SPFA.
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to C-H stretching in aliphatic hydrocarbons and the funda-
mental bending of H,0O molecules corresponded to a sharp
peak at ~1,630 cm™ [40]. The band at ~1,340 cm™ could be
related to the rocking vibration of CH [41]. The peaks at
1,099; 842; and 458 cm™ were assigned to the stretching,
bending and out of the plane of Si-O bonds, respectively
[42]. The shape and position of the peak that appeared at
1,099 cm™ indicated the presence of SiO, with a stoichiomet-
ric structure [42]. This peak disappeared in the FA-loaded
and AA-loaded SPFA indicating a change in the bonds.
Consequently, the adsorption process occurred and SiO, can
be an effective site for the adsorption of carboxylic acids.
The microstructure of SPFA before and after the adsorp-
tion process was characterized by using SEM (Fig. 2).
It was observed that the SPFA particles were irregular in
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shape and the adsorbent has a rough and porous surface.
The differences in the surface morphology of raw and
acid-loaded SPFA confirmed the presence of the acid mol-
ecules on the SPFA surface. According to the EDX analysis
(Fig. 3), the main elements in the SPFA were O, Ca, Si and
Al The presence of C, N, Na, S, Fe, K and Mg were also
detected (Table 1).

3.2. Effect of contact time and kinetic studies

Equilibration time has great importance for time-
dependent operations. Determination of the equilibration
time is useful to clarify the rate of the process, which is
needed for the design of a separation event [43,44]. The
results of the experimental kinetic studies on the removal
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Fig. 2. SEM images of the SPFA and acid loaded-SPFA.
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Fig. 3. SEM images and EDX micrograph of SPFA.

Table 1
The percent composition of the elements in the SPFA (results of
SEM-EDX analysis)

Element SPFA (wt.%)
(@) 47.30
Ca 36.67
Si 8.08
Al 3.33
C 0.45
N 1.76
Na 0.49
S 0.45
Fe 0.57
K 0.58
Mg 0.31

of AA and FA from aqueous solutions using SPFA at 298 K
are illustrated in Fig. 4. The figure also helped to determine
the equilibrium time. Initial concentrations of the carbox-
ylic acids (AA or FA) were 0.25 mol/L, while adsorbent dose
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was kept constant to be 20 g/L. It was observed that the
adsorption rate was very fast at the initial stage of the con-
tact period, and thereafter, it became slower while reaching
the equilibrium. It is clear that a large number of unoccu-
pied sites were available on the surface for adsorption at
the beginning. Later, the free surface sites left were very
hard to be occupied due to the repulsive forces between the
solute molecules [45]. It can be seen from Fig. 4 that the
adsorption equilibrium was achieved in 70 min for AA and
60 min for FA.

In order to analyze the kinetics of the adsorption of
AA and FA onto SPFA, four kinetic models Elovich, PFO,
PSO, and ID were applied to the relevant data. The expres-
sions of these models are given below [Eqgs. (3)—(6)]. The
Elovich model has been satisfactorily applied to most of
the chemisorption operations [Eq. (3)]. The model is gen-
erally compatible with the slow adsorption processes
[46-48]. The PFO model was proposed by Lagergren [49]
and this equation [Eq. (4)] is the most commonly used
rate equation in liquid phase sorption processes. The
PSO kinetic model suggests that the adsorption process
is also controlled by chemisorption and is represented
by Eq. (5) [50,51]. Weber-Morris equation [Eq. (6)] can
be used to evaluate and characterize the effect of film
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Fig. 4. Determination of the equilibration time for the adsorption
of AA and FA using SPFA (initial acid concentration: 0.25 mol/L;
adsorbent dose: 20 g/L; temperature: 298 K).

Table 2

Constants and R? values of the kinetic models for the adsorption
of AA and FA by SPFA (initial acid concentration: 0.25 mol/L;
adsorbent dose: 20 g/L; temperature: 298 K)

Kinetic models Constants Acetic acid Formic acid
a 4.791 130.823
Elovich model B 0.708 0.558
R? 0.8776 0.9654
. q, 1.620 1.805
Pseudo-first-order ¢
k 0.044 0.042
(PFO) model !
R? 0.8501 0.9320
3.957 5.020
Pseudo-second-order e
(PSO) model k, 0.050 0.043
R? 0.9987 0.9990
; e diffusi » 0.1577 0.1415
E;raparctllcle 1ffusion I 53394 3.4561
(ID) mode R 0.6635 0.8509

and intra-particle diffusion resistance on the adsorption
kinetics [52].

