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Abstract—The present study investigated the potential use of the cassava peel-derived adsorbent for removal of free
fatty acid (FFA) from waste cooking oil (WCO). The adsorbent A3 was developed by calcination at 200 °C for 2 hours,
followed by NaOH modification. The surface morphology and functional groups of A3 were characterized using Fou-
rier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM). Adsorption parameters, such as
adsorbent dose, contact time, and temperature, influenced the adsorption efficiency of A3 for FFA. Isotherms, kinetics
and thermodynamics of free fatty acid (FFA) adsorption onto A3 were investigated. The maximum adsorption capac-
ity (q,,) of A3 for FFA was 322.58 mg/g at a temperature of 35 °C. Adsorption isotherm was well described by the Fre-
undlich model (R*=0.9676), while adsorption kinetics was best fitted with pseudo-second order model (R*=0.9996).
Kinetic data revealed that the adsorption of FFA onto A3 was chemisorption. Thermodynamic studies revealed that
FFA adsorption was endothermic, favorable, and spontaneous. In addition, diethyl ether and chloroform : methanol
(2:1, v/v) could be used for chemical regeneration of A3. Our results confirmed that A3 has the potential to be a suit-
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able adsorbent for FFA removal from WCO.
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INTRODUCTION

The global consumption of cooking oil is 41-67 million metric
tons per year, and waste cooking oil (WCO) production is esti-
mated to be 20-32% of the total consumption [1]. WCO is mainly
produced by households, hospitality sectors, and the food indus-
try and is considered one of the hazards to the environment and
human health. Improper disposal of WCO leads to various cascad-
ing problems, such as sewage clogs, wastewater overflow; costly
damage to infrastructure, vectors and pests, nauseous odors, and
higher operating costs at central wastewater treatment plants [2].
A proper WCO management system and circular economy can
help to minimize socio-economic and environmental problems.

WCO can be the best feedstock choice for biodiesel, hydrogen
gas, and low molecular weight hydrocarbons as the amount of its
production becomes larger [3-5]. Various chemical reactions, such
as hydrolysis, oxidation, and polymerization, occur during the deep-
frying process. Volatile compounds, free fatty acids, lipid peroxides,
hydrocarbons, and polymers are produced in cooking oil [6]. Typ-
ically, biodiesel production comprises the process of transesterifica-
tion, where a triglyceride reacts with an alcohol to form esters and
glycerol. The reaction occurs in the presence of a catalyst, usually a
strong alkaline like sodium hydroxide [7]. The initial FFA content
in raw materials significantly affects alkali-catalyzed transesterifica-
tion. A large amount of FFA in the reaction can lead to soap forma-
tion, low production yield, and complicated downstream and re-

"To whom correspondence should be addressed.
E-mail: amnatp@nu.ac.th
Copyright by The Korean Institute of Chemical Engineers.

2253

covery processes [8]. Two-step processes have been developed for
biodiesel production to solve this problem. In the first step, FFA are
esterified and catalyzed by acid as a pre-treatment. The second step
is the transesterification of the glycerides using a homogeneous alkali
catalyst. However, the first step is time-consuming and requires large
amounts of methanol and acid catalyst [9,10]. In addition, super-
critical transesterification and enzymatic catalysis have been used for
pre-treatment of WCO with high FFA content, but these methods
are expensive, energy-consuming, and have low production yield
[11].

Adsorption has been recognized as a promising technique for
the removal of pollutants, including heavy metals, dyes, and many
organic contaminants from aqueous solution. Adsorption is pre-
ferred over other conventional purification techniques due to its
ease of operation, simplicity of design, high efficiency; and compa-
rable low cost of application [12]. It can also be an alternative pro-
cedure for pre-treatment of WCO by offering a low-cost and straight-
forward FFA removal technique that reduces oil loss and soap con-
tamination [13]. A variety of low-cost adsorbents derived from nat-
ural and agricultural wastes have demonstrated the capability for
the removal of FFA. For example, Rengga at al. studied the FFA
removal from WCO by the adsorbent derived from banana peel.
The results showed that the maximum adsorption capacity (q,,) of
the adsorbent ranged from 23.18-27.40 mg/g [14]. Chairgulprasert
and Madlah developed the adsorbent from coffee husk and found
the q,, of 2,000 mg/g [15]. Arahman et al. investigated the FFA
removal from WCO by Java plum leaves and Guava fruits. The
results showed that the q,, of Java plum leaves and Guava fruits was
141.99 and 133.77 mg/g, respectively [16]. Farook and Ravendran
modified rice hull ash by using 14 M HNO; and studied its q,, for
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FFA adsorption. The results showed that the q,, of acid-modified
rice hull ash ranged from 68.80-118.20 mg/g, depending on the
length of FFA [17]. Baptiste et al. reported the q,, of —7.84 mg/g
for FFA removal of acid-activated smectite clay [18]. The capability
of the synthetic adsorbent for FFA adsorption was also reported.
Ushedo at al. synthesized N, N(1,3-phenylene)dimethanimine for
the removal of FFA from WCO and found that the q,, was 42.37
mg/g [19]. In addition, several studies demonstrated the adsorp-
tion of FFA capability of the adsorbents such as zeolite [20], mont-
morillonite [21], coal ash [13], pineapple dregs, and coconut husk
[22]. Unfortunately, their g,, was not reported.

