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In the quest for a sustainable environment and clean water resources, the e�cacy of activated carbons synthesized from Garcinia
cola nut shells impregnated with KOH (CBK1/1) and ZnCl2 (CBZ1/1) for the adsorption of indigo carmine (IC) dye was studied
using the batch technique.  e prepared activated carbons were characterized using iodine number, elemental analysis, scanning
electron microscopy (SEM), FTIR spectroscopy, powder X-ray di�raction (XRD), TGA/DTA, Boehm titration, and pH at point of
zero charge.  e elemental analysis showed a high percentage of carbon in both activated carbons (ACs). FTIR and Boehm
titration analysis indicated the presence of several functional groups on the surfaces of both ACs which could in�uence the
adsorption of IC.  e primary adsorption mechanisms involved electrostatic interaction, hydrogen bonds formation, and π− π
interactions. Maximum adsorption capacity values obtained using the Fritz–Schlunder III three-parameter model were
19.019mg·g− 1 and 18.299mg·g− 1 for CBK1/1 and CBZ1/1, respectively.  e Fritz–Schlunder model exponent mFS of value less than
1 showed that the adsorption of IC by the ACs occurred on heterogeneous surfaces. Positive values of ∆Q obtained by the linear
and nonlinear forms of the Temkin model indicate the exothermic character of the adsorption process.

1. Introduction

Nowadays, several industries discharge their colored e¢u-
ents containing synthetic dyes into aquatic environments
[1]. ese dyes are considered as chief contaminants in water
since they pose serious threats to human beings and aquatic
organisms [2]. Wastewater is often discharged into rivers
and lakes or in¦ltrates into aquifers, where it can a�ect the
quality of freshwater supplies. Globally, over 80% of the
wastewater sent into the environment without treatment
causes negative consequences for the marine environment

[3]. Water pollution by dyes is becoming a major environ-
mental problem since colouring agents cause signi¦cant
environmental damage to both human health and aquatic
organisms.  ese dyes are highly toxic, carcinogenic, muta-
genic, teratogenic, and stable during aerobic degradation [4].
 e discharges of industrial wastewater containing very low
concentrations of dyes reduce light penetration through the
water surface, precluding photosynthesis of the aqueous �ora.

Indigo carmine dye is used in the textile industry for
dyeing clothes and in cosmetics, plastics, and paper mills,
while in medicine, it is used as an aid to diagnosis [5]. Indigo
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carmine is considered in the class of the highly toxic indigoid
dyes. Its contact with the skin can cause irritation, while with
the eye, it can cause both irritation and permanent injury to
the cornea and conjunctiva [6].

Consumption of this dye at high concentration has also
been shown to be fatal, as it is carcinogenic by nature and can
cause reproductive, developmental, neurological, and acute
toxicity [6]. It has also been reported to cause mild-to-severe
hypertension and cardiovascular and respiratory effects [6].
According to the World Health Organization standards, the
limit concentration of indigo carmine is 0.005mg·L− 1 [7].
,us, indigo carmine is not only a noxious substance to
aquatic life but also to us humans.,erefore, the elimination
of this type of dye in wastewater or at the exit of industries
becomes a major concern.

Several techniques have been discussed in the literature for
the removal of dyes from water and wastewater. Among these
techniques, adsorption is considered the most economically
favorable among those available, such asmembrane separation,
oxidation, and irradiation, because of its high removal effi-
ciency, low operation cost, and its ability to separate a wide
range of contaminants from industrial effluents [8].

Amongst the adsorbents used in the adsorption pro-
cesses, one of the most widespread for the removal of
contaminants from water is activated carbon (AC) [9,10]
which, due to its pore structure and various functional
groups on its surface, provides exceptional adsorption ca-
pacity. Different activating carbons can be manufactured by
exploiting a wide variety of carbonaceous precursors such as
coal, petroleum, peat, wood, and agricultural wastes [11],
resulting in the production of a variety of adsorbents with
different characteristics and qualities.

,e use of biomass waste for the preparation of porous
activated carbon has increased considerably in recent years.
Some of the residual biomasses used for the manufacture of
activated carbons are coffee waste [9], tucumã seeds [10],
Ayous sawdust and Cucurbitaceae peelings [12], rice and
coffee husks [13], olives stones and cotton cake [14],
Vitellaria paradoxa [15], and rice hull and tamarind
(T. indica) seeds [16].

,is work had a double interest: valorizing the residues
coming from a Cameroonian biomass to prepare activated
carbons using chemical treatment techniques and testing
their performance in the water treatment. In this work, the
residual biomass, Garcinia cola nut shells from Cameroon,
was proposed as a raw material for the development of
activated carbons by chemical activation using KOH and
ZnCl2, in order to recycle these wastes that are currently
generated in large quantities and are of little use in
Cameroon [17].

In this research, the feasibility of producing activated
carbons suitable for the efficient removal of indigo carmine
was demonstrated.

Specifically, this research was subdivided into three
parts:

(i) Production of activated carbons from Garcinia cola
nut shells by chemical activation with KOH and
ZnCl2

(ii) Application of the activated carbons as adsorbents
for the removal of indigo carmine in aqueous so-
lution and evaluation of their efficacy

(iii) Demonstration of the reusability of each adsorbent
by studying desorption

2. Materials and Methods

2.1. Preparation of Activated Carbons. ACs were produced
by the following procedure: first, 200 g of particles of dried
Garcinia cola nut shell (CB) with diameters varying between
250 and 1000 μm was blended in a 1 :1 weight ratio with the
activating agent KOH or ZnCl2. Each resulting paste was
dried and placed in a porcelain crucible with lid and in-
troduced into an electric furnace of mark ISUNU and heated
from the ambient temperature up to 400°C, using a heating
rate of 5°C·min− 1 in absence of CO2, H2O, O2, and N2 gases.
,e temperature of the furnace was kept fixed at the
maximum temperature of 400°C for 1 hour. It was then
allowed to cool to room temperature, and the activated
carbon obtained was washed with distilled water until the
excess activating agent was removed. ,e samples were
coded as CBK1/1 and CBZ1/1, respectively, according to KOH
and ZnCl2 used as the activating agent.

2.2. Characterization. Activated carbons were characterized
to determine the surface functional groups by Fourier-
transform infrared (FTIR) spectroscopy using a Nicolet iS5
FTIR Spectrometer. ,e physical and chemical characteristics
of both activated carbons were found out by ASTMmethods.
,ermogravimetric analysis of both activated carbons was
performed on STA 409 CD thermos-balance with a heating
rate of 10°C·min− 1 in a nitrogen flow and temperature range
of 50–1500°C. Elemental analysis of both activated carbons
was determined using CHNS elemental analyses from the
HEKAtech CHNS Analyzer. Scanning electron images of the
two activated carbons were obtained using a scanning elec-
tron microscope, furnished by sputter coater analysis.
Crystalline structure of the activated carbons was analyzed by
X-ray diffraction (XRD) analysis using a STOE Stadi-p X-ray
powder diffractometer (STOE & Cie GmbH, Darmstadt,
Germany). Figure 1 shows the preparation and character-
ization steps for the different activated carbons.

2.3. Adsorbate. Stock solution of indigo carmine at
500mg·L− 1 was prepared by dissolving a previously calcu-
lated mass of 123.75mg of the latter in a 250mL volumetric
flask containing 100mL of distilled water, homogenize until
the pollutant is completely dissolved, and then make up to
the mark and store in a dark place. ,e working indigo
carmine solution was prepared by diluting the stock solution
with distilled water. Figure 2 shows the 3D structure of
indigo carmine.

2.4. Adsorption and Desorption Studies. Batch adsorption
studies were carried out at room temperature by mechanical
agitation at a constant speed of 200 rpm to deduce the
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optimum pH, contact time, adsorbent mass, initial indigo
carmine concentration, and the effect of ionic strength. For
each run, 20mL of indigo carmine dye solution of known
initial concentration varying between 30 and 100mgL− 1 was
treated with 100mg each of the activated carbons, CBK1/1 and
CBZ1/1, at optimum pH. ,e pH value of each solution was
adjusted by addition of 0.1M solution of HCl or NaOH. After
agitation, the solution was filtered using the Whatman no.1
filter paper, and the filtrate was analyzed to obtain the residual
concentration of indigo carmine using a UV/Vis spectro-
photometer (Jenway, model 6715) at a wavelength (λ) of
610 nm. Similar measurements were carried out by varying
the pH of the solution (2–8), contact time (5–120min), ad-
sorbent mass (50–400mg), and ionic strength varying NaCl
concentration (0.01–0.06mol·L− 1). ,e amount of dye
adsorbed (Qe) and the percentage removal (%ads) of dye were
calculated using the following expressions:

Qe �
C0 − Ce( 

m
· V,

%ads �
C0 − Ce( 

C0
· 100,

(1)

where C0 is the initial concentration of the dye, Ce is the
concentration of the dye at the equilibrium time, V is the
volume of the adsorbate solution, and m is the mass of the
adsorbent.

For the desorption studies, 400mg of each adsorbent was
mixed in a flask with 100mL of indigo carmine dye solution
at an initial concentration of 50mg·L− 1. Mixtures were
stirred at a constant speed of 200 rpm for 80min. After
stirring, suspensions were filtered and filtrates were analyzed
by measuring absorbance using a UV-Visible spectropho-
tometer. Indigo carmine loaded with each adsorbent was
collected after filtration and was dried in an oven at 105°C,
and 50mg of each of these materials was contacted with

10mL of desorption solutions of 4×10− 2mol·L− 1 of NaOH
or H2SO4 and 10mL of H2O. ,e mixtures were stirred at a
constant speed of 200 rpm for 80min. After stirring, sus-
pensions were filtered and filtrates were analyzed by mea-
suring absorbance using a UV-Visible spectrophotometer.
Desorption percentages (%des) were calculated by the fol-
lowing equation [18, 19]:

%de s �
Cf − Cr

Cf

.100, (2)

where Cf (mg·L− 1) is the initial concentration of dyes loaded
with each adsorbent and Cr (mg·L− 1) is the final concen-
tration of dyes loaded with each adsorbent.

2.5. Equilibrium and Kinetic Studies. In this work, four two-
parameter adsorption isotherm models (Langmuir,
Freundlich, Temkin, and Halsey), one three-parameter
model (Fritz–Schlunder III), and five kinetic models
(pseudo-first order, pseudo-second order, Avrami kinetics,
intraparticle diffusion, and Boyd) were tested. In the aim to
study the mechanisms of adsorption process and the
equilibrium relationship between adsorbents and adsorbate,
linear and nonlinear models were modelled using Microsoft
Excel 2013 and plotted using OriginPro 9, 64 bit.

2.6. Error Functions. In order to determine the best fitting of
nonlinear models, four different error functions were ex-
amined by minimizing the respective error functions across
the concentration and time range studied. “SOLVER ADD-
IN” of Microsoft’s spread sheet was used. Expressions of the
error functions are given as follows [20]:

χ2 � 
N

i�1

Qe, exp − Qe,cal 
2

Qe,cal

,

RMSE �

���������������������

1
n − 2



N

i�1
Qe, exp − Qe,cal 

2




,

SCE � 
N

i�1
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2
i
,

r
2

�


N
i�1 Qe,cal − Qm exp 

2


N
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2
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Figure 1: Preparation and characterization of activated carbons.

Figure 2: 3D structure of indigo carmine (C16H8N2Na2O8S2).
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where Qe,exp and Qe,cal (mg·g− 1) are the equilibrium capacity
of adsorption obtained from the experiment and by cal-
culating from the model, respectively, and N is the number
of data points.

3. Results and Discussion

3.1. Characterization of Adsorbent

3.1.1. Physical and Chemical Characteristics of ACs and El-
emental Analysis. Physical and chemical properties of ACs
CBK1/1 and CBZ1/1 activating are reported in Table 1. pHpzc
values show that surfaces of the different ACs are dominated
by the basic functional group. Bulk densities of the different
ACs shown in Table 1 are higher than the limit of 0.25 g·cm− 3

according to American Water Works Association. Higher
density gives a higher volume activity and normally indicates
a better AC quality. Bulk densities of different ACs provide
information on the microcrystalline structure and strong
interlinking bonds. Moisture content values of different ACs
obtained as presented in Table 1 are within the norm, since the
traditional value for moisture content ranges from 1 to 5% by
mass. Iodine number of the ACs obtained in this work is
higher than limit (500mg·g− 1), thus showing the good quality
of the ACs obtained, reflecting the presence of micropores.
Methylene blue number obtained and presented in Table 1
reflects the presence of mesopores on the surface of the ACs.

In Table 1, the quantity of basic groups is higher than
the acidic groups on the surface of CBK1/1 and CBZ1/1
activated carbons, indicating that KOH and ZnCl2 as ac-
tivating agents for production of activated carbons by
Garcinia cola nut shells generate carbons with higher
amount of basic functional groups on their surface. ,e
ratios of the sum of the basic groups divided by the sum of
the acid groups are 1.269 (for CBK1/1) and 1.253 (for CBZ1/

1), indicating that CBK1/1 would be more basic than CBZ1/1,
as confirmed by the total basicity of CBK1/1 (3.08meq·g− 1)
and CBZ1/1 (3.045meq·g− 1). ,ese results follow the pHpzc
values, which imply that, in AC, having a higher ratio of
total basic groups divided by total acid group leads to
higher pHpzc values. Taking into account the results of the
Boehm titration and the pHpzc, it can be stated that these
results are in total agreement.