Elovich % =ax exp(—B X qt) (3)
d

PFO %:k] <(q.-4,) )

PSO % =k x(q,-q,) )

D g =k, -t +1 ©)

where g, and g, (mmol/g) are the adsorption capacity val-
ues at equilibrium and time f, respectively, ¢ (min) refers to
time, a (mmol/g min) represents the initial adsorption rate,
B (g/mmol) is the Elovich desorption constant, k, (min™),
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k, (g/mmol min), and k, (mmol/g min) denote the PFO,
PSO, and ID rate constants, respectively, and I (mmol/g)
expresses the boundary layer diffusion effects.

The values of the model constants were calculated
using the slopes and intercepts of the figures obtained by
the appropriate linearization of these expressions. The R?
values obtained for the adsorption of AA onto SPFA with
Elovich, PFO, PSO and ID models were 0.8776, 0.8501,
0.9987, and 0.6635, respectively (Table 2). They were 0.9654,
0.9320, 0.9990, and 0.8509, respectively, for the adsorption
of FA by SPFA. According to the results, the PSO kinetic
model was more likely to be able to predict the behavior of
the adsorption process for AA and FA onto SPFA. In addi-
tion, the experimental (g, = 3.96 and 5.02 mmol/g) and cal-
culated (g, = 4.10 and 5.00 mmol/g) adsorption capacities
for the adsorption of AA and FA by SPFA, respectively,
showed good agreements. This means that the PSO model is
closely related to the adsorption data. Moreover, the I value
gives an idea about the thickness of the boundary layer as
the larger the intercept, the greater the contribution of the
surface sorption in the rate-controlling step [53,54]. The
deviation of the straight line might occur due to the vari-
ation in the rate of the mass transfer during the process.
This deviation can also show that pore diffusion was not
the only rate-controlling step, and some other mechanisms
might involve [55].

3.3. Effects of solute concentration and adsorbent dose

The isotherm curves belong to the adsorption of AA
or FA onto SPFA at 30 g/L dosage level are displayed in
Fig. 5. They showed that the process was fitted with Type 1
regardless of the acid type studied. This could be assigned
to the Langmuir isotherm model and was a sign of a mono-
layer uptake.

The influence of initial acid concentration on the
removal of AA or FA on the adsorption efficiency was
studied in the range of 0.05-1.00 mol/L. The initial dose of
the SPFA was varied between 5 and 50 g/L. Fig. 6 exhib-
its that adsorption efficiency reduced with the increase in
initial acid concentration and the decrease in dosage level;
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Fig. 5. Isotherm curves for the adsorption of AA and FA using
SPFA (initial acid concentration: 0.05-1.00 mol/L; adsorbent dose:
30 g/L; temperature: 298 K).
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Fig. 6. Variation of adsorption efficiency with the SPFA dose for several initial acid concentrations (a) acetic acid and (b) formic acid
(initial acid concentration: 0.05-1.00 mol/L; adsorbent dose: 5-50 g/L; temperature: 298 K).

however, the adsorption capacity (g,) presented an opposite
trend. This means that the adsorption process with SPFA
was very effective especially with dilute solutions. Since
the ratio of the solute molecules to the available sites on
the sorbent surface increases at the higher concentrations,
adsorption efficiency decreased with the increase in (initial)
acid concentration. Higher adsorbent dosage provides a
higher surface area, in other words, more available sites for
the separation process [56]. The decrease in the adsorption
efficiency can also be explained with the saturation of the
SPFA surface.

The removal efficiencies and adsorption capacities were
compared for AA and FA. The highest adsorption percent-
ages (99.5%-100%) were obtained at the 0.05 mol/L acid con-
centration levels, especially at high dosage levels (Fig. 6).
The trend was valid for both solutes. However, at higher ini-
tial acid concentrations, the values obtained with FA were
higher than those with AA for all SPFA doses. The superi-
ority was most apparent when the initial acid concentration
was 0.25 mol/L. The highest adsorption capacity values
reached in this study in the range of the parameters were
7.00 and 5.60 mmol/g for FA and AA, respectively. These
g, values were obtained when the initial dosage and acid
concentrations were 5 g/L and 0.05 mol/L, respectively.
These capacity values for AA and FA were in the range
and mostly higher than the values previously published in
the literature using several types of synthetic resins, metal
oxides and fly ashes (Table 3) [12,14,20,30,57,58,62]. These
results evidently showed that SPFA can be effectively used
to separate these carboxylic acids from aqueous-based
solutions.