Cassava (Manihot esculenta Crantz) is considered one of Thai-
land’s most important economic crops. A total area of 1.1 million
hectares is devoted to cassava planting by many farmers, produc-
ing more than 31 million tons of roots annually [23]. Currently, 104
modern starch factories are operating in Thailand, with a total starch
production of 15-17 million tons annually [24]. Several tons of cas-
sava peels are generated from the processing activity. With limited
utilization, cassava peels are usually discarded after harvesting and
processing [25]. Improper disposal of cassava peels contributes largely
to environmental problems. Several studies have tried converting
cassava peels into value-added products to reduce environmental
pollution, such as biomass, proteins source, livestock feed, and nano-
fibers [25-27].

Cassava peel comprises cellulose (40.5%), lignin (11.7%), and hemi-
cellulose (21.4%) [27]. Cellulose consists of linear chains of glucose
units linked by /1,4-glycosidic bonds. It has the characteristic physi-
cochemical property of having strong adsorption power, thereby
making it a suitable adsorbent [28]. Therefore, with its high cellu-
lose content, cassava peel has been considered as a potential adsor-
bent for removal of contaminants. Cassava peel has also been studied
for adsorption heavy metal and dye from wastewater [29,30]. How-
ever, no study to date has examined the potential use of cassava as
an adsorbent for FFA adsorption. In the present work, we prepared
the adsorbent from cassava peel and investigated the surface mor-
phology and functional groups of the adsorbent. The cassava-derived
adsorbent was studied for the adsorption of FFA from WCO. The
adsorption parameters such as adsorbent dosage, contact time,
and temperature were analyzed. The kinetics, isotherm, and ther-
modynamics of FFA adsorption were investigated. In addition, the
chemical regeneration of adsorbent was demonstrated.

MATERIALS AND METHODS

1. Waste Cooking Oil, Cassava Peels, and Chemicals

Fresh cooking oil was bought from the local supermarket in
Phitsanulok, Thailand. Waste cooking oil (WCO) was prepared fol-
lowing Chairgulprasert and Madlah [15]. The % polar compounds
and FFA content of WCO sample were determined before and after
adsorption, as described in sections 2-4 and 2-6. Cassava peels were
given generously from the cassava starch factory in Kamphaeng
Phet, Thailand. Sodium hydroxide and phenolphthalein were pur-
chased from Merck Co., Ltd. Sulfuric acid, methanol, diethyl ether,
chloroform, and hexane were purchased from RCI Labscan Co.,
Ltd. All chemicals used were analytical grade. Polar Blue Test kit
was purchased from Master Lab Part., Ltd.
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2. Preparation of the Adsorbents from Cassava Peels

Cassava peels were washed with distilled water to remove the
dirt and dried using an oven, and then crushed with a blender to
obtain a cassava peel powder. The calcination process was performed
at 200 °C and 600 °C without nitrogen, following Chairgulprasert
and Madlah [15] and Rahayu et al. [22]. Four adsorbents were devel-
oped from a cassava peel powder as follows: (i) Al, a cassava peel
powder was calcined at 600 °C for 2 hours in a furnace; (i) A2, a
cassava peel powder was calcinated at 200 °C for 2 hours; (iii) A3,
a cassava peel powder was calcinated at 200 °C for 2 hours, fol-
lowed by activation with 1 N NaOH for 1 hour; (iv) A4, a cassava
peel powder was calcinated at 200 °C for 2 hours, followed by acti-
vation with 1 N H,SO, for 1 hour.

3. Batch Adsorption

Batch adsorption, which was used to screen an effective adsor-
bent, was conducted in a 250-mL Erlenmeyer flask. One gram of
the adsorbent was added to 50 mL of WCO, and the suspension
was then shaken at 35 °C, 200 rpm for 2 hours. After adsorption,
the suspension was left at room temperature for precipitation. Then,
the adsorbent was filtered out, and the % polar compound that
remained in treated WCO was analyzed as described in 2-4. An
untreated WCO was used as a control sample. We used activated car-
bon and cassava peel powder as control adsorbents in batch ad-
sorption.