Elemental analyses of CBK1/1 and CBZ1/1 are presented in
Table 1. ,e prepared ACs have high percentages of carbon,
which in itself is a fact that justifies the use ofGarcinia cola nut
shells as a carbon source. ,e percentages of nitrogen and
oxygen are consistent with the amount of functional groups
present on activated carbons CBK1/1 and CBZ1/1.

3.1.2. Fourier-Transform Infrared (FTIR) Spectroscopy.
Figure 3 shows that the FTIR spectra of CBK1/1 and CBZ1/1
are very similar to each other and different from that of the
raw material, indicating that the activating agent did not
influence the surface chemical group of the AC. ,e FTIR
identified chemical groups on the surface of both ACs such
as the broad peak around 3349 cm− 1 for CBK1/1 and CBZ1/1
which are related to OH group stretching [9]. ,e band
obtained approximately at 1587 cm− 1 in both ACs indicates

the presence of C�O stretching vibration of lactone and
carbonyl groups [17]. ,is band can also be attributed to the
C�C stretching vibration of alkene or aromatic ring [17].
,e band around 1374 cm− 1 corresponds to the C–H
bending vibration or C–N stretching vibration of amines or
amides of nitroaromatic compounds (-NO2).

3.1.3. X-Ray Diffraction Analysis (XRD). Figure 4 shows the
XRD of ACs. In this figure, the absence of a sharp peak
reveals that both ACs prepared from Garcinia cola nut shells
are mainly amorphous structure, which is an advantageous
property for well-defined porous adsorbents. However, the
small sharp peak presented by the X-ray graph of CBZ1/1
(2θ � 28°) indicates very low crystallinity may be due to the
presence of zinc oxide and zinc carbide [17].

3.1.4. ?ermogravimetric Analysis (TGA/DTA). TGA is
performed to investigate the thermal stability of AC. ,e
weight loss curves for CBK1/1 and CBZ1/1 as can be seen on
the TG curves for both ACs are very similar (Figure 5).

In Figure 5, the TGA/DTA curves of both ACs suggest
three typical distinct weight losses. ,e first weight loss of
2.016% for CBK1/1 and 4.314% for CBZ1/1 at temperature
below 200°C corresponds to the elimination of the water
content (physisorption phenomenon) in the ACs, which
means that there is still physisorbed water remaining in the
micropores and mesopores of the various activated carbons.
,e second weight loss of 20.413% for CBK1/1 and 26.712%
for CBZ1/1 within the temperature range of 200°C–900°C
may be due to the predominant decomposition of the surface
chemical groups of the different ACs and the formation of
H2O, CO, and CO2 during the calcination/activation pro-
cess. In this temperature range, the decomposition of the
lactone functions usually takes place between 350 and 600°C.

,e third weight loss is secondary degassing which is
observed above 900°C, and the resulting intermediate
product linked to the carbon skeleton of the ACs involves
further decomposition through the formation of residual
products such as tar and oxides which are subsequently
removed. Of the two ACs, the less thermally stable is CBZ1/1,
as its total mass loss is higher (37.04%), and the more
thermally stable is CBK1/1 with a lower total mass loss of
30.546%. According to the DTA curve, the thermal de-
composition of the two activated carbons is dominated by an
endothermic process (0°C–1250°C).

3.1.5. Scanning Electron Microscopic Images. ,e textural
surface properties of CBK1/1 and CBZ1/1 were investigated
by SEM (Figure 6). According to this figure, SEM images
showing the prepared ACs CBK1/1 and CBZ1/1, respectively,
illustrate an irregular and heterogeneous surface morphol-
ogy with a porous structure developed and fragmented in
different sizes [17]. However, it can be seen on the micro-
graphs that the external surface of the ACs shows cracks and
crevices [17]. ,ese pores result not only from the evapo-
ration of the chemical reagents (KOH and ZnCl2) during
carbonization, leaving empty spaces, but also from the
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degradation of the lignocellulosic material during carbon-
ization and subsequent removal of volatile materials leaving
samples with pores [17].

3.2. Batch Studies

3.2.1. Effect of pH. From Figure 7, the results show that
maximum adsorption capacity is obtained for pH 2 and
adsorption is favoured for pH < pHpzc. We observe that
the adsorption capacity decreases with increasing pH
from 8.354 to 3.159mg·g− 1 and from 7.960 to 2.876mg·g− 1

for ACs CBK1/1 and CBZ1/1, respectively. It is generally
known that due to the abundant presence of H+ ions, the
anionic dyes such as IC are preferentially adsorbed by the
adsorbent at lower pH [21]. At that particular pH (�2)
(pH < pHpzc), protons are advantageously available for
protonation of the AC surface, which increases the
electrostatic interaction between the now positively
charged adsorbent sites and the negatively charged sites or
nucleophilic sites (− SO3

-) of indigo carmine. Similar re-
sults have also been observed by several authors for the
adsorption of IC [22, 23]. At the same time, IC is an
anionic dye with two sulphonic acid groups and two
aromatic rings; this is probably the other reason for its
high removal efficiency at the low pH. A similar trend was

reported by Zhao et al. [24] where they use amino acid-
doped polyaniline nanotubes as adsorbent for wastewater
treatment. However, increased pH (pH> pHpzc) of the ad-
sorbate makes it more soluble and the negative charges on
the surface of the ACs increase the electrostatic repulsion
force between the adsorbates (sulphonic functional group of
the pollutants) and the –OH groups on the surface of the
ACs due to the increase in hydroxyd ions. ,e electrostatic
repulsion force between indigo carmine and the adsorbent
promotes the decrease in adsorption capacity. A similar
result was obtained from the adsorption of thymol blue onto
powdered activated carbons from Garcinia cola nut shells
impregnated with H3PO4 and KOH [25].

3.2.2. Effect of Contact Time. Figure 8 shows the evolution of
adsorption capacity of indigo carmine as a function of the
contact time at room temperature. Rapid adsorption of IC
takes place in the first 5 minutes for the two ACs; this rapid
phase may be attributed to rapid dye attachment on the ACs
surface due to either the large amount of surface area
available or to the availability of more adsorption vacant
sites at the initial stage. ,ereafter, the rate of adsorption
deceased gradually with the progress of adsorption within
5–80 minutes for the two ACs and reached equilibrium in
about 80 minutes. ,e adsorption capacities at these
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Figure 4: XRD of activated carbons: CBK1/1 and CBZ1/1.

Table 1: Elemental analysis, total acidity and basicity, and physical and chemical properties.

AC C% H% N% S% O% (diff)
Others
(%)

Moisture
content
(%)

Bulk
density
(g·cm− 3)

II
(mg·g− 1)

IMB
(mg·g− 1)

Total
acidity

(meq·g− 1)

Total
basicity
(meq·g− 1)

pHpzc

CBK1/1 71.877 3.874 2.133 0 19.348 2.768 2.8 0.750 1065 73.177 2.428 3.08 8.324
CBZ1/1 67.807 3.693 2.082 0 24.206 2.212 3.2 0.825 970.82 72.590 2.43 3.045 7.589
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CBK1/1

CBZ1/1

3349

3349

2922

15871374
1036

1587
1374

1637
1374

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

Ab
so

rb
an

ce

3500 3000 2500 2000 1500 1000 5004000
Wavelength (cm–1)

Figure 3: FTIR spectra of activated carbon (CBK1/1 and CBZ1/1)
and raw material.
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equilibrium points are 8.60593mg·g− 1 CBK1/1 and
8.03346mg·g− 1 CBZ1/1.,is can be explained by the fact that
the available sites for adsorption have been greatly reduced
by the indigo carmine molecules already attached there and
decrease in the total adsorbent surface area and less available
binding sites. ,e quantities adsorbed can be attributed to
the π− π interactions, electrostatics attractions, and forma-
tion of hydrogen bonding. In the third phase, there is no
significant change in the quantity of dye adsorbed after the
equilibrium time due to the saturation of the adsorption
active sites by the dye molecules [26].

3.2.3. Effect of Adsorbent Mass. Effect of adsorbent mass on
the removal of indigo carmine was studied, and the results of
this study are shown in Figure 9. In this figure, the per-
centage removal of indigo carmine by CBK1/1 and CBZ1/1
increased as the adsorbent dosage increased. ,e removal
percentage of indigo carmine increased from 76.8 to 97.7%
and 75.1 to 92.7% for CBK1/1 and CBZ1/1, respectively. ,is

is because the increase in the mass of the adsorbent leads to
the increase in the adsorption sites and the contact area of
each adsorbent becomes free and available for indigo car-
mine fixation during the adsorption process.,is increase in
the mass of each adsorbent further promotes the increase in
their adsorption percentage. A similar trend was reported in
Hameed et al. [27] for the adsorption of chromotrope dye
onto activated carbons obtained from the seeds of various
plants.

3.2.4. Effect of Initial Indigo Carmine Concentration. ,e
effect of initial concentration on the adsorption of indigo
carmine was investigated of 30–100mg·L− 1. Figure 10 shows
the quantity of indigo carmine adsorbed at equilibrium
increases with the concentration from 5.814 to 11.349mg·g− 1

and 5.756 to 10.823mg·g− 1, respectively, from CBK1/1 and
CBZ1/1. ,is result can be explained by the π− π interactions,
electrostatic attraction, and formation of hydrogen bonding
between the dyes and the surface functional groups of

(a) (b)

Figure 6: SEM images of CBK1/1 (a) and CBZ1/1 (b).
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activated carbons on the one hand and the difference in the
pore size of these carbons on the other hand.,is can also be
explained by the fact that increasing the initial concentration
of indigo carmine would increase the driving force of mass
transfer and, consequently, the speed at which indigo car-
mine molecules pass from the solution to the surface of the
ACs [28]. In this figure, we observe a saturation of the
adsorption sites which is progressively increasing until
reaching a plateau caused by the formation of monolayers on
the surface of each adsorbent. ,e isotherm forms of CBK1/1

and CBZ1/1 have been classified as type Lwhich can be better
explained by the Langmuir, Freundlich, and Temkin models
that show a relatively high affinity between the adsorbate and
adsorbent.

3.2.5. Effect of Ionic Strength. ,e effect of ionic strength on
adsorption of indigo carmine onto CBK1/1 and CBZ1/1 was
studied in the NaCl solutions with concentrations ranging
from 0.01 to 0.06mol·L− 1, and the results are illustrated in
Figure 11.When the ionic strength increased, the adsorption
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Figure 9: Effect of adsorbent dosage on the adsorption of indigo
carmine. Experimental conditions: C0 � 50mg·L− 1; V� 20mL;
pH� 2; t� 80min; speed� 200 rpm at room temperature.
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capacity of indigo carmine decreased (from 8.102 to
7.860mg·g− 1 and 7.928 to 7.708mg·g− 1) for CBK1/1 and
CBZ1/1, respectively. ,is result can be explained by the fact
that the surface of the ACs becomes difficult to access by
indigo carmine when the amount of NaCl salt in solution
increases. Consequently, the adsorption capacity of indigo
carmine decreases. ,is result is in agreement with the
literature, which reports that when the electrostatic attrac-
tion forces between the surface of an adsorbent and the ions
of an adsorbate are attractive, the increase in ionic strength
thus decreases the adsorption capacity [29].

3.3. Adsorption Kinetics. In this work, the data from the
kinetic experiments were analyzed using the different linear
and nonlinear kinetic models presented in Table 2.

,e linear and nonlinear regression graphs of adsorption
kinetics for indigo carmine adsorption onto both ACs are
shown in Figures 12 and 13, respectively, and the corre-
sponding constants are summarized in Tables 3 and 4.

According to Table 3, the data linear kinetic model
indicates that the pseudo-second order model is perfectly
appropriate to describe the adsorption kinetics of indigo
carmine and on both ACs with a high correlation coefficient
(R2≥ 0.9993). Moreover, it can be observed that the ex-
perimental Qe,exp values obtained during the equilibrium
adsorption process are close to the Qe,cal values calculated
from the pseudo-second order model, which indicates that
the adsorption of indigo carmine on both ACs is a process
dominated by the interaction π− π [33]. ,e values of the
initial rate of reaction and the reaction half time determined
from pseudo-second order model confirm that the accu-
mulation kinetics of indigo carmine is faster at the surface of
AC CBK1/1 than at the surface of CBZ1/1. Figure 12(d) shows
that the plot of Qt = f (t1/2) is not a straight line through the
origin of the marker. ,is indicates that the intraparticle
diffusion is not the limiting step or the only rate control step
in the adsorption process of indigo carmine on ACs. In this
case, other kinetic models can also control the adsorption
rate to describe other adsorption mechanisms.
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Figure 11: Effect of ionic strength on the adsorption of indigo carmine. Experimental conditions: C0 � 50mg·L− 1; m� 100mg; V� 20mL;
pH� 2; t� 80min; speed� 200 rpm at room temperature.

Table 2: Linear and nonlinear kinetic models.