3.4. Adsorption isotherms

The isotherm models are important for understanding
the behavior of the adsorption process. They can indicate

the distribution of the solute molecules between the solid
(adsorbed) and the liquid (non-adsorbed) phases [33,34,64].
Three different isotherm models such as Langmuir,
Freundlich, and Temkin were used to investigate the char-
acteristics of the adsorption process. The equations of
these isotherm models [Egs. (7)—(10)] are given below:

KL .Ce

L i - K .
angmuir q,=Q,_ 1+K, -C, (7)
1
K Q) ®
L (1+(1<L 'Co))
Freundlich g, =K, [C,]"" o
Temkin g, :L;'ln(KT -CE) 10)

where g, (mmol/g) is the adsorption capacity at equilibrium,
Q... (mmol/g) refers the maximum adsorption capacity at
that dosage level, K, (L/mol) denotes the Langmuir equilib-
rium constant, C, (mol/L) is the equilibrium concentration of
the acid in the aqueous solution and R, signifies the dimen-
sionless separation factor. The process is estimated to be
irreversible (R, = 0), favorable (0 < R, < 1), linear (R, = 1) or
unfavorable (R, > 1) depending on the value of the sepa-
ration factor [34,65]. K. (L/mol) and n are the Freundlich
adsorption capacity and intensity, respectively. Likewise
explained in Langmuir, depending on the value of 1/n, pro-
cess is said to be irreversible (1/n = 0), favorable (0 <1/n <1)
or unfavorable (1/n > 1). In addition, B (J/mol) and K,
(L/mol) are Temkin equilibrium-binding constant and the
Temkin constant related to the adsorption heat, respectively.
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Table 3
Maximum adsorption capacity (Q_ ) values and adsorbent/resin types for separation of FA and AA in the literature
Carboxylic acid Adsorbent Q... (mmol/g) Reference
Formic acid SPFA 7.00 Present study
Acetic acid SPFA 5.60 Present study
Formic acid Lewatit MP-64 (Sigma-Aldrich Co., USA) 9.63 [12]
Formic acid Amberlite IRA-96 (Sigma-Aldrich Co., USA) 5.00 [12]
Formic acid D-1107 (Guangzhou, China) 2.24 [14]
Formic acid Amberlite IRA-67 (Merck Co., USA) 5.20 [20]
Acetic acid Fly ash 5.50 [30]
Acetic acid Indion 850 (Ion Exchange Ltd., Mumbai, India) 11.00 [57]
Acetic acid Tulsion A-8XMP (Thermax Ltd., Pune, India) 7.00 [57]
Acetic acid Indion 810 (Ion Exchange Ltd., Mumbai, India) 5.00 [57]
Acetic acid 330 resin (Tianjin Chemical Co., China) 1.20 [58]
Acetic acid UiO-66 2.74 [62]

The linearization of these expressions gave the linear
relationships of these isotherm models (Figs. 7 and 8). The
slopes and intercepts of these figures provided the R? values
and model constants. According to Table 4, the highest R? val-
ues (>0.99) were obtained with the Langmuir isotherm model
for both AA and FA. This means that the model described
the equilibrium data very well for the two acids studied. The
calculated Q__ values obtained with the Langmuir isotherm
were 4.52 and 6.52 mmol/g for AA and FA, respectively.
They were very close to the values experimentally obtained,
which were 4.25 and 6.50 mmol/g for these two acids, respec-
tively. It can also be added that the process was favorable
for both solutes according to the R, values.

3.5. Thermodynamic studies

The effect of temperature on the adsorption of AA
and FA using SPFA is shown in Fig. 9. The influence was
investigated at the adsorbent dosage of 20 g/L and in the
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range of 298-318 K. It was observed that the adsorption
efficiency decreased with the increase in temperature for
both acids (Fig. 9). However, the influence was not signif-
icant (p > 0.10). Especially the values obtained at 298 and
308 K were almost the same. Those at 318 K were slightly
lower than the others. The trend might be partially due
to the weakening of the attractive forces between the car-
boxylic acids and SPFA surface with temperature [25]. The
effect of temperature on the adsorption of AA or FA onto
SPFA suggested that the process was exothermic. The extent
of the effect did not differ for the two acids studied. The
Gibbs free energy change (AG®), enthalpy change (AH®) and
entropy change (AS°) were determined using the data and
Egs. (11)—(13).
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Fig. 7. Langmuir isotherm for the adsorption of AA and FA by SPFA at different temperatures (a) acetic acid and (b) formic acid
(initial acid concentration: 0.05-1.00 mol/L; adsorbent dose: 20 g/L; temperature: 298-318 K).
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Table 4