4. Determination of % Polar Compound

The % polar compound in WCO sample was determined using
Polar Blue Test kit (Master Lab Part,, Ltd.), following the manufac-
turer’s protocol. Briefly, WCO sample was mixed thoroughly with
polar blue reagent in 1: 1 ratio. The mixture was incubated at room
temperature for 1 minute. The % polar compound in WCO sam-
ple was determined based on the mixtures color as follows: Blue,
the % polar compound in oil sample is less than 20%; Green, the
% polar compound in oil sample is between 20-25%; Yellow; the
% polar compound in oil sample is more than 25%. The most
effective adsorbent for removal of polar compounds was chosen
for further studies including characterization, isotherms, kinetics,
thermodynamics, and desorption studies.

5. Characterization of an Effective Adsorbent

The adsorbent surface was examined using scanning electron
microscopy (SEM). The surface functional groups were studied using
Fourier transform infrared spectrometry (FI-IR). SEM and FT-IR
analysis were performed at Science Lab Center, Faculty of Science,
Naresuan University.

6. Determination of Free Fatty Acid (FFA)

The FFA content in WCO before and after adsorption was ana-
lyzed using titration, according to the AOAC Official Method 940.28
(AOAC, 2016). Two grams of oil sample were mixed with 30 mL
of diethyl ether : ethanol (1 : 1). Subsequently, the mixture was added
with 1% phenolphthalein and titrated with 0.1 M NaOH. The FFA
content was calculated following Eq. (1) and expressed as the amount
of KOH in mg to neutralize 1 g of oil (mgxor/g) [31].

40VN

FFA= W 1)
where V is the volume of NaOH titrant used (mL). N is Normal-
ity of NaOH. W, is the weight of WCO sample (g).
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7. Effect of Adsorbent Dose and Isotherm Studies

The most effective adsorbent for adsorption of polar compounds
was chosen for studying adsorption isotherm, kinetic, and thermo-
dynamic for FFA adsorption from WCO. Batch adsorption experi-
ment was conducted to determine the effect of adsorbent dose,
contact time, and temperature on FFA adsorption. We conducted
batch adsorption in a 250-mL Erlenmeyer flask. To determine the
effect of adsorbent dosage, 1-5g of the adsorbent was added to
50 mL of WCO, and the suspension was then shaken at 35 °C, 200
rpm for 2 hours. Then, the suspension was left at room tempera-
ture for precipitation, and the adsorbent was filtered out. The FFA
content in WCO before and after adsorption was determined as
described above. The adsorption capacity (q,) and FFA reduction
efficiency (% E) were calculated following Chairgulprasert and Mad-
lah [15], as shown in Egs. (2) and (3), respectively.

_(C=C)xV
qc_ W (2)
%E:wxloo 3

where q, is the amount of adsorbate absorbed by the adsorbent
(mg/g), C; is initial concentration of FFA in WCO (mgx./g), C, is
the concentration of FFA in WCO after adsorption (mgxon/g), V
is the volume of oil sample (mL), W is the weight of adsorbent (g).
Langmuir, Freundlich, and Temkin isotherm models were used to
describe the equilibrium between adsorbate and adsorbent.
8. Effect of Contact Time and Kinetic Studies

The effect of contact time on FFA adsorption was determined
by adding 2 g of the adsorbent to 50 mL of WCO in 250-mL Erlen-
meyer flask. The suspension was shaken at 35 °C, 200 rpm for 30-
300 minutes, and was then left at room temperature for precipita-
tion. The adsorbent was filtered out, and the FFA content in WCO
before and after adsorption was determined as described above.
The pseudo-first-order and pseudo-second-order models were used
to describe the kinetics of FFA adsorption.
9. Thermodynamic of FFA Adsorption

Thermodynamic parameters of adsorbent for FFA adsorption

[ | less than 20 % polar compound in WCO
20-25 % polar compound in WCO
more than 25 % polar compound in WCO

r w '@ w
[

were also determined. Batch adsorption was performed using 2 g
of the adsorbent and 50 mL of WCO. Adsorption was conducted
at 35°C, 45 °C, and 55 °C, 200 rpm for 2 hours. The FFA content in
WCO before and after adsorption was determined as described
above. Thermodynamic parameters of change in Gibbs free energy
(AG’), enthalpy (AH’), and entropy (AS’) were determined.
10. Desorption Study

A desorption study of the adsorbent was performed following
Ushedo et al. [19] with some modifications. Batch adsorption and
desorption studies were conducted in a 250-mL Erlenmeyer flask.
For adsorption, the adsorbent (2 g) was added to 50 mL of WCO,
and the suspension was then shaken at 35 °C, 200 rpm for 2 hours.
The FFA content in WCO before and after adsorption was deter-
mined as described in section 2.6. For desorption, the FFA-laden
adsorbent was dried at room temperature for 48 hours. Solvents
including diethyl ether, hexane, and chloroform : methanol (2: 1,
v/v) were tested. To determine the desorption efficiency (% D),
the FFA-laden adsorbent was separately mixed with 50 mL of sol-
vent. Desorption was performed at 35 °C, 200 rpm for 2 hours. The
amount of FFA desorbed was determined as described in section
2.6. The % D was determined following Ushedo et al. [19] and
Sandhu and Gu [32] as shown in Eq. (4).