Kinetic models Linear and nonlinear forms Equation number References

Pseudofirst order
dQt/dt � K1(Qe − Qt) (4) [30]

ln(Qe − Qt) � ln Qe − K1t (5)
Qt � Qe(1 − e− K1t) (6)

Pseudosecond order
dQt/dt � K2(Qe − Qt)

2 (7) [31]
t/Qt � (1/K2Q

2
e) + (t/Qe) (8)

Qt � K2Q
2
e t/(1 + K2Qet) and h�K2Qe

2 (9)

Avrami ln(ln(Qexp/Qexp − Qt)) � nAV ln KAV − nAV ln t (10) [32]
Qt � Qe 1 − exp [− (KAVt)]nAV  (11)

Intraparticle diffusion Qt � Kintt
1/2 + C (12) [33]

Boyd
Bt � − 0, 4977 − ln(1 − F) (13) [18]

F � (Qt/Qe) (14)
B � π2Di/r2 (15)
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As shown in Figure 12(d), the adsorption of indigo
carmine on ACs forms two straight line segments over the
entire time interval, meaning that this adsorption process
can be controlled by at least two mechanisms occurring
simultaneously [33]. ,is can be attributed to the difference
in mass transfer rate between the initial stage and the final
stage in ACs. It can be said that at least two types of pores,
namely, micropores and mesopores, are involved in the
adsorption of indigo carmine. ,e analysis of Table 4 shows

that the first step is faster than the second since Kid1>Kid2.
However, the values of boundary layer thickness C for each
linear portion not approaching zero (C2>C1) corresponding
to the increase in boundary layer thickness indicate that
intraparticle diffusion is not the only step in controlling the
adsorption rate in all stages [34].

Figure 12(e) shows that the Boyd model lines do not pass
through the origin of the graph, meaning that external mass
transfer primarily governs the rate controlling step at the
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Figure 12: Linear regression of adsorption kinetics of (a) pseudofirst order, (b) pseudosecond order, (c) Avrami, (d) intraparticle diffusion,
and (e) Boyd.
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Table 3: Linear and nonlinear parameters of kinetic models for adsorption of IC onto ACs.

Models Linear
pseudofirst order

Linear
pseudosecond

order
Linear Avrami

Nonlinear
pseudofirst

order

Nonlinear
pseudosecond order

Nonlinear
Avrami

CBK1/1

Parameter
Qe,exp � 8.605
(mg·g− 1)

Qe, cal � 1.243
(mg·g− 1)

Qe, cal � 8.584
(mg·g− 1) — Qe, cal � 14.243

(mg·g− 1)
Qe,cal � 8.396
(mg·g− 1)

Qe,cal � 12.121
(mg·g− 1)

K1 � 0.0256
(min− 1)

K2 � 0.07615
(g·mg− 1·min− 1)

KAv � 0.20202
(min− 1)

K1 � 0.104
(min− 1)

K2 � 0.151
(g·mg− 1·min− 1)�

KAv � 0.104
(min− 1)

h� 5.6107
(mg·g− 1·min− 1) nAv � − 0.20591 h� 10,644

(mg·g− 1·min− 1) nAv � 0.079

r2 0.762 0.752 0.884
χ2 0.022 0.043 0.020
RMSE 0.141 0.199 0.134
SCE 0.179 0.355 0.163
CBZ1/1

Parameter
Qe,exp� 8.034
(mg g− 1)

Qe,cal � 0.8843
(mg·g− 1)

Qe, cal � 8.0282
(mg·g− 1) — Qe, cal � 7.686

(mg·g− 1)
Qe, cal � 7.853
(mg·g− 1)

Qe, cal � 11.485
(mg·g− 1)

K1 � 0.01896
(min− 1)

K2 � 0.0847
(g·mg− 1·min− 1)

KAv � 0.46717
(min− 1)

K1 � 0.460
(min− 1)

K2 � 0.187
(g·mg− 1·min− 1)

KAv � 0.104
(min− 1)

h� 5.4591
(mg·g− 1·min− 1) nAv � − 0.82541 h� 11.532

(mg·g− 1·min− 1) nAv � 0.067

r2 0.525 0.731 0.810
χ2 0.063 0.035 0.025
RMSE 0.231 0.173 0.144
SCE 0.482 0.268 0.187

Table 4: Intraparticle diffusion and Boyd parameters for adsorption of IC onto ACs.

Models Constants Values
CBK1/1

Linear intraparticle diffusion

Kid1 (mg·g− 1·min− 1/2) 0.197
Kid2 (mg·g− 1·min− 1/2) 0.09814

C1 7.0454
C2 7.5157

Linear Boyd B (min− 1) 0.02563
Di× 10− 9 (cm2·s− 1) 1.083

CBZ1/1

Linear intraparticle diffusion

Kid1 (mg·g− 1·min− 1/2) 0.2578
Kid2 (mg·g− 1·min− 1/2) 0.1035

C1 6.4687
C2 6.9168

Linear Boyd B (min− 1) 0.01896
Di× 10− 9 (cm2·s− 1) 0.8012

Table 5: Isotherm models.

Parameters Isotherms Nonlinear forms Equation number References
Two Langmuir Qe � QmKLCe/1 + KLCe (16) [36]

And RL � 1/(1 + KLC0) (17)
Freundlich Qe � KfC1/n

e (18) [37]
Temkin Qe � (RT/ΔQ)In(ACe) (19) [38]
Halsey Qe � exp((InKH − InCe)/nH) (20) [39]

Fritz–Schlunder III Qe � QmFSKFSCe/(1 + QmFSCmFS
e ) (21) [40]
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Figure 14: Continued.
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initial stages [18, 35]. In Table 4, the low values of the
correlation coefficient obtained do not make it possible in
this case to validate Boyd’s model.

Based on the nonlinear regression data of the different
models shown in Table 3 and on the low values obtained
from SCE and other error functions, it can be concluded that
the retention kinetics of indigo carmine are best described by
the nonlinear Avrami model. ,e values of the Avrami
exponent nAv< 1 show that the adsorption mechanism
follows a multiple kinetic order during the adsorption
process of indigo carmine on the two ACs. ,us, in this
work, the pseudo-first order shows a multilayer adsorption
on the surface of the adsorbent based on a weak interaction
between the adsorbate and the adsorbent like the Van der
Waals forces and the pseudo-second order model allows us
to say that the interaction π− π [33] also intervenes in this
adsorption process of indigo carmine on the two ACs, thus
showing an adsorption of chemical nature.

3.4. Adsorption Isotherms. Adsorption isotherms can con-
tribute to elucidating adsorption mechanisms. In this work,
data from the isotherm experiments were analyzed using the
different linear and nonlinear kinetic models presented in
Table 5.

,e linear and nonlinear regression graphs of adsorption
isotherms for indigo carmine adsorption onto both ACs are
shown in Figures 14 and 15, respectively, and the corre-
sponding constants are summarized in Tables 6 and 7.

,e linear regression and separation factor graphs of
adsorption isotherms obtained for indigo carmine adsorp-
tion onto both ACs are shown in Figure 14. ,e corre-
sponding constants obtained from the linear regressions are
presented in Table 6. According to this figure, the values of
correlation coefficient (R2) in the Langmuir model were

closer to unity showing fitness of model on the adsorption
experiment. ,is result indicates that adsorption of indigo
carmine could take place at homogeneous adsorption sites
and that monolayer adsorption occurs on the surface of the
adsorbent [41]. ,e values of the separation factor falling
between 0 and 1 (Figure 14(e)) show a favorable adsorption
of IC by the two ACs.

Parameters calculated for Freundlich and Halsey iso-
therms by employing their linear and nonlinear forms are
given in Tables 6 and 7. ,e results show that the Freundlich
and Halsey isotherms have a very good coefficient of de-
termination (r2> 0.96) and very low values of the error
functions (χ2, RMSE, and SCE), thus better describing the
phenomenon of indigo carmine adsorption. ,is assumes
that the adsorbent surface is heterogeneous with a non-
uniform distribution of the heat of adsorption over this
surface showing multilayer adsorption [42]. ,e values of 1/
n evaluated from the Freundlich model are less than unity,
meaning that adsorption is favorable for dye [43] and
physical process is favorable [44]. ,is confirms the het-
erogeneity of the adsorbents as found by the SEM.

Maximum adsorption capacities were obtained by the
nonlinear Fritz–Schlunder III model and are 19.019mg·g− 1

and 18.299mg·g− 1 for CBK1/1 and CBZ1/1, respectively. ,e
Fritz–Schlunder model exponent mFS value obtained by the
nonlinear Fritz–Schlunder III isotherm of less than 1 means
that the adsorption of indigo carmine by the two ACs cannot
be reduced to the Langmuir isotherm showing that ad-
sorption takes place on heterogeneous surfaces.

3.5. Possible AdsorptionMechanisms. Surface characteristics
of adsorbents play an important role in adsorption processes
[49]. ,us, the interaction of any molecule in the adsorption
process is strongly influenced by the presence of functional
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Figure 14: Linear regression of isotherm models of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Halsey, and (e) separation factor graphs.
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groups on the surface of the adsorbent and also by the pH of
the adsorbate solution [50]. ,e probable mechanism of
adsorption of the dye on carbon is presented in Figure 16.

,e equilibrium study showed the possibility ofmultilayer
adsorption, in which the adsorbate-adsorbent interactions are
carried out up to the saturation of the monolayer. Further-
more, based on the chemical structure of the adsorbent
surface, the dyes, and considering the condition of the pH of
themedium below the pH of zero charge point, which leads to

a positively charged adsorbent surface, we can say that, in the
adsorption process, there occurs the electrostatic interaction
(attraction) between the protonated groups under acidic
conditions (e.g., − OH2

+ and − COOH2
+) and anionic

sulphonate groups (− SO3
− ) of the dye on the one hand. If

electrostatic interaction dominates the adsorption process of
IC in aqueous solution, the ACs will exhibit lower adsorption
capacity due to electrostatic repulsion between the adsorbent
and the adsorbate at pH 2 because the functional groups
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Figure 15: Nonlinear regression of adsorption isotherm models.

Table 6: Linear parameters of isotherm models for adsorption of IC onto ACs.

Isotherms Constants Values r2 χ2 RMSE SCE
CBK1/1

Langmuir Qm (mg·g− 1) 11.905 0.8484 2.582 1.30822 10.2687
KL (L·mg− 1) 0.3916

Freundlich KF(L·g− 1) 5.9133 0.9657 0.095 0.39434 0.93302
1/n 0.178

Temkin ∆Q (J·mol− 1) 1653.04 0.9542 0.138 0.4666 1.3064
A (L·g− 1) 44.2992

Halsey KH 4.6×105 0.9668 0.095 0.39434 0.93304
nH − 5.618

CBZ1/1
Langmuir Qm (mg·g− 1) 11.455 0.8387 2.6225 1.2483 9.3496

KL (L·mg− 1) 0.298

Freundlich KF(L·g− 1) 5.4211 0.9699 0.0724 0.3366 0.679903
1/n 0.1814

Temkin ∆Q (J·mol− 1) 1686.5 0.9471 0.1477 0.45710 1.2537
A (L·g− 1) 31.094

Halsey KH 9×105 0.9699 0.0724 0.3366 0.67992
nH − 5.513
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(− OH2
+ and − COOH2

+) of the ACs (pHpzc = 8.324 for CBK1/

1; 7.589 for CBZ1/1) and indigo carmine (pKa= 12.2) are
positively charged in such an acidic environment. ,is does
not correspond to the experimental results obtained at pH=2;
we have a high adsorption capacity. On the other hand, in-
termolecular hydrogen bonding of dye molecules generally
leads to multilayer adsorption [24]. Adsorption of indigo
carmine follows the multilayer adsorption pattern hetero-
geneous surfaces until saturation of the monolayer. ,is
indicates that hydrogen bonding could be the dominant force
for adsorption accompanied by the π− π interaction between
the aromatic rings of the dye and the ACs, which is also
considered responsible for the adsorption process [51].
Electrostatic attraction also plays an important role in indigo
carmine adsorption.

3.6.Desorption. In this study, the desorbing agents such as
H2O, NaOH, and H2SO4 4 ×10− 2 mol·L− 1 were used to
regenerate both ACs. ,e results presented in Figure 17
show that the higher desorption percentage, 61.259% for
IC CBK1/1 and 55.08% for IC CBZ1/1, is obtained in
NaOH solution. ,is result can be explained by the
phenomenon of anionic exchange between OH− of NaOH
solution and the activated carbons charged by indigo
carmine. However, the low percentage of desorption
obtained with CBZ1/1 compared to CBK1/1 is due to the
strong bond formed between the IC and the surface of
activated carbon CBZ1/1 [18, 52]. A similar result was
obtained by Ngaha et al. [19] in the indigo carmine and
2,6-dichlorophenolindophenol removal using cetyl-
trimethylammonium bromide-modified palm oil fiber.

Table 7: Nonlinear parameters of isotherm models for adsorption of IC onto ACs.