Constants and R? values of the isotherm models for the adsorp-
tion of AA and FA onto SPFA (initial acid concentration: 0.05—
1.00 mol/L; adsorbent dose: 20 g/L; temperature: 298 K)

Isotherm model  Constants  Acetic acid Formic acid
Q. 452 6.52
. K 130.112 34.067
Langmuir L
R? 0.9997 0.9922
R, 0.008-0.131 0.027-0.367
n 17.986 7.949
Freundlich K, 4.556 6.344
R? 0.9829 0.9851
B 0.2267 0.5113
Temkin K, 5.0 x10° 1.6 x 10°
R? 0.9874 0.9653
InK, =- AH + AS? (13)
R-T R

where T (K) is the temperature, K, (L/mol) is the Langmuir
equilibrium constant and R (J/mol K) is the gas constant.
Table 5 shows the values of the thermodynamic parameters
and K|. According to the literature, the AG® value is between
-20 and 0 kJ/mol if it is a physisorption process. The value
is in the range of -80 to —400 kJ/mol if it is a chemisorption
process [66]. The AG® values were between -12.062 and
-12.797 kJ/mol for AA and —4.740 and -8.742 kJ/mol for FA.
This means that the adsorption of AA or FA onto SPFA was

a physical event and the possible mechanism is described in
Fig. 10. Their negative values indicated to the spontaneity
of the process. The values of AH° and AS°® were calculated
by the Van’t Hoff equation [Eq. (14)]. The AH® values were
calculated to be —1.055 and —65.589 kJ/mol for AA and FA,
respectively. These negative values confirmed the feasibility
and exothermic nature of the adsorption process. In addi-
tion, the positive values of AS® showed that the randomness
at the solid-liquid interface increased during the separation
process.

4. Conclusions

Herein, a comparative study was presented for the
separation of AA and FA from aqueous solutions by using
SPFA as the adsorbent. Equilibration times were found to
be about 70 and 60 min for AA and FA, respectively. For
both systems, the kinetic data were observed to follow
the PSO kinetic model (R* > 0.998). The calculated g, val-
ues (4.10 and 5.00 mmol/g) were close to the experimen-
tal data (3.96 and 5.02 mmol/g) for the adsorption of AA
and FA by SPFA, respectively. According to the isotherm
curves, the adsorption of AA and FA onto SPFA was fit-
ted with Type 1. The adsorption efficiency increased with
the increase in SPFA dosage and decreased with the acid
concentration. The adsorption capacities and removal effi-
ciencies obtained with FA (Q__ =7.00 mmol/g) were higher
than the ones with AA (Q,_ = 5.6 mmol/g). These values
were in the range and mostly higher than the ones formerly
reported in the literature using several types of synthetic
resins, metal oxides and fly ashes. Equilibrium data were in
consistency with the Langmuir isotherm model for both AA
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Fig. 9. Effect of temperature on the adsorption of AA and FA using SPFA (a) acetic acid and (b) formic acid (initial acid concentration:

0.05-1.00 mol/L; adsorbent dose: 20 g/L).

Table 5

Thermodynamic parameters for the adsorption of AA and FA using SPFA (initial acid concentration: 0.05-1.00 mol/L; adsorbent

dose: 20 g/L; temperature: 298-318 K)

Acid type T (K) InK; AG® (k]J/mol) AH® (kJ/mol) AS° (J/mol K)
Acetic acid 298 4.8684 -12.062

308 4.8646 -12.457 -1.055 36.958

318 4.8405 -12.797
Formic acid 298 3.5283 -8.742

308 3.5056 -8.977 —65.589 -188.703

318 1.7928 —4.740

CH3—(ﬁ‘,—05'-H5‘ ¥

M
O \—/

Acetic Acid SPF A Surface

H—C—0%-H +

n -

SPFA Surface

Formic Acid

Fig.10.Proposed mechanism for the adsorption of aceticacid and formicacid onto the SPFA surface (inspired by Iraola-Arreguietal. [67]).

and FA (R? > 0.99). Moreover, the values of the separation
factor were between 0 and 1 indicating that the process was
favorable.

Thermodynamics showed that the efficiency was slightly
but negatively influenced by the temperature. For both AA
and FA adsorptions, the changes in the enthalpy and Gibbs
free energy were at the range of physisorption and had neg-
ative values, which meant that the process was exothermic
and spontaneous regardless of the acid type studied. The
entropy values signified that the randomness at the inter-
face increased during the separation process. This compar-
ative study showed that the SPFA can be efficiently used as
an adsorbent for the separation of AA and FA from aqueous
solutions.
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