CiVy

% D= —3a9__
"D=E eV,

%100 ()
where C; is the concentration of FFA in solvent after desorption
(mgror/g)> Vy is the volume of solvent (mL), C; is initial concen-
tration of FFA in WCO (mgxox/g), C, is the concentration of FFA

in WCO after adsorption (mgxos/g), V; is the volume of oil sam-
ple (mL).

RESULTS AND DISCUSSION

1. Screening of the Most Effective Adsorbent for Adsorption
of Polar Compound in WCO

The amounts of toxic compounds in cooking oil increase as the
number of frying cycles, the duration of frying, and temperature.

Fig. 1. Screening of the most effective adsorbent for removal of the polar compound in WCO. U is untreated WCO. AC, CP, Al, A2, A3, A4
are WCO treated using activated carbon, cassava peel powder, adsorbent A1, A2, A3, and A4, respectively.

Korean J. Chem. Eng.(Vol. 40, No. 9)
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When the polar compound in cooking oil exceeds 25% (w/w), it is
no longer possible to use the oil in frying, and the oil should be
discarded as WCO [33]. We developed four adsorbents and screened
the most effective one for removal of the polar compound in WCO
using batch adsorption. The results of the screening are shown in
Fig. 1. By using the Polar Blue test kit (Master Lab), we found that
the reaction which contained untreated WCO (U) was yellow; in-
dicating that the untreated WCO contained more than 25% (w/w)
of polar compound. Similar results were observed in WCO treated
with cassava peel powder (CP), A2, and A4, indicating that A2 and
A4 could not adsorb polar compound in WCO. WCO treated by
activated carbon (AC) and Al turned from yellow to green, indi-
cating that the polar compound in WCO was 20-25% (w/w). This
suggested that AC and A1 could slightly adsorb polar compounds
in WCO. WCO treated by A3 was blue, indicating that the polar
compound that remained in WCO was less than 20% (w/w). This
suggested that A3 was the most effective adsorbent for removal of
the polar compound in WCO.
2. Characterization of the Most Effective Adsorbent

Surface morphology of CP (Fig. 2(a)) and A1 (Fig. 2(b)) showed
a rough surface with small granules, and porous structure was not

Mag= 500X
Scan Speed =6

EHT = 10.00 kv Fill= 2720A

WD= 10mm

Signal A = SE1

Spot Size =200  Serial No. = 1455VP-05-27
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observed. SEM images show that a significant change in morphol-
ogy was observed after treatment with NaOH. SEM of A3 (Fig. 2(c))
showed the folded and porous structure, which may provide a large
surface area to interact with polar compound in WCO. In addition,
the SEM image at 1000X magnification of A3 showed the pres-
ence of the microhairy structure on the surface of the adsorbent
(Fig. 2(d)). It has been demonstrated that NaOH treatment helps
to remove the contaminants as well as increase the roughness and
porousness of the adsorbent, increasing the adsorption efficiency
[34]. Therefore, morphological changes of A3 may affect the effi-
ciency in removal of the polar compound in WCO.

We analyzed the surface functional groups of the adsorbents using
FT-IR. Fig. 3 shows FT-IR spectra of cassava peel powder, Al, and
A3. Typical functional groups found in plant materials were detected
in all three adsorbents. A strong, broad peak at 3,271-3,287 cm’!
was assigned to the O-H stretching vibration in alcohols, phenols,
and carboxylic acids, typically found in pectin, cellulose, hemicellu-
lose, and lignin. The functional groups, such as the carboxyl group
and hydroxyl group, are typically found in biological adsorption
material [35]. The peak at 2,916-2,927 cm™' was C-H stretching
vibration of aliphatic acids. The C=C stretching was identified at

EHT = 10.00 kv
WD= 10mm

Mag= 500X
Scan Speed =6

Signal A = SE1
Spot Size = 200

Fill= 2720A
Serial No. = 1455VP-05-27

Fill= 2720A
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Scan Speed=6 WD= 10mm
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Fill= 2720A

Spot Size = 200 Serial No. = 1455VP-05-27

Fig. 2. Micrographs obtained by SEM of cassava peel powder ((a); 500x zoom), A1 ((b); 500x zoom), A3 ((c); 500x zoom), and A3 ((d); 2000x

Zoom).
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Fig. 3. FT-IR spectra of cassava peel powder (a), Al (b), and A3 (c).