Isotherms Constants Values r2 χ2 RMSE SCE

Nonlinear methods

CBK1/1

Langmuir Qm (mg·g− 1) 10.853 0.836 0.619 0.9426 5.3307
KL (L·mg− 1) 0.8901

Freundlich KF (L·g− 1) 5.8875 0.966 0.094 0.3937 0.9299
1/n 0.1799

Temkin ∆Q (J·mol− 1) 1652.9 0.954 0.138 0.4666 1.3064
A (L·g− 1) 44.293

Halsey KH 5×10− 5 0.968 0.094 0.3937 0.9299
nH − 5.5593

Fritz–Schlunder III
QmFS (mg·g− 1) 19.019 0.966 0.0998 0.4031 0.9753
KFS (L·mg− 1) 6.113

mFS 0.831
CBZ1/1

Langmuir Qm (mg·g− 1) 10.320 0.810 0.672 0.9383 5.2825
KL (L·mg− 1) 0.6993

Freundlich KF (L·g− 1) 5.3160 0.973 0.072 0.3297 0.6521

Temkin 1/n 0.1885 0.947 0.148 0.4571 1.2537
∆Q (J·mol− 1) 1686.5

Halsey
A (L·g− 1) 31.095 0.973 0.072 0.3297 0.6521

KH 0.0001
nH − 5.3076

Fritz–Schlunder III
QmFS (mg·g− 1) 18.299 0.970 0.0856 0.3517 0.7423
KFS (L·mg− 1) 5.4982

mFS 0.8204

Table 8: Comparison of adsorption capacity of indigo carmine with other adsorbents.

Adsorbents Quantity adsorbed (mg·g− 1) Reference
Crab shell chitosan 96.15 [45]
Peanut shell activated carbon 82.64 [45]
LDH nanoparticles 55.5 [46]
AC (KOH) 13.405 [7]
AC (H3PO4) 5.089 [7]
Chitin 5.78 [47]
Brazil nut shell 1.09 [48]
PKSAC 11.025 [21]
PKSAC/BVA 12.642 [21]
CBK1/1 19.019 Present study
CBZ1/1 18.299 Present study
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4. Conclusion

In this study, activated carbons were prepared fromGarcinia
cola nut shell by chemical activation using KOH and ZnCl2.
,ey were used for removal of indigo carmine from aqueous
solution by the batch process. SEM and N2 adsorption-

desorption analysis showed that the surfaces of the ACs were
heterogeneous and contained with micropores and meso-
pores. ,e adsorption process of IC onto the adsorbents was
strongly dependent on the pH of the dye solution, contact
time, adsorbent dosage, initial concentration of IC, and the
presence of ionic strength. Linear and nonlinear kinetic and
equilibrium isotherm models were applied to the adsorption
of IC onto activated carbons obtained. Nonlinear kinetic
models better describe the mechanism of adsorption process
than linear kinetic models which show that the adsorption
mechanism follows a multiple kinetic order during the
adsorption process of indigo carmine on the ACs according
to Avrami exponent nAv lower than 1. Nature and the
mechanism of the adsorption processes were studied by
employing the intraparticle diffusion model and Boyd plot.
External mass transfer primarily governs the rate controlling
step at the initial stages for the adsorption of the IC. Linear
and nonlinear equilibrium isotherm models show that IC
adsorption is done on heterogeneous surface and forms
nonideal monolayer. ,is heterogeneity was also confirmed
by the constants of Fritz–Schlunder III. Comparison be-
tween linear and nonlinear isotherm models with two pa-
rameters shows that transformations of nonlinear isotherm
equations to linear forms implicitly alter their error struc-
ture. Nonlinear forms better describe adsorption process
than linear forms. Desorption using NaOH solution as the
desorbing agent recovers a maximum quantity of IC and
considers the reuse of activated carbons. In future work, we
plan to study the life cycle of the biomass used, to use these
activated carbons for biogas purification, and finally to study
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the influence of the NaOH concentration on the desorption
percentage and the desorption kinetics of the two activated
carbons.
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�is study deals with the �ash pyrolysis of Albizia odoratissima biomass wastes at di�erent temperature, sweep gas �ow rate, and
heating rate in a �uidized bed reactor. In the �rst phase of the experimental work, the e�ect of temperature (350–550°C) on
product yield was analyzed, the second and third phases of the work were to analyze the e�ect of sweeping gas (N2), �ow rate
(1.25–2.25m3/hr), and heating rate (20–40°C/min). �e experimental works were carried out to get maximum bio-oil production.
�e experimental results demonstrated that the maximum yield of bio-oil was obtained at a temperature of 450°C, N2 �ow rate of
1.75m3/hr, and heating rate of 30°C/min. Temperature was found to be the crucial factor rather than sweep gas �ow rate in the
product distribution. Fourier transform infrared spectroscopy (FT-IR), gas chromatography mass spectroscopy (GC-MS), and
elemental analysis were done on the obtained bio-oil, biochar, and noncondensable gas products. �e heating value of the bio-oil
and biochar was identi�ed as 18.15 and 23.47MJ/kg, respectively. �e chemical analysis of the bio-oil showed that the oil is a
mixture of phenol and oxygenated elements. �e gas analyses showed that hydrogen and carbon dioxide were dominant, followed
by carbon monoxide and methane.

1. Introduction

Finding alternative and sustainable energy to replace fossil
fuels has been prompted for the past three decades by rising
fossil fuel prices and resource depletion. Biomass is a

renewable carbonaceous material that has received wide-
spread attention. It is available in a variety of forms and is
used for power and chemical production [1]. Currently, the
availability of biomass accounts for about 10% of the total
global energy production [2], and its annual availability are
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estimated at 100 billion tonnes per year. According to the
IEA, biomass can replace 27% of the global transportation
energy needs by 2050 [3]. Biochemical and thermochemical
are the two efficient approaches for the production of
biofuels. Methane and alcohol are the two main products of
biochemical conversion techniques, whereas pyrolysis,
gasification, combustion, hydrothermal liquefaction, and
carbonization are the different types of thermochemical
conversion methods [4, 5]. Among the various thermo-
chemical conversion techniques, pyrolysis is considered as a
most attractive method [6].

Slow and fast pyrolysis is the two different types of
pyrolysis. Slow pyrolysis is a very old technique that has been
used for millennia for the production of char for firing
purposes [7]. Fast or flash pyrolysis is the most efficient
technique which produces energy-rich bio-oil rather than
the production of char and gaseous fuel. +e yields of py-
rolysis are strongly influenced by the reaction conditions. In
fast pyrolysis, biomass decomposes fastly to release most of
condensable vapours with a lower yield of char and gaseous
components. +e condensable vapours can be cooled to get
dark brown liquid oil called pyrolysis oil [8]. Wood chips or
agricultural leftovers from lignocellulosic biomass are
commonly used feedstocks for biomass pyrolysis. Several
studies have focused on the pyrolysis characteristics of
various materials and their product characterization at the
laboratory and industrial scale, including their reaction
kinetics and modeling. However, the yield of biofuel and its
quality basically depends upon the quality of feedstock and
various operating parameters [9, 10]. For the past three
decades, many articles have been published related to the
pyrolysis of various biomass materials by using different
types of reactors. Zhang et al. [11] reviewed various phys-
iochemical characteristics of pyrolysis oil. +e study iden-
tified the problems that must be addressed to improve the
reaction. Isahak et al. [12] revised their findings on bio-oil by
focusing on biomass characterization and the design of the
reactor. Ahmed et al. [13] studied pyrolysis and thermal
stability analysis of Acacia auriculiform is biomass to pro-
duce biofuels. Khuenkaeo and Tippayawong [14] conducted
pyrolysis experiments on corncobs, coconut shells, and
bamboo residue using an ablative reactor. +e study in-
vestigated the production of pyrolysis oil and char by
changing inert gas flow rate (nitrogen), rotating frequency,
and reaction temperature. +e study showed a higher bio-oil
yield of 72 wt% with the corncob under the N2 flow rate of
5 L/min and 6Hz rotation frequency compared to the co-
conut shell and bamboo residues. Next to the corncob bio-
oil, the coconut shell yielded 50 wt% of bio-oil under varying
flow rate and frequency.

Fluidized bed technology is a good platform for pyrolysis
of wood-based biomass due to its simple design, higher
efficiency, higher contact surface, and shorter residence time
[15]. Fluidized bed reactors are particularly designed for
maximum oil production [16]. Many studies previously
yieldedmore bio-oil when the mallee wood [17], beech wood
[18], pine [19], and bamboo [20] biomass was pyrolyzed
using fluidized bed reactors. From these literatures, it can be

understood that the pyrolysis reactor is the significant one to
control product yields. Pattiya [21] conducted pyrolysis
experiment on cassava residues using a fluidized bed reactor
and produced 65 wt% bio-oil. Kim et al. [22] pyrolyzed
Jatropha wastes and produced maximum oil fractions of 48
wt%. Park et al. [23] conducted fast pyrolysis of carbona-
ceous materials by utilizing sawdust and empty fruit
bunches. +e study reported that 60 wt% of oil was obtained
at 500°C. In this series, Griffin et al. [24] discussed the uses of
Australian acacias for biofuel production, and Madhu et al.
[25] concentrated on production of pyrolysis oil from the
cotton shell and empty fruit bunches. Wood and wood bark
pyrolysis of Albizia amara conducted by Sowmya Dhana-
lakshmi and Madhu [26] showed maximum production of
bio-oil of 48.5 wt%. +e produced bio-oil was acetic in
nature and they suggested the liquid oil as a feedstock for
industrial chemicals. From the above said literatures, the
fluidized bed pyrolysis of biomass produced maximum oil
products compared to other pyrolysis reactors.

Albizia odoratissima is a tree that belongs to Fabaceae
family. It is the fastest growing tree native to India, China,
Bangladesh, and Sri Lanka. +e wood of the tree is dark
brown in colour, typically striped, sturdy, and dense. +e
wood can be used for making furniture and agricultural
equipment. It grows up to 35 metres height with a short
trunk. +e bark of the tree is identified in dark grey with
horizontal lenticels. +e wood generally has 12 wt% of
moisture content, and it is 20–40% stronger than teak [27].
+e trees have been widely planted as shade trees in tea and
coffee estates. +e physicochemical analysis of the biofuel
obtained from various biomass materials is an important
study to find its suitability and applications. Sahoo et al. [28]
carried out a deep characterization study on biofuels ob-
tained from rice straw, wheat straw, and sugarcane bagasse.
+e oil products obtained from these biomasses were acidic,
with an overall calorific value of 10MJ/kg. +e authors
suggested using this oil as a fuel due to its lower ash content
and lower viscosity compared to commercial fuel. +e SEM
and CHNS analysis of the biochar showed it to be used as a
fertilizer for soil to restore its nutrients. According to
Charusiri and Vitidsant [29], the bio-oil produced from
sugarcane leaves, cannot be utilized as a fuel for direct
burning due to lower calorific value. But the cocatalytic
pyrolysis process was recommended by the authors to
produce potential biofuel and chemicals. Azadirachta indica
was transformed into noncondensable gases using pyrolysis
by Sowmya Dhanalakshmi and Madhu et al. [30]. +e ob-
tained gas was reported to have a higher amount of methane
and carbon monoxide.

Accordingly to these findings, the authors of this paper
decided to conduct pyrolysis experiments on Albizia
odoratissima as, a potential candidate for renewable energy
generation, since the feedstock is widely available and very
cheap. +is study presents the production of bio-oil, char,
and noncondensable biogas through flash pyrolysis by
changing its process parameters. +e biofuels were also
examined to analyze their physical and chemical charac-
teristics through various chromatographic techniques.
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2. Materials and Methods

2.1. Materials. Wood and wood barks of Albizia odor-
atissima were collected in the city of west Coimbatore, India.
+e collected materials were initially tested to find their
moisture level. +e higher moisture content in the biomass
was eliminated by pulverizing. +e material was crushed to
an average size of 0.5–0.75mm. +e sample was then dried
under sunlight for three days. +e dried samples were
further kept in the furnace at 100°C. +e samples were then
tested for their moisture content and found to be less than
5%.

2.2. Experimental Set-Up. +e experiments were conducted
on a lab scale fluidized bed reactor that consists of a cy-
lindrical tube of 50mm ID and 100 cm long [31].+e reactor
is heated externally with the help of an electrical heater. +e
heat input is controlled by the PID controller. +e outlet
pipe is connected to a cyclone separator where the escaped
char content is collected. +e evolved gas after char sepa-
ration was allowed to condense into the condenser. +e
condenser is distributed with surplus water kept at 5°C.
Five K type thermocouples have been attached at five dif-
ferent points. +e feedstock to the reactor is permitted over
the screw feeder. A sand particle of 0.5mm in diameter is
used for fluidization inside the reactor. +e distributor plate,
which is placed at the bottom, allows pressurized gas into the
reactor bed. Initially, compressed air is admitted, and once
the reactor has reached a desired temperature, the nitrogen
gas is admitted more than minimum fluidization velocity.

2.3. Pyrolysis Experiment. Initially, the reactor was heated to
reach the preferred temperature at the heating rate of 30°C/
min. After that, the supply of air was cut and the N2 was
allowed to fluidize.+eminimum fluidization velocity of the
particle was estimated as 0.11m/s. +e experiments were
conducted at different temperatures of 350–550°C at 50°C
intervals. +e experiments were further conducted by
changing sweep gas flow rate and heating rate. For the
analysis of sweep gas flow rate, the N2 gas was supplied at
1.25, 1.75, 2.00, and 2.25m3/hr by keeping the reactor at
450°C. +e effect of heating rate was analyzed by changing
heating rate as 20, 30, and 40°C/min. +e biomass samples
were supplied continuously at 25 g/min. In order to analyze
the product distributions, the experiments were conducted
at two different phases.+e first phase deals with the effect of
temperature, and the second phase deals with the effect of
sweep gas flow rate. Each run was conducted till no vapour
was physically identified from the reactor. +e condensed
bio-oil and char particles were collected and stored. For yield
analysis, the obtained oil and char particles were weighed
with the help of a digital weighing machine. +e noncon-
densable gas fractions were found by remaining material
balance [32].

2.4. Pyrolysis ReactionMechanism. +e following governing
equations (1) to (3) represent the transformation of woody
biomass into volatiles obtained from literature [33]

d∝
dt

� f(T)f(∝ ), (1)

f(T) � Ae
(− (Ea/RT))

, (2)

where A is pre-exponential factor, R is universal gas constant
(J/mol K), Ea is activation energy (kJ/mol), and T is absolute
temperature

α �
mi − ma

mi − mf
, (3)

where α is mass fraction of conversion, mi is initial mass, ma
is actual mass, and mf is final mass. Under constant tem-
perature the equations (1) and (2) can be rewritten as [34].

dα
dt

�
A

β
e

(− (Ea/RT))
f(α), (4)

where β is heating rate.

2.5. Characterization Study. +e proximate analysis of the
feedstock was done by the proximate analyzer. +e amount
of fixed carbon in the material was found by difference. +e
ultimate analysis of the biomass and char elements was
found directly using a CHNS analyzer, while the amount of
oxygen was found by difference. All the analyses were
performed by following ASTM standards. +e degradation
study of the biomass was analyzed using the TGA701 an-
alyzer (LECO Corporation, Michigan). +e TGA was per-
formed under an N2 atmosphere by heating the samples to
700°C. FT-IR and GC-MS (THERMO GC, VER: 5.0, MS
DSQ-II) spectroscopy were employed for chemical analysis
of the bio-oil and gas. +e physical analysis of oil was done
by the standard Pensky Martein closed cup apparatus, Parr-
6772 calorimetric thermometer, digital pH meter, and
redwood viscometer.

3. Results and Discussion

3.1. Biomass Characterization. +e results of the analysis of
the biomass material are revealed in Table 1. It is understood
that the material has higher volatile matter (61.3%). Bio-oil
and biogas are produced in large amounts from biomass
with increased volatile matter [35]. +e presence of more
fixed carbon (25.36%) yields more biochar and boosts the
carbon conversion rate, resulting in the highest heating
value. +e elemental analysis of the biomass reveals that the
material has higher carbon and hydrogen.+e lower amount
of nitrogen and sulphur is recommended to produce biofuel
with low environmental effects.

3.2. ,ermogravimetric Analysis. Differential thermogravi-
metric (DTG) and TGA were done to analyze the pyrolysis
behaviour under the nitrogen environment.+e analysis was
carried out by heating 5mg of powdered sample kept on an
aluminium pan to 700°C at the rate of 20°C/min. According
to the TG curve (Figure 1), the first thermal event occurred
at 54°C resulting in the weight loss of 6.95%. +is
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phenomenon is representing the evaporation of water
molecules from the material [36]. +e second peak appeared
at 235°C attributed to the breakdown of lignocellulosic
content. After 500°C, the samples were converted into
carbon residues representing the breakdown of lignin [37].
After this stage, the passive pyrolysis occurs with leaving
18% of solid residues.

3.3. Pyrolysis Experiment

3.3.1. Impact of Temperature. Figure 2 represents the impact
of process temperature on pyrolysis of biomass. Increasing
temperature resulted in the maximization of bio-oil. It can
be understood that the higher reactor temperature direct to
maximum bio-oil production, while lower temperatures
result in higher char production. +erefore, optimal bio-oil
can be reached at 450°C (43.2 wt%). Increased temperature
permits heavy hydrocarbon compounds to break, resulting
in increased oil and gaseous content and lower char yield
[38]. While increasing temperature from 450 to 550°C, the
oil output was decreased by 9.72%. Horne andWilliams [39]
and Varma et al. [40] also reported a same trend related to
pyrolysis temperature. +e char produced during initial
pyrolysis reactions underwent secondary reactions at ele-
vated temperatures that resulted in increased gas products
with reduced char. At elevated temperatures, more heat
energy supplied to the material may surpass the bond
cessation energy, releasing more volatiles. +ese volatile
biomass elements are released as gases, leading to minimize
the char and oil production. +e gas yield at 350°C was 27.6
wt% and it reached to 40.2 wt% at 550°C. Due to a con-
siderable loss of volatiles or secondary decomposition re-
action at elevated temperatures, the production of char
decreases. +is may also result in the production of certain

gases [41].+e yield of char in this study decreased from 39.1
to 20.8 wt% as the temperature was changed from 350°C to
550°C.

3.3.2. Effect of Nitrogen Gas Flow Rate. Nitrogen is generally
used as a carrier gas for fluidized purpose and its flow rate is
considerably affecting the yield of products [42–44]. +e
experiments for this phase were carried out at 450°C by
varying the sweep gas flow rate. +e vapours generated from
the reactor at different N2 flow rates were condensed into
bio-oil, which is reported in Figure 3. From the figure, it is
understood that the oil yield was increased up to 47.4 wt%
when the flow rate is changed from 1.25m3/hr to 1.75m3/hr.
At 1.75m3/hr, the optimum oil output achieved a maximum
of 47.4 wt%. +e inadequate quenching of pyrolysis vapours
in this phase increases the gas flow in this case. According to
Uzun et al. [45], eliminating the developed pyrolysis vapours
quickly with surplus N2 and adequate quenching should
result in higher bio-oil yields. With a continuous increase in
sweep gas flow rate, the production of char is steadily in-
creased from 24.4 wt% to 33.4 wt%. +e higher flow rate of
N2 accelerated the movement of particles, resulting in good
mixing of sand and biomass. +e proper mixing of biomass
and sand boosted heat transfer and resulted in increased
condensable volatiles.

Table 1: Characterization of biomass.

Parameter
Proximate analysis (wt%) Ultimate analysis (wt%)

H/C O/C Heating valueVolatile
matter

Fixed
carbon$

Moisture
content Ash C H N S O$

Albizia
odoratissima 61.3 25.36 6.40 6.94 51.04 6.28 1.20 0.01 50.47 1.779 0.901 19.21

$By difference.
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Figure 1: TG and DTG curve of the biomass material.
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3.3.3. Effect of Heating Rate. Heating rate is also an im-
portant factor that determines the product distribution.
Many studies have conducted the effect of heating rate on
biomass pyrolysis [46, 47]. Generally, the higher heating rate
breakdowns the heat transfer restrictions and increases the
release of volatiles. In this study, in comparison to the
heating rate, temperature has a greater impact on pyrolysis
yields [48]. +ere were no significant changes in pyrolysis
product yields. With an increasing heating rate, the gas
product is increased. At 20°C/min, the yield of gas was 24.9
wt% which is increased to 26.3 wt% at 40°C/min.+e yield of
char was reduced by 5.34% when the heating rate was in-
creased. +e yield of oil was increased at 30°C/min. At the
point, the yield of oil was 47.4 wt% and the yield was de-
creased to 47.1 wt% at 40°C/min. +e heat transfer limita-
tions at higher heating rates increase the production of gas
fractions [49]. Figure 4 represents the effect of heating rate
on product distributions.

3.4. Product Characterization

3.4.1. Analysis of Bio-Oil. +e basic characteristics of the
bio-oil are displayed in Table 2. +e physical analysis is a
crucial one since the quality of the oil is determined by its
physical characteristics.+e application and suitability of the
bio-oil are also identified based on its physical nature. +e
higher density and viscosity compared to petrodiesel shows
that the oil affects the operation of the fuel atomizer during
firing. +e higher flash point represents safety during
storage. +e heating value is a vital one for any oil, which
represents the burning efficiency which is found to be
18.15MJ/kg. +e bio-oil can be further processed using
various chemical treatments to improve the heating value.

+e functional group composition identified through
FT-IR is shown in Figure 5. +e large absorbance peak of

O-H stretching vibration at 3450 cm− 1 suggested the
presence of water, alcohols, phenols, and other hydroxyl
compounds [51, 52]. Alkanes are identified by the absor-
bance peak of C-H vibration at 2950 cm− 1.+e occurrence of
ketones and aldehydes in the oil is pointed out by the C�O
stretching vibrations at 1720 and 1680 cm− 1. +e availability
of alkane group components is identified by the CH bending
at 1385 cm− 1 [53]. +e presence of alcohols is further
identified by the C–O stretching vibration at 1030 cm− 1 [54].

+e chemical composition of the pyrolysis oil changes
significantly depending on the nature of raw material and
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Figure 4: Effect of heating rate on product distribution.
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Table 2: Physical characteristics of the bio-oil.

Density Viscosity pH Flash
point

Heating
value Reference

Unit kg/m3 cSt — °C MJ/kg
Bio-oil 1020 7.2 3.6 145 18.15 +is study
Diesel 850 3.9 — 57 43.6 [50]

500100015002000250030003500400
Wave number (cm-1)

Figure 5: FT-IR analysis of the bio-oil.
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pyrolysis conditions [55]. During thermal breakdown, the
primary components of feedstock, such as hemicelluloses,
cellulose, and lignin are usually transformed into different
hydrocarbons, phenols, and acids. Table 3 displays the
outcome of the GC-MS analysis. +e oil was verified to be a
combination of various chemicals. +e analysis showed a
higher amount of phenols and their derivatives. +e total
area percentage of these compounds are 36.42. Phenol is an
aromatic organic compound that is primarily used for
various chemical processes. +is is a very important
chemical used for the production of nylon and other syn-
thetic fibers. From this analysis, we can know that the
chemical components identified in this study can be used for
various chemical and pharmaceutical industries.

3.4.2. Analysis of Char. +e characteristics of char com-
ponents were determined and listed in Table 4. +e heating
value of the char is found as 23.47MJ/kg. +e percentage of
carbon in the char is 52.41 wt%. On the other hand, the
percentage of oxygen is identified as 36.62 wt%. +e value of
the carbon can be increased by increasing carbonization
temperature. +e higher carbon with lower oxygen can be
recommended for use as a fuel. +e lower amount of

nitrogen and sulphur in char is shown to be good for en-
vironmental sustainability during burning. For household
cooking, the volatile matter should be between 20 and 40%.
+e volatile matter of the char is found to be within the
range. +e higher volatile content makes it easy to ignite
although it can produce a smoky flame [56]. +e fixed
carbon is 68.31 wt%, which is in the range between 65 and
90% as recommended by Mythili and Venkatachalam [57].
+e moisture level is identified as 2.12 wt%, which is much
lower than the acceptable level of the charcoal (7%). +e
lower ash level of 5.05 wt% in the char implies that using it as
a fuel may result in the production of lower clinkers.

3.4.3. Analysis of Noncondensable Gas. +e noncondensable
gases fractions are shown in Figure 6. Hydrogen is identified
as a major one with 8.04%. Carbon dioxide and carbon
monoxide are also detected at 6.47% and 2.14%, respectively,
in the pyrolysis gas. +e greater carbon monoxide than
carbon dioxide is due to the reverse Boudouard reaction
[58]. It is an important reaction inside the reactor, whereas
the drop of iron oxides is not attained directly by carbon but
by carbon monoxide. +e produced carbon dioxide endures
a Boudouard reaction with char. Generally, the variation in

Table 3: GC-MS analysis of the bio-oil.

Retention time (min) Compound name Formula Area (%)
7.62 2-Isopropyl-2,5-dihydrofuran C7H12O 3.72
7.56 2-Acetyl furan C6H6O2 7.94
9.04 5-Hydroxymethylfurfural4 C6H6O3 1.78
12.36 Pyrogallol 1,3-dimethyl ether C8H10O3 3.04
13.44 2,6-Dimethylphenol C8H10O 4.07
17.99 2,3,5-Trimethoxytoluene C10H14O3 3.14
18.42 2,5-Dimethoxytoluene C9H12O2 2.11
18.56 3-Methylphenol C7H8O 4.94
20.04 Tetradecane C14H30 2.65
20.55 Phenol C6H6O 19.26
21.27 Di-(2-ethylhexyl) phthalate C24H38O4 3.44
21.46 Phenol, 2,6-dimethoxy C8H10O3 3.48
22.04 Eugenol C10H12O2 1.50
22.38 Ethanol C13H22O3 0.99
22.71 Phenol, 2-methoxy C7H8O2 4.67
23.45 2-Isopropyl-2,5-dihydrofuran C7H12O 6.41
24.11 2-Methoxy-3-methylhydroquinone C8H10O3 2.97
24.87 Cyclopentanol C5H10O 1.46
25.22 2,3,5-Trimethoxytoluene C10H14O3 3.38
26.45 1,2-Benzendiol C6H6O2 4.50
27.08 Nonane, 5-methyl-5-propyl- C13H28 3.28
28.50 1,2-Bis (2′-quinolylmethyl) ethylene C20H14N2 1.86
29.41 Octacosane C28H58 2.93
29.49 Campesterol C28H48O 3.83
29.78 Pregnenolone C21H32O2 1.81

Table 4: Component analysis of char.