1,594-1,635cm™, and the C-O stretching was identified at 1,015-
1,024cm™'. A change of FT-IR spectra in the fingerprint region
(400-1,500 cm™") was observed in A3 compared to CP and Al.
NaOH may cause the modification of the surface functional groups.
In addition, it can clean the surfaces, consequently revealing func-
tional groups of adsorbent, especially the oxygen-containing func-
tional groups [36], which might increase A3 adsorption capacity.
Kumar and Bandyopadhyay reported that NaOH modification
resulted in increasing the Cd(II) uptake of rice husk from 75% to
97%. In addition, the Cd(II) adsorption capacity of rice husk in-
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creased from 8.58 mg/g to 20.24 mg/g after NaOH modification
[37].
3. Effect of Adsorbent Dose on FFA Adsorption

Adsorbent dose is an important parameter that significantly affects
adsorption efficiency (% E) and adsorption capacity (q,, mg/g) of
the adsorbent. Therefore, the influence of A3 dose on FFA adsorp-
tion was investigated in the range of 1-5g. The initial FFA content
in WCO was 14.58 mgyoy/g. After batch adsorption, the % E in-
creased from 50.27% to 97.25% as the A3 dose increased from 1
to 5g (Fig. 4(a)). The increase in % E with the A3 dose could be
due to an increase in the adsorbent surface area, providing the num-
ber of adsorption sites available for adsorption, as already reported
by many studies. Conversely, as the A3 dose was increased, the q,
decreased. This might be due to surplus amounts of adsorbents.
Moreover, the decrease in q, with increasing adsorbent dose might
be due to aggregation. Aggregation of adsorbent leads to a decrease
in total surface area of the adsorbent and increase in diffusional
path length [38]. By using 2 g of A3 and the contact time of 2 hours,
the amount of FFA being adsorbed by A3 reached a satisfactory
level of 80.59 % E (Fig. 4(a)). With this data, the A3 dose was fixed
at 2 g in the following experiments to prevent the aggregation of
adsorbent.
4. Isotherm of FFA Adsorption

Langmuir, Freundlich, and Temkin isotherm models are most
frequently used to represent the data of adsorption from solution.
The Langmuir isotherm is a model for monolayer adsorption on a
homogeneous surface [39]. The linear equation of Langmuir iso-
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Fig. 4. Effect of A3 dose on FFA removal. (a) adsorption efficiency (E, %) and adsorption capacity (q,) of A3 for FFA; (b) Langmuir, (c) Fre-
undlich, and (d) Temkin isotherm plots of A3 for FFA adsorption (2 hours contact time, 35 °C).
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therm is shown in Eq. (5).

C__1 .G

@ 9K Qu
where C, (mg/mL) is the equilibrium concentration of FFA in WCO,
q. (mg/g) is the amount of FFA adsorbed per unit mass of adsor-
bent, q,, (mg/g) is the maximum adsorption capacity, K; is the ad-
sorption equilibrium constant. The linear regression plot of 1/C,
versus 1/q, of Langmuir isotherm is shown in Fig. 4(b). The slope
and intercept determined the value of g,, and K, where q,, is 1/
intercept, and K;=1/slope q,,..

The Freundlich isotherm is based on a multilayer adsorption
on a heterogeneous surface [40]. The linearized equation is shown
in Eq. (6).

®)

logq,=logK+ G})logce (6)

where K;. is the Freundlich constant related to adsorption capacity;
n is the adsorption intensity. The value of n and K. can be deter-
mined from the slope and the intercept of the plotting of logC,
versus logq, (Fig. 4(c)).

The Temkin isotherm is based on the assumption that the inter-
action of adsorbate and adsorbent occurred during surface cover-
age, resulting in a linear decrease in the heat of adsorption [41]. The
linearized equation in shown in Egs. (7) and (8).

q.=(RT/b)In(K,C,) )
q.=BnK;+B/InC, 8)

where T (K) is the absolute temperature, R (J/mol-K) is the gas
constant, K; (L/mg) is the equilibrium binding constant, b (kJ/
mol) is the variation of adsorption energy, and By (kJ/mol) is the
Temkin constant, corresponding to the heat of adsorption. The value
of b and Ky can be calculated from the slope of the plotting of InC,
versus q, (Fig. 4(d)). The values of B; can be calculated from RT/b.