Proximate analysis (wt%) Ultimate analysis (wt%)
H/C O/C Heating value (MJ/kg)

Volatile matter Fixed carbon$ Moisture content Ash C H N S O$

24.52 68.31 2.12 5.05 52.41 7.54 3.22 0.21 36.62 1.714 0.524 23.47
$By difference.
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hydrogen and carbon monoxide is a function of heat which
is applied during pyrolysis [59]. +e amount of methane in
the gas is 2.01%.

4. Conclusion

Flash pyrolysis experiment on Albizia odoratissima has been
performed at various pyrolysis temperatures and sweeping
gas flow rates on a fluidized bed reactor. +e selected wood
sample yielded the maximum bio-oil of 47.4 wt% at opti-
mized conditions of reactor temperature of 450°C sweeping
gas flow rate of 1.75m3/hr and heating rate of 30°C/min.+e
sample yielded maximum char and noncondensable gas of
39.1 and 40.2 wt%, respectively. +e bio-oil produced in this
study has a medium heating value, which can be further
processed to be used as a fuel for industrial applications. +e
char has higher volatiles and fixed carbons with lesser ash
and moisture, which makes it fit to utilize as a fuel for
heating boilers and furnaces. +e analyses of noncondens-
able gases showed that hydrogen and carbon dioxide were
dominant, followed by carbon monoxide and methane.
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Recycling of spent lithium-ion batteries (LIBs) has attracted increasing attentions recently on account of continuous growth
demand for corresponding critical metals/materials and environmental requirement of solid waste disposal. In this work, rice
husk as one of the most abundant renewable fuel materials in the world was used to prepare rice husk char (RC) and applied to
recycle multivalent ions in waste water from hydrometallurgical technology dispose of spent LIBs. Rice husk char with speci�c
surface area and abundant pores was obtained via pickling and desilication process (DPRC).�e structural characterization of the
obtained rice husk char and its adsorption capacity for multivalent ions in recycled batteries were studied. XRD, TEM, SEM,
Raman, and BET were used for the characterization of the raw and the modi�ed samples. �e results show rice husk chars after
desilication has more �ourishing pore structure and larger pore size about 50–60 nm. Meanwhile, after desilication, the particle
size of rice husk char decreased to 31.392 μm, and the speci�c surface area is about 402.10m2/g. Its nitrogen adsorption desorption
curve (BET) conforms to the type IV adsorption isotherm with H3 hysteresis ring, indicating that the prepared rice husk char is a
mesoporous material. And the adsorption capacity of optimized DPRC for Ni, Co, and Mn ions is 7.00mg/g, 4.84mg/g, and
2.67mg/g, respectively. It also demonstrated a good �t in the Freundlich model for DPRC-600°C, and a possible adsorption
mechanism is proposed. �e study indicates biochar materials have great potential as an adsorbent to recover multivalent ions
from spent batteries.

1. Introduction

With the development of social economy, the demand for
lithium-ion and nickel metal hydride batteries in portable
electronic equipment and electric vehicles is increasing,
which brings more and more pressure to the environmental
impact of solid waste treatment. �e total global Li con-
sumption amount for LIBs is estimated to 0.265 million tons
by the year 2025 and will continue to amplify to 511 million
tons by 2050 [1]. With the current growth rate, signi�cant
pressure is imposed on the supply side of cobalt and lithium.
It is predicted that Co and Li will face a serious shortage in
the foreseeable future [2]. More seriously, a large number of
spent LIBs will be produced in the future. �ese spent
batteries contain harmful electrolytes, such as organic

solvents and lithium �uoride salts, which may contaminate
soil and groundwater, seriously endangering human health
and the ecological environment [3, 4]. In addition, high-
priced metals contained in lithium ion batteries, such as
lithium, cobalt, nickel, copper, and aluminum, also have
good resource values [5]. �erefore, considering environ-
mental and resource issues, e§ective recycling of spent
lithium-ion batteries is crucial to ensure the sustainable
development of the �eld [6–12]. Hydrometallurgy with high
metal recovery, high product purity, low energy con-
sumption, and minimal gas emissions is considered to be the
most suitable technology for recovering spent LIBs [13]. �e
widely used hydrometallurgical methods include acid
leaching, alkali leaching, solvent extraction [14], chemical
precipitation [15], and adsorption [16]. Adsorbents include
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activated carbon [17–19], metal-organic framework [20–26],
and zeolite adsorbents [27–31]. Among them, carbon ad-
sorption is considered as an ideal battery wastewater
treatment technology due to its simple operation and low
cost [32]. Besides, during hydrometallurgical technologies,
low content of multivalent ions in waste water is urgent to be
treated. Porous carbon with developed pore structure, large
specific surface area, and rich surface functional groups has
strong adsorption and removal of multivalent ions in battery
wastewater [18].

Compared with coal resources, biomass resources have
the advantages of large resources, wide sources, less pollu-
tion, and renewable resources [33]. Agricultural solid waste
is a cheap biomass resource, which is common in all
countries in the world. It can be transformed into porous
carbon with excellent performance, including peanut shell
[34], tea [35], cotton [36], and coconut shell [37]. Rice is the
third largest food in the world after wheat and corn. .e
world produces 571 million tons of rice every year and 140
million tons of rice husk waste [38]. Rice husk is one of the
cheapest and abundantly available biomass in which the
constituents of rice husk are silica (20%), cellulose (40%),
hemicellulose (20%), and lignin (20%) used for the prepa-
ration of carbon [39–44]. In recent years, surface-modified
activated carbon was prepared to improve the adsorption
capacity and removal efficiency of multivalent ions [45–47].
Under low temperature conditions, the chemical activation
method can prepare activated carbon with abundant pore
structure and low energy consumption. For example, po-
tassium hydroxide as an activator can fully exploit the
micropores of biochar [48]. Sanka et al. [49] studied the
removal effect of RC on multivalent ions in industrial
wastewater by carbonizing rice husk directly at different
temperatures (500, 600, and 700°C). .e results showed that
the removal effect of Cr (65%), Fe (90%), and Pb (>90%) was
the best when rice husk was carbonized at 600°C. Some
studies have used hot alkali leaching to desiliconize rice
husks. Studies have shown that alkali pretreatment of RC
with sodium hydroxide (NaOH) with a mass ratio of 2–4%
can reduce the ash content to 74–93% [50]. In addition,
metal impurities in rice husks can also hinder the pore
development of activated carbon. Ma et al. [51] treated rice
husk with 2mol/L hydrochloric acid for 1 h at 60°C, and
more than 90% of the metal impurities could be extracted.
Pickling of rice husks can also promote the dissolution of
silica, increase the content of volatile matter and fixed
carbon, and affect the pore structure and specific surface area
of the material.

.e performance of rice husk char for wastewater
treatment mainly depends on the pore structure and pore
size distribution of the carbon material. In addition, the high
silica content in rice husk ash can also hinder the pore
development of activated carbon. .erefore, the removal of
silica from rice husk is an important key to the formation of
porous structure. Vunain et al. [52] used rice husk as raw
material and reacted potassium hydroxide with silica in rice
husk to generate soluble sodium silicate for desilication,
which was then activated by phosphoric acid and pyrolyzed
at 600°C. By adjusting pH value, it is found that when pH

value is 2.0, the adsorption capacity of Cr (VI) is the largest,
and the removal rate of Cr is up to 99.88%.

In this paper, rice husk as one of the most abundant
renewable fuel materials in the world was used to prepare
rice husk char (RC) and applied to recycle multivalent ions
in wastewater from hydrometallurgical technology dispose
of spent LIBs. .e pickling activated carbonized rice husk
char (PRC) was desilicated by NaOH solution, which pro-
vided a new carbonmaterial in multivalent ions recycling for
spent battery and opened up a new field for the application
of rice husk..e comprehensive diagram of specific routes is
shown in Figure 1..e surface morphology of untreated rice
husk char (RC), pickling rice husk char (PRC), and desili-
cated pickling rice husk char (DPRC) is analyzed, and the
adsorption capacities of Co, Ni and Mn ions in spent battery
wastewater by DPRC-600°C are investigated.

2. Materials and Methods

2.1. Materials. .e rice husks come from Changsha suburb,
the chemical reagent sodium hydroxide (NaOH, AR) comes
from Shanghai Sinopharm (China), and the hydrochloric
acid (HCl, 37%, AR) was purchased from Chengdu Kelong
Chemical Co. (China).

2.2. Preparation of PRC and DPRC. .e rice husks used in
the research were taken from the suburbs of Changsha. 50-g
rice husk was taken and soaked in 200ml of 0.1mol/L (1 : 4
solid–liquid ratio in hydrochloric acid) for 12 hours [51],
then washed, dried and crushed, and passed through a gauze
mesh of 100 mesh. .is was then followed by the pyrolysis
treatment (activation) step in which pickled rice husk
powder was placed into a quartz boat for carbonization. In a
nitrogen atmosphere, the temperature was increased at a rate
of 10°C/min, kept at 300°C for 15min, and then heated to
500°C and 600°C for carbonization for 3 h to prepare 500°C
carbonized rice husks and 600°C carbonized rice husks,
which denoted as pickled rice husk char (PRC). 10 g of PRC
was weighed and mixed with 96mL of 1mol/L NaOH so-
lution in a mass ratio of 1 :10 and stirred in a constant
temperature magnetic stirrer at 60°C for 6 hours [50]. .e
desilication solution was then vacuum filtered, while it was
hot, and the precipitate was filtered, washed to nitrite at pH
7, and dried in an oven at 45°C to obtain desilication pickling
rice husk char (DPRC). After adding the excess acid solution
for 24 hours, the change of filtrate was observed.

2.3. Characterization of PRC and DPRC. .e physico-
chemical characterizations of porous carbons including the
morphologies, carbon structural properties, and pore struc-
ture were analyzed..emorphologies of porous carbons were
characterized by scanning electron microscope (SEM, TES-
CAN MIRA3, Czech Republic). .e carbon structural
properties of porous carbons were analyzed by X-ray dif-
fraction (XRD, Bruker D8 Advance, Germany) via Cu Kα
radiation. .e Raman analysis was performed in a laser
Raman spectrometer (Raman, Horiba LabRAM HR Evolu-
tion, Japan). .e TEM analysis was performed by a
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transmission electron microscope (TEM, FEI Tecnai F20,
TF30, Holland). .e pore structure and the specific surface
areas of porous carbons were analyzed by the nitrogen ad-
sorption and desorption isotherm at 77K, 1.33 Pa (BET,
ASAP2010, USA). .e particle size parameters of the mate-
rials were determined by Laser particle sizer (Hydro 2000Mu
England). .e contents of metals in the solution before and
after adsorption treatment were determined by ICP-AES with
inductively coupled plasma emission spectrometer (ICP,
PQ9000, Germany).

2.4. Adsorption Experiments. .e battery waste solution was
diluted in 100 times to get solution A, and the concentrations
of Ni, Co, and Mn ions in battery waste solution A are 464 g/
L, 408 g/L, and 248 g/L, respectively. .e battery waste so-
lution was diluted in 2 times to get solution B.

In adsorption process, 50mL of solution A and B was,
respectively, put into two beakers, and 0.3-g rice husk ac-
tivated carbon was added to each, kept at 30°C in a constant
temperature magnetic stirrer, pH was adjusted to 5, stirred
for 2 h, the adsorption solution was removed and filtered,
and the change of adsorption solution content was analyzed.
.e content of multivalent ions in rice husk solution before
and after porous carbon adsorption treatment was deter-
mined by ICP-AES.

3. Results and Discussion

3.1. Characterization of Samples. Figure 2 shows the typical
SEM images of obtained porous carbons. It can be seen from
the Figures 2(a) and 2(b) that both the pickled rice husk
chars (PRC) and unpickled rice husk chars (RC) have pores,
and the pore structure of the RC is not obvious. Figure 2(c)
shows the diagram of rice husk carbon without acid pickling
and direct desilication (DRC). .e comparison result be-
tween Figures 2(c) and 2(d) shows that the pore structure
distribution of DPRC is more closely distributed. .erefore,
pickling treatment promotes the development of pores in
rice husk char. After desilication treatment process, the Si-
rich protective layer structure on the outer surfaces of PRC
disappeared. .e outer surface of DPRC showed a rough
morphology, and part of the pore structure was exposed.

In order to investigate the effect of temperature on
porous carbon, DPRC-500°C and DPRC-600°C were pre-
pared. Figure 3 shows clearly that the surface of the PRC is
relatively smooth without a large number of pores, while the
surface roughness of the DPRC increases. Besides, as can be
seen from the comparison between Figures 3(c) and 3(d),
when the carbonization temperature was 600°C, most of the
rice husk shell is peeled off, showing the internal network
porous structure, and the pore size distribution is more
uniform. .erefore, the carbonization temperature has a
certain influence on the structure of porous carbon.

TEM characterization was conducted to further char-
acterize the morphology of rice husk chars before and after
desilication. Figure 4 shows the TEM images of PRC-600°C
(Figures 4(a), 4(b)) and DPRC-600°C (Figures 4(c), 4(d)). It
can be seen from Figures 4(a), 4(b), PRC-600°C has typical
porous structure, and its surface pore size is about 25–30 nm.
As shown in Figures 4(c), 4(d), DPRC-600°C has a looser
porous structure, and the pores of the rice husk carbon
material after desilication are more flourishing and obvi-
ously enlarged. .e pore size is about 50–60 nm. .e results
indicate rice husk chars after desilication has more flour-
ishing pore structure and larger pore size.

.e colors of the desilication filtrate at different car-
bonization temperatures are shown in Figures 5(a) and 5(b).
Its color changes with the increase of carbonization tem-
perature. .e 500°C desiliconization filtrate is light yellow,
and the 600°C desiliconization filtrate is colorless and
transparent. When the carbonization temperature is low, part
of the tar produced during rice husk carbonization will adhere
to the surface, and the viscosity of tar is high. When dissolved
in sodium hydroxide solution, the solution changes from
colorless to pale yellow. .e adhesion of tar will reduce the
specific surface area of the obtained rice husk char; that is, the
effective contact area during the desiliconization reaction will
decrease, thus reducing the reaction efficiency. .erefore,
when the carbonization temperature is raised to 600°C, it is
conducive to the further volatilization of organic matter, the
pyrolysis of tar into small molecules, and the improvement of
desiliconization efficiency.

Figures 5(c) and 5(d) is the solution diagram of the
desiliconization filtrate treated with acid at 600°C. Some
white floccules can be seen in the Figure 4(a). After standing
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Figure 1: Synthesis and application of DPRC.
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for a period of time, hydrochloric acid reacts with
sodium silicate in the filtrate to form a gel, indicating that
silicon dioxide dissolves from PRC during hot-base desili-
cation. .erefore, combined with the SEM analysis, the
optimum carbonization temperature of the rice husk char is
600°C.

.e XRD patterns of PRC-600°C, DPRC-600°C, and
DPRC-500°C are shown in Figure 6(a). All samples exhibited
two typical diffraction peaks at around 22° and 45°
corresponding to the diffuse reflection of amorphous na-
ture and low graphitization degree of carbon framework.
.e existence of the amorphous structure may be due to the

Figure 2: SEM images of RC (a) and PRC (b); SEM images of DRC (c) and DPRC (d).

Figure 3: SEM of PRC-500°C (a) and PRC-600°C (b); SEM images of DPRC-500°C (c) and DPRC-600°C (d).
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diffraction overlap between the silica crystal plane and the
carbon (002) crystal plane in rice husk [53].

XRD patterns also show that the DPRC-500°C and
DPRC-600°C phase structures are similar. Compared with
the other two curves, the diffraction peak shape of DPRC-
600°C in the range of 15∼30° becomes wider. .is may be
caused by the further decomposition of organic matter during
high temperature pyrolysis, which increases the carbon dis-
order degree. In the process of hot NaOH treatment, the
dissolution of silica will also reduce the intensity and shape of
the diffraction peaks of DPRC, but the decrease is relatively
low, indicating that the desiliconization is not complete. At 2θ
of 45°, the intensity of the diffraction peak increases, and the
peak shape becomes sharp, which indicates that the rice husk
char after hot alkali treatment becomes more ordered and
regular, and the degree of graphitization increases, which will
lead to a decrease in the interlayer spacing of the pore
structure and the decrease in the adsorption properties of the
material.

.e carbon crystallinity of rice husk-derived PRC and
DPRC has been presented by Raman spectra as shown in
Figure 6(b). .e spectra of both PRC and DPRC presented
two peaks at 1358 and 1591 cm−1, corresponding to the
characteristic D (structural defects associated with disor-
dered carbon structure) band and G (graphite crystals as-
sociated with sp2-ordered carbon structure) band,

respectively [54]. .e ratio of relative intensity of the two
peaks (ID/IG) for PRC and DPRC was found to be 2.94 and
2.73, respectively. It indicated that the carbon composite
obtained from pyrolysis of rice husk sample after NaOH
desilication treatment had a higher graphitization degree.
Raman results are consistent with XRD results. After desi-
lication, rice husk carbon will form original defects and form
porous structure, resulting in a large specific surface area,
which is conducive to ion adsorption.

Particle size parameters of PRC and DPRC are shown in
Table 1. .e particle size of PRC is less than 5.965 μm;
accounting for 10%, the average particle size is 45.184 μm,
and 90% of the particles are less than 111.909 μm in size. .e
average particle size of the DPRC was 31.392 μm, and 90% of
the particles were smaller than 89.619 μm. Comparing the
two, it can be seen that the particle size of the DPRC has
decreased. After carbonization, the epidermal cells where
silica is mainly distributed in rice husk were destroyed, and
the volatilization of organic matter reduced the connection
degree between lignin and silica. In the process of thermo-
alkali treatment, silica in rice husk is easy to react with sodium
hydroxide and dissolve out, and certain pores are developed.
In addition, the dissolution of silica as skeleton will lead to
loosematerial structure, andDPRCwill bemore easily broken
in subsequent grinding. .ese are the main reasons for the
smaller particle size of DPRC.

Figure 4: TEM of PRC-600°C (a), (b) and DPRC-600°C (c), (d).
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Silica is mainly concentrated in the striated outer skin of
rice husk, especially the raised part. After carbonization, the
epidermal cells of rice husk were destroyed, and organic
matter was volatilized at high temperature, which reduced
the binding degree of lignin and silica. In the process of
thermo-alkali treatment, silica in rice husk is easy to react

with sodium hydroxide to precipitate and form certain
pores. At the same time, silica acts as a skeleton, and its
dissolution leads to loose structure, which explain why
DPRC is more easily broken and has smaller particle size.

.e pore structure and the pore size distribution of porous
carbons are investigated via the N2 adsorption/desorption

Figure 5: 500°C desiliconization filtrate (a), 600°C desiliconization filtrate (b); solution after acid treatment of desiliconization filtrate at
600°C (c) and solution after standing for 24 h (d).
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Figure 6: (a) XRD patterns of PRC-600°C, DPRC-600°C, and DPRC-500°C. (b) Raman spectra of PRC-600°C and DPRC-600°C.
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isotherms as illustrated in Figure 7. As seen from the
Figure 7(a), the N2 adsorbed increases sharply when the
value of P/P0 is under 0.1 and it indicates the existence of
micropores. .en, with the increase of relative pressure, the
adsorption capacity increases gradually. When P/P0> 0.5,
there is a hysteresis loop, and the adsorption capacity of
the material continues to increase with the increase of
the relative pressure. When the relative pressure is 1.0, the
adsorption value reaches the maximum, indicating that
there is a certain amount of mesopores in the sample. .e
initial part of the isotherm is due to the volume filling effect
of the micropores, which can complete the adsorption
equilibrium in a relatively short time. However, with the
increasing relative pressure, the microporous adsorption
gradually transformed into mesoporous adsorption, and
capillary condensation occurred in the mesopores, which
increased the adsorption amount of N2. It can be seen from
the Figure 7(a) that N2 adsorption-desorption isotherms of
the two rice husk char conform to typical type IV adsorption
isotherms. And PRC has H4 hysteresis ring, while DPRC has
H3 hysteresis ring. .e results show that the desilication
process of rice husk char enlarged some micropores into
mesopores. With the increase of mesoporous structures and
mesoporous pores in the appearance, the isotherms changed
accordingly [55]. .erefore, N2 adsorption capacity of
DPRC at P/P0< 0.1 microporous adsorption stage is less than
that of rice husk char. As the number of mesopores in-
creased, the maximum N2 adsorption of DPRC was higher
than that of PRC and the hysteresis ring of desilicated rice
husk char appeared earlier. As it can be seen from
Figure 7(b), the difference in pore structure between PRC
and DPRC is mainly in the mesoporous region of 2–50 nm.
DPRC has a larger internal pore size, with fewer mesopores
in the range of 2–17 nm than PRC, andmore pore sizes in the
range of 17–50 nm. .is indicates that desilication sample is
a kind of mesoporous material with less micropore number,
more mesoporous number, and larger mesoporous aperture
than PRC, which is consistent with the isotherm analysis of
nitrogen adsorption and desorption shown in Figure 7(a).
.e BETresults are consistent with TEM observation results.

To further evaluate the impact of desilication treatment,
the pore structure characteristics of PRC and DPRC are
summarized in Table 2. It was found that desilication treat-
ment increased the values of average pore size and pore
volume, especially the mesoporosity. However, DPRC has a
BET surface area of 402.10m2/g, which is slightly lower than
that of PRC (470.67m2/g). Combined with the pore size
distribution diagrams in Figure 7(b), it can be seen that the
number of micropores in the DPRC decreases and the
number of mesopores increases, thereby reducing the specific

surface area. .is phenomenon is attributable to the removal
and destruction of SiO2 protective layer of PRC, promoting
the development and transformation of some micropores to
mesopores [56]. In addition, most of the grain size of silica in
rice husk is between 8 and 22nm, while only a small part is
between 1 and 7nm.

3.2.Multivalent IonsRecycling for SpentBattery. SEM images
show that DPRC has abundant and uniform pores. BET
results show that the specific surface area is 402.10m2/g. As a
result, DPRC is easy to form physical and chemical ad-
sorption with multivalent ions in wastewater, which has
certain adsorption and purification effects. Figure 8 show the
comparison of the adsorption capacity of 0.30 g of rice husk
char to treat 50mL of high and low concentration battery
wastewater. .e adsorption capacity of Ni, Co, and Mn ions
by DPRC in high-concentration A solution is 7.00mg/g,
4.84mg/g, and 2.67mg/g, respectively. While in the low-
concentration B solution, the adsorption capacity is 5.00mg/
g, 2.34mg/g, and 1.84mg/g, respectively. .e results show
that DPRC has a large adsorption capacity for A solution.
.is may be because the increase of metal ion concentration
increases the probability of ion contact collision with DPRC
adsorption site of rice husk. .erefore, the filling rate of
DPRC adsorption site by ion adsorption material is in-
creased, and the adsorption capacity of the material is in-
creased. At the same time, the adsorption capacity of Ni on
the DPRC is the largest, followed by Co and Mn. .e reason
for this phenomenon may be that the competitive adsorp-
tion of multivalent ions and the adsorption of Co andMn on
DPRC are affected by the saturated adsorption of Ni. On the
other hand, the maximum adsorption capacity of different
types of biochar for various multivalent metals in water is
compared and shown in Table 3. From the results of ref-
erence [54–59], as-prepared DPRC has a satisfying multi-
valent metals adsorption capacity.

3.3. Adsorption Isotherms. .e adsorption isotherms were
performed with different initial concentrations ranging from
40 to 900mg/L, at optimized pH of 5. .e adsorbent dose is
300mg with constant agitation at a fixed duration of
120min. Different initial concentrations of wastewater were
prepared by proper dilution of 105.92 g/L battery wastewater
with distilled water, and the results are presented in Figure 9.
With an increase of total concentration of Ni, Co, and Mn
ions from 40 to 900mg/L, the equilibrium adsorption ca-
pacity of Ni, Co, and Mn ions has increased from 2.96 to
14.5mg/g. It has been established that as the initial con-
centration of Ni, Co, and Mn ion solution increased, the
amount of these ions adsorbed per unit mass of the ad-
sorbents has a substantial increase. It may be because the rate
of adsorption occurred at reduced pace but increasing the
concentration resulting in the competition of binding sites
on the adsorbents by ions, thereby increasing adsorption
capacity at lower initial metal ion concentration [63]. .en,
it has a smaller increase at higher concentration, which is
due to the saturation of binding sites. .is occurs due to an

Table 1: Particle size analysis of PRC and DPRC.

Samples PRC DPRC
Surface area average particle size (μm) 14.447 11.840
Volume average particle size (μm) 51.993 39.919
D (0.1) (μm) 5.965 5.010
D (0.5) (μm) 45.184 31.392
D (0.9) (μm) 111.909 89.619
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Figure 7: Nitrogen adsorption-desorption isotherms of PRC and DPRC (a); BJH pore size distribution of PRC and DPRC (b).

Table 2: Void correlation coefficient of PRC and DPRC.

Parameters PRC DPRC
BET specific surface area (m2/g) 470.669 402.092
Pore volume (cm3/g) 0.381 0.410
Average pore size (nm) 3.240 4.077
Mesopore average pore size (nm) 4.077 5.168
Average pore size of micropores (nm) 1.018 1.019
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Figure 8: Ions adsorption capacity of DPRC.

Table 3: Maximum adsorption capacities of different types of
biochar to different multivalent metal ions according to references
[54–59].

Material type Adsorption capacity (mg/g) to
multivalent metal ions

Hardwood 6.79 Cu (II) 4.54 Zn (II) [57]
Corn cob 17.21 Cd (II) [58]
Mushroom-stick biochar 21.0 Pb (II) 9.80 Ni (II) [59]
Rice straw 10.10 Cr (VI) [60]
Sawdust biochar 15.10 Cu (II) [61]
Peanut shells biochar 4.00 Cd (II) 22.82 Pb (II) [62]
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Figure 9: Absorption capacity of concentration of different initial
Ni, Co, and Mn ions by DPRC-600°C.
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increase in a number of ions competing for existing binding
sites in the adsorbents [64].

In order to study the adsorptionmechanism of DPRC for
Ni, Co, and Mn ions, the adsorption isotherms were fitted
with Langmuir and Freundlich models, respectively.