All the isotherm constants and correlation coefficients (R?) are
given in Table 1. The maximum adsorption capacity (q,,) of A3 was
found to be 322.58 mg/g for FFA by using the Langmuir model
equation. We compared the q,, of A3 for FFA with the g, of other
adsorbents in the literature, and the comparative data are given in

Table 1. Isotherm constants and correlation coefficients (R?) of FFA

adsorption onto A3

Isotherm Parameters Values

Langmuir q. (mg/g) 322.582
K; (L/mg) 0.0362
R, 0.6542
R’ 0.9027

Freundlich K: (mg/g) 51.5822
1/n 0.3335
R’ 0.9676

Temkin B, 10.9990
b (J/mol) 233.3330
K; (L/mg) 0.0142
R® 0.9856
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Table 2. Comparison of adsorption capacities (q,,) of FFA with some
agricultural byproduct and synthetic adsorbent

Adsorbents q, (mg/g)  References
NaOH-activated cassava peel (A3) 322.58 This study
1 M HNO;-modified rice hull 39.90-76.00 17
14 M HNO;-modified rice hull 68.80-118.20 17
Banana peel (calcinated at 600 °C) 23.18 14
Banana peel (calcinated at 650 °C) 25.22 14
Banana peel (calcinated at 700 °C) 27.40 14
Coffee husk 2,000.00 15
Java plum leaves 141.99 16
Guava fruits 133.77 16
Acid-activated smectite -7.85 18
N, N(1,3-phenylene)dimethanimine 42.37 19

Table 2. In most cases, the q,, of A3 was found to be better than
the other adsorbents reported in the literature, except coffee husk
[14-19]. The parameter R; indicates the shape of the isotherm to
be either unfavorable (R;>1), linear (R;=1), favorable (0<R;<1), or
irreversible (R;=0) [42]. In our experiments, the value of R; was
0.6542, suggesting that the adsorption of FFA on the surface of A3
was favorable. The Freundlich isotherm constant, n, represents the
adsorption intensity. The value of 1/n gives an idea for the favora-
bility of the adsorption process. If 1/n is greater than zero (0<1/
n<1), the adsorption is favorable, if 1/n is greater than 1, the ad-
sorption process is unfavorable, while it is irreversible when 1/n=1
[42]. We found that the value of 1/n of A3 was 0.3335, confirm-
ing that the adsorption of FFA onto A3 surface is a favorable pro-
cess. By evaluating the Temkin isotherm, the heat of adsorption
process (By) of A3 was 10.99 kJ/mol. The value of B; gives informa-
tion about the mechanisms of the adsorption process. If B; value
lies between 8 and 16 kJ/mol, the adsorption process takes place
chemically, whereas when B;<8kJ/mol, the adsorption process pro-
ceeds physically [43]. Our result suggests that the FFA adsorption
process of A3 is chemical adsorption.

By comparing the correlation coefficient values (R’) obtained from
three isotherm models, we found that the equilibrium data fitted
well to Freundlich (R>=0.9676) and Temkin models (R*=0.9856).
However, it has been reported that the Temkin isotherm model is
inappropriate to present complex adsorption systems, including
aqueous phase adsorption isotherm [44]. Therefore, we concluded
that the Freundlich model best represents the experimental data
and is best suited for the present work. Thus, the FFA adsorption
onto A3 is multilayered adsorption onto a heterogeneous surface.
5. Effect of Contact Time on FFA Adsorption

The effect of contact time and adsorption kinetic was exam-
ined using 2 g of A3 in 50 mL of WCO. As shown in Fig. 5(a), the
quantity of FFA in WCO decreased upon contact time. The FFA
adsorption of A3 occurred rapidly at 30-120 minutes. The fast ad-
sorption rate is due to the large amount of surface area available
for adsorption of FFA. At higher contact time the rate of adsorp-
tion decreases, gradually leading to equilibrium. This decline is due
to decrease in total adsorbent surface area and fewer available bind-
ing sites [45]. After the equilibrium period, the amount of FFA ad-
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Fig. 5. Effect of contact time and temperature on FFA adsorption of A3. (a) FFA adsorption efficiency (E, %) of A3 at various time; (b)
Pseudo-first-order plot of A3 for FFA adsorption (2 g dose, 35 °C); (c) Pseudo-second-order plot of A3 for FFA adsorption (2 g dose,
35 °C); (D) Thermodynamic plot for FFA adsorption of A3 (2 g dose, 2 hours contact time).

sorbed does not show time-dependent change. Similar results have
been observed in literature for adsorption of FFA onto coffee husk
ash [15]. The contact time of 120 minutes was used for further
studies because the amount of FFA being adsorbed by A3 reached
a satisfactory level (80.59% E).
6. Kinetics of FFA Adsorption

The kinetics of FFA adsorption was studied using pseudo-first
order and pseudo-second order models [46] as shown in Egs. (9)
and (10).

. ., kit
og(q.—q,)=logq,— 230 )
Q@ ke q.

where q, and q, (mg/g) are the quantities of FFA adsorbed onto
A3 at time (t, min) and at equilibrium time, respectively. The k; and
k, are the first- and second-order rate constants. The linear regres-
sion plot of t versus In(q,—q,) of the pseudo-first-order model is
shown in Fig. 5(b). The linear regression plot of t versus t/q, of the
pseudo-second-order model is shown in Fig. 5(c).

The kinetic parameters of pseudo-first order and pseudo-sec-
ond order models are shown in Table 3. Even though both kinetic
models show high correlation coefficient (R?) at 0.99, the kinetic
data exhibits an excellent compliance with pseudo-second-order

Table 3. Kinetic parameters and correlation coefficients (R?) of FFA

adsorption onto A3
Model Parameters Values
Experiment q. (mg/g) 328.25
Pseudo-first-order q. (mg/g) 279.75
k; (1/min) —7.66667E-05
S 0.9958
Pseudo-second-order q. (mg/g) 370.37
k, (g/(mg-min)) 8.39862E-05
R’ 0.9996

kinetic equation. As seen in Table 3, the calculated q, values from
pseudo-second-order model were closer to experimental q, values
than the pseudo-first-order model. The correlation for the system
provided by the pseudo-second-order model suggests that the mech-
anism of FFA adsorption onto A3 surface occurred in a chemisorp-
tion manner, confirming the result of the Temkin isotherm model.
7. Thermodynamic of FFA Adsorption

The thermodynamics of FFA adsorption was examined using
2 g of adsorbent A3 in 50 mL of WCO. Batch adsorption was per-
formed at 35, 45, and 55 °C for 2 hours. Thermodynamic parame-
ters, including change in Gibbs free energy (AG’), enthalpy (AH’),
and (AS’) were determined following Egs. (11) and (12) [15].

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Table 4. Thermodynamic parameters and correlation coefficients

(R®) of FFA adsorption onto A3
Parameters Values

AG’ (kJ/mol) at 35 °C (308 K) —1.8704

AG’ (kJ/mol) at 45 °C (318 K) —2.0725

AG’ (kJ/mol) at 55 °C (328 K) —2.3532

AH’ (kJ/mol) 5.5511

AS’ (J/mol K) 24.0557

R? 0.9835

9 _AS" AH’

log =3 303~ 2.303RT ()
AG’=AH’-TAS’ (12)

where R is the gas constant (8.314 J/mol-K). The plot between logq,/
C, versus T (K) is shown in Fig. 5(d). The values of AH’ and AS’
were calculated from the slope and the intercept, respectively. AG’
was calculated based on Eq. (11). Thermodynamic parameters are
shown in Table 4.

As shown in Table 4, the FFA adsorption occurred with nega-
tive values for AG” at all temperatures, suggesting that the FFA
adsorption onto adsorbent A3 was a favorable and spontaneous
process. The value of AG® decreased with the increasing tempera-
ture, suggesting that higher temperature makes FFA adsorption
easier. The positive values of AH’ indicated that the FFA adsorp-
tion onto adsorbent A3 is endothermic, which is supported by the
increase of adsorption of FFA with a rise in temperature. The pos-
itive AS’ value indicated that the randomness increased at the lig-
uid-solid interfaces during the adsorption of FFA onto adsorbent
A3. Our results are contrary to previous studies on coffee husk ash.
The FFA adsorption onto coffee husk ash was previously demon-
strated as an exothermic process and increase of temperature resulted
in increase of AG’ [15].

8. FFA Adsorption Mechanism of A3

Though it is complicated to understand the adsorption mecha-
nism of FFA on A3, it is crucial. Two important factors which influ-
ence the chemical interactions of adsorbate and adsorbent are the
structure of the adsorbate and the surface properties of the adsor-
bent [47]. In this study, kinetic data indicated that the FFA adsorp-
tion of A3 is a chemical adsorption; therefore, we hypothesize that
the adsorption of FFA onto A3 surface might occur via chemical
bonding. Fatty acids are molecules with a carboxylate COO- or
COOH hydrophilic head, which is covalently linked to a hydro-
phobic tail of a hydrocarbon chain. The results of FT-IR put forward
that NaOH treatment changes the A3 surface functional groups,
and probably exposes the oxygen-containing functional groups such
as hydroxyl group (-OH) to the A3 surface. This possibly will favor
hydrogen-bonding between the more exposed hydroxyl groups
(-OH) of A3 and the hydrophilic head (COO-) of FFA, while the
hydrophobic tails of FFA may absorb onto the less polar surround-
ing groups on the A3 surface. In addition, NaOH treatment increases
the roughness and porousness of A3. This possibly will favor mechan-
ical bonding because FFA could penetrate more easily into A3 mi-
crostructure.
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9. Desorption of FFA

In the adsorption process, after all adsorption sites of adsorbent
are fully occupied by adsorbates, the adsorption reaches equilibrium.
Thereafter, adsorbent becomes totally inactive and is referred to as
exhausted, spent or used adsorbent. This spent adsorbent is the
main disadvantage of this process, as it is considered as a solid haz-
ardous waste [36]. To overcome this problem, the regeneration of
the spent adsorbent has been concerned. In this study, the desorp-
tion of FFA was studied to evaluate the regeneration of A3. Solvents
such as hexane, diethyl ether, and chloroform : methanol (2: 1, v/v)
were tested for desorption of FFA from A3 surface. The results in
Fig. 6 show that the % D of 65.21 and 52.17% was obtained using
diethyl ether and chloroform : methanol (2: 1), respectively, while
hexane showed only 17.39% D. Our results are in line with Ush-
edo et al. [19]. Diethyl ether is often the preferred solvent as it is
relatively non-polar and extracts most non-polar components. It
was used in the AOAC official method 920.39 for lipid extraction
[48]. Chloroform : methanol (2: 1, v/v) is a biphasic mixture which
has been reported by many studies as the effective solvent for lipid
extraction [49]. Pati et al. reported that methanol can disrupt the
hydrogen bonding between molecules [50]. Therefore, it might dis-
rupt the hydrogen bonds between the hydroxyl groups (-OH) on
A3 surface and the hydrophilic head (COO-) of FFA, dissociating
FFA from active sites of A3. In addition, it has been reported that
chloroform predominantly increases the solubility and diffusion of
lipids [49]. Our results demonstrated that diethyl ether and chlo-
roform : methanol (2: 1, v/v) can be used for desorption of FFA,
providing available active sites of A3 for the next round of adsorp-
tion. However, in this study, the partial regeneration of A3 was
observed, as we obtained only 65.21 and 52.17% D by using diethyl
ether and chloroform : methanol (2:1, v/v), respectively. There-
fore, optimization of the condition for FFA desorption might be
required.

Long-term stability of an adsorbent refers to its ability to main-
tain its adsorption properties over the number of adsorption-desorp-
tion cycles without significant loss of adsorption capacity. Long-
term stability is a crucial factor as it determines adsorbent lifetime
and operational costs of adsorption process [51]. Several factors can
impact the long-term stability of an adsorbent. For example, high
temperatures and humidity in the adsorption process can lead to
physical and chemical degradation of the adsorbent, reducing its
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adsorption capacity over time [52]. Similarly, exposure to corrosive
chemicals during the adsorption-desorption cyde can cause chemi-
cal reactions that lead to degradation of the adsorbent and loss of
adsorption capacity [53]. Contaminants present in the sample being
treated can also negatively impact the stability of the adsorbent [54].
Finally, the method used for regeneration of the adsorbent can also
have an impact on its long-term stability. For example, a harsh regen-
eration method such as boiling or microwaving can lead to physi-
cal and chemical degradation of the adsorbent, reducing its ad-
sorption capacity [36]. For our study, the long-term stability of A3
for FFA adsorption should be further investigated before imple-
mentation.

CONCLUSION

Four cassava-derived adsorbents were developed by calcination
at 600 °C and 200 °C with or without chemical modification. The
adsorbent A3, which was developed by calcination at 200 °C, fol-
lowed by NaOH modification, was found to be the most effective
adsorbent for removal of polar compounds from WCO. FT-IR
analysis revealed that the functional groups, such as the carboxyl
group and hydroxyl group, are found on the surface of A3. Porous
and microhairy structure of A3 was observed by using SEM anal-
ysis. The A3 was applied as an adsorbent for removal of FFA from
WCQO. The effect of adsorption parameters such as A3 dose, contact
time, and temperature was studied using batch adsorption experi-
ments. A satisfactory level of FFA adsorption of 80.59% E was
observed by using 2 g of A3. Isotherms, kinetics and thermody-
namics of A3 for FFA adsorption were also studied. The maxi-
mum adsorption capacity (q,,) of A3 for FFA was 322.58 mg/g at
35°C. The FFA adsorption fit well to the Freundlich isotherm model.
Based on Kinetic studies, the pseudo-second-order model provided
the highest consistency with the experimental data, suggesting that
the FFA adsorption of A3 was chemisorption. Thermodynamic
study demonstrated that FFA adsorption onto adsorbent A3 was
an endothermic, favorable, and spontaneous process. In addition,
diethyl ether and chloroform : methanol (2: 1, v/v) could be used
for desorption of FFA from A3 surface. The obtained results demon-
strated that A3 can be a suitable adsorbent for the removal of FFA
from WCO. However, the optimal condition for desorption and
long-term stability of A3 for FFA adsorption should be further inves-
tigated before implementation.
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