3.4.Langmuir Isotherm. .e linearized form of this isotherm
model can be represented as follows:

Ce

qe
�

1
KLqm

+
Ce

qm
. (1)

3.5. Freundlich Isotherm. .e heterogeneous sorption linear
model of Freundlich isotherm is expressed by the following
relationship:
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Figure 10: Langmuir plot (a) and Freundlich plot (b) for Ni, Co, and Mn adsorption on DPRC-600°C.

Table 4: Isotherm constant for the adsorption of Ni, Co, and Mn ions by DPRC-600°C.

Langmuir Freundlich
qm KL R2 Kf n R2

DPRC-600°C 17.2592 0.0245 0.6279 0.2230 1.7235 0.9085

Ni2+
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Ions diffusion Chemical adsorption (dominant) 
+ Physical adsorption
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Figure 11: Possible adsorption mechanism of Ni, Co, and Mn ions on the DPRC surface.
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log qe � log Kf +
1
n
log Ce. (2)

.e correlation coefficient (R2) obtained from the linear
plot of Langmuir isotherm model (Figure 10(a)) for the
study is 0.62786. And the correlation coefficient (R2) ob-
tained from the linear plot of Freundlich isotherm model
(Figure 10(b)) for the study is 0.90851. It demonstrated a
good fit in the Freundlich model for DPRC-600°C rather
than the Langmuir isotherm model. As shown in Table 4,
according to literature reports for Freundlich model [65],
when the value of 1/n� 1, the adsorption is linear. When the
value of 1/n< 1, it indicates that chemical action exists in the
adsorption process. When the value is close to 0, the ad-
sorbent is heterogeneous surface. Because the value of n is
greater than 1, that is, 1/n is less than 1 (0.5802), the ad-
sorption of the three multivalent ions on DPRC-600°C is
heterogeneous and there is a chemical mechanism in the
adsorption process [31, 65].

Based on analysis above and references [63–65], a
possible adsorption mechanism of Ni, Co, and Mn ions on
the DPRC surface is proposed and shown in Figure 11. After
desilication treatment, the pore of rice husk carbon becomes
larger, which is conducive to the diffusion of ions and
subsequent adsorption. In addition to physical adsorption
from these pores, there is chemical adsorption according to
the model fitting results, which play an important role in
adsorption process. .e oxygen-containing functional groups
such as hydroxyl, carbonyl, and carboxyl on the surface of
DPRC-600°C can be used as adsorption sites for multivalent
ions. .e isolated pairs of electrons on oxygen atoms in these
oxygen-containing functional groups cobond with the ex-
ternal orbitals of multivalent metal ions to form stable
complexes to fixmultivalent ions [66]. According to metal ion
classification, hard metal ions (Co2+, Ni2+, and Mn2+) are
adsorbed to the surface of the oxygen-containing functional
group (carboxyl and hydroxyl) [67]. In addition, a small
amount of silicon-oxygen bonds may exist on the surface of
DPRC-600°C though desilication process has been completed,
which is also contributed to the adsorption of positive metal
ions [68]. .erefore, DPRC has decent adsorption ability for
Co2+, Ni2+, and Mn2+, which may be used as an adsorbent to
recover multivalent ions from spent batteries.

4. Conclusion

In this study, the facile desilication and activation route
showed great ease in raise the porosity of porous carbons
derived from a green and sustainable feedstock of rice husk
char for recycling multivalent ions in spent battery. Rice
husk biochars are prepared at different pyrolysis tempera-
tures, that is, 500 and 600. .e effects of different carbon-
ization temperatures and desiliconization processes on the
development of material pores are investigated through
experiments, and their treatment effects in batteries
wastewater are studied. .e results show that rice husk char
at the carbonization temperature of 600°C after pickling and
desilication has abundant pores and uniform pore size
distribution. .e silica in rice husk char is dissolved after

thermal alkali treatment, and the greatly increased porosity
leads to a large increase in the adsorption rate of multivalent
ions. Desilicated pickling rice husk char as adsorbent has
potential application prospect in multivalent ions recovery
of spent batteries.
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A natural amino acid-doped polyaniline nanostructure was prepared by a simple in situ chemical polymerization method in an
aqueous medium. �e structure and morphology of composite material were characterized by FESEM, TEM, FT-IR, and XRD.
�e results showed that the product possesses a large aspect ratio and a hollow tubular morphology. As-synthesized products were
further applied to remove dyes and heavy metal ions from the aqueous solution, which exhibited good removal capacity toward
Congo red (955.6mg·g−1) and Cr(VI) (60.0mg·g−1). �e adsorption data for the former were found to be well described by the
pseudo-�rst-order kinetic and Langmuir adsorption isothermmodel. �ermodynamic studies show that the adsorption of Congo
red by GluP is a spontaneous and endothermic process. Moreover, cyclic experiment results show that the polyaniline composites
exhibited good recyclability.�erefore, these amino acid-doped polyaniline nanotubes can be expected to be an ideal candidate for
the removal of organic dye and heavy metal ions from wastewater.

1. Introduction

With the rapid development of the global economic situa-
tion, the global problem of water pollution has become a
serious challenge for human society. On the one hand, the
increasingly frequent discharge of organically polluted
wastewater during various human activities continues to
pollute freshwater systems and terrestrial ecosystems. Or-
ganic contaminants are widespread in the environment,
including pesticides, personal care products, pharmaceuti-
cals, and organic dyes [1–5]. Generally, these emerging
pollutants are harmful, bioaccumulating, and persistent and
pose a potential threat to aquatic organisms and human
beings. On the other hand, rapid industrialization led to a
transitional release of heavy metals into the environment.
�ey are usually toxic and carcinogenic and originate mainly
from mining activities, petroleum re�ning, battery manu-
facture, smelting, and printing. Even more important is
the fact that heavy metals can be accumulated in living

organisms for the long term without degradation [5].
�erefore, more and more researchers have been looking for
suitable methods to obtain high-quality drinking water free
from organic pollutants and heavy metals over the past few
decades.

To date, several techniques have been developed for the
puri�cation of industrial wastewater, such as biological,
physical, and chemical methods. Among the di�erent
treatment strategies, physical adsorption is often regarded as
one of the most economical and competitive options due to
its low cost, high e�ciency, and ease of operation [3–5].
Di�erent types of adsorbents, including mesoporous silica
composites, metal-organic frameworks, biomass materials,
polymer-based materials, and carbon materials, have been
applied for pollutant removal from industrial wastewater.
However, the development of green and e�cient adsorbents
remains an ongoing challenge considering ease of operation,
cost-e�ectiveness, eco-friendliness, and reusability for
water treatment. Among various water treatment materials,
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polymer and polymer-based adsorbents have emerged as
effective and promising candidates for removing different
pollutants from the environment due to their advantages
such as low cost, rich active sites, durability, and easy
modification. Inherently conducting polymers, such as poly
(phenylenevinylene) (PPV), polyaniline (PANI), poly-
pyrrole (PPy), and polythiophene (PTH), are a special class
of synthetic polymers and are extensively studied due to
their tunable electrooptic properties and mechanical
properties via bearing functional groups of the conjugated
chains. As a representative conducting polymer, PANI has
been widely explored for diverse applications, including
separation, catalysis, sensing, thermoelectric generator, and
corrosion protection [6–8]. Meanwhile, PANI is currently
one of the most promising adsorbent materials due to its low
price, easy synthesis, environmental friendliness, and unique
doping/dedoping property [9]. Typically, the molecular
structure of polyaniline contains large amounts of amine and
imine functional groups, which enable them to interact with
various organic/inorganic pollutants present in wastewater.
Nonetheless, the adsorption capacity can be limited due to
the poor porosity of pure PANI nanomaterials. Further
preparation of polyaniline-based adsorbent materials with
porous structures (e.g., nanotubes) by simple solutions is
therefore particularly important for the continued promo-
tion of efficient wastewater treatment.

Recently, Rana et al. prepared different polyaniline
nanostructures with aromatic dopant acids via a facile
chemical polymerization in the presence of ammonium
persulfate. Results show that the symmetrical positioning of
carboxyl groups plays an important role in the formation of
polyaniline nanotubes [10]. Inspired by this strategy, we
have prepared polyaniline nanotube composites using
amino acids as dopant acids for the removal of toxic pol-
lutants from water environment. As an acidic amino acid,
glutamate (with two carboxyl groups) is a kind of desirable
dopant for regulating the morphology of polyaniline. In this
work, therefore, natural glutamic acid was used as a dopant
for fabricating polyaniline-based adsorbent with hollow
tubular morphology in an aqueous solution at a low tem-
perature. As-synthesized GluP nanotubes were further
employed to remove organic dyes (Congo red, methyl or-
ange, indigo carmine, orange G, and crystal violet) and
heavy metal ions (Cr6+, Pb2+, and Ni2+) from the aqueous
solution. +e effects of adsorbent dose, contact time, pH
value, and the initial dye concentration were investigated.
Meanwhile, adsorption kinetic, isotherm, and thermody-
namics of GluP were also studied using Congo red as a
model dye molecule. Importantly, the prepared material
exhibited a good cycle performance in batch experiments.

2. Experimental

2.1. Materials. Glutamic acid (Glu) and ammonium per-
sulfate (APS) were purchased from Sigma Chemistry
(Shanghai, China). Aniline, K2Cr2O7, Pb(NO3)2, and
Ni(NO3)2·6H2O were obtained from Energy Chemical
(Shanghai, China). Dyes used, including Congo red (CR),
methyl orange (MO), indigo carmine (IC), orange G (OG),

and crystal violet (CV), were purchased from Innochem
(Shanghai, China). All chemicals were used as received
without further treatment. Deionized water was used for
solution preparation throughout the work.

2.2.PreparationofAminoAcid-DopedPolyanilineNanotubes.
In a typical reaction, the glutamic acid powder (0.35mmol)
was dissolved in 15mL of water with continuous stirring at
room temperature. +en, the solution of aniline (100 μL,
1.1mmol) was added and stirred vigorously for 1 hour
before being placed in a refrigerator freezer for 30 minutes.
After the temperature of the mixtures was reduced to 4°C,
the APS (1.1mmol) aqueous was added dropwise without
stirring, and the color of the solution slowly turned from
yellow to brown. Eventually, a dark green precipitate was
formed after standing for another 24 hours at 4°C. +e pellet
was washed with water and methanol several times to wash
out the oligomers and excess APS from the reaction mix-
tures. Finally, the product was obtained by vacuum drying at
60°C overnight, named GluP. +e same sample without
adding amino acid was used as a control (PANI), and the
preparation process was similar to the procedure described
above.

2.3. Characterization. +e morphology and structure of the
products were characterized by using field emission scan-
ning electron microscopy (FE-SEM, Zeiss Ultra 55, Ger-
many) and Transmission Electron Microscopy (TEM,
HT7800, Hitachi, Japan). X-ray powder diffraction (XRD)
patterns were recorded using an XRD diffractometer
(Bruker, D8 ADVANCE) at a scan rate of 4min−1 and
equipped with Cu Kα radiation (λ� 0.15406 nm) at room
temperature in the 2θ range of 10–40°. +e surface structure
and functional groups of the samples were determined by the
Fourier-transform infrared (FT-IR) spectroscopy (Shi-
madzu, FT-IR-8400S) with the KBr disk method.

2.4. Adsorption Investigation. Typically, the adsorption of
the dyes studies was performed with the batch mode in glass
vials. An equal amount of adsorbents was added to the
reaction mixture with known concentrations of dyes or
metal ions and gently stirred continually. +en, an aliquot of
the reaction solution was taken out at an appropriate time
interval and separated via centrifugation at 12000 rpm for
1min. +e concentration of dyes was monitored by a UV-
Vis spectrometer according to the maximum wavelength
(λmax 611, 588, 478, 499, and 464 nm for IC, CV, OG, CR,
and MO). +e metal ion concentration was measured by
inductively coupled plasma-optical emission spectroscopy
(ICP-OES). +e effects of experimental variables affecting
adsorption, including the adsorbent dosage, pH value, and
the initial dye concentration, were investigated. Besides, the
recycling performance of GluP composites was also studied.
For the adsorption kinetic studies, 5mg of amino acid-
doped polyaniline nanocomposites was added to 10mL of
dye solution to initiate the reaction, and the pH was fixed at
neutral. +e adsorption capacity, qt, and removal efficiency,
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R%, were calculated based on equations (1) and (2),
respectively.

qt �
C0 − Ct( V

m
, (1)

R% �
C0 − Ct( 

C0
× 100, (2)

where “C0” and “Ct” are the concentration (mg/L) of dye
solution at the time “0” and “t,” respectively, “V” is for the
total volume of reaction solution (L), and “m” is the mass of
adsorbents (g) [3].

3. Results and Discussion

3.1. Characterization of PANI and GluP. GluP nano-
composites were obtained by simply mixing glutamic acid
with aniline monomer reaction solution under low-tem-
perature conditions. As a comparison, undoped PANI was
also prepared under the same conditions. SEM and TEM
images of PANI and GluP products are shown in Figure 1.

As shown in Figures 1(a) and 1(c), the morphology of
undoped polyaniline (PANI) exhibited inhomogeneous
spherical particles with serious agglomeration. +is phe-
nomenon is consistent with previously reported results that
polyaniline tends to aggregate during the polymerization
reaction. In the presence of glutamic acid, the product of
aniline oxidation was mainly composed of one-dimensional
linear nanotubes with a diameter of ∼200 nm (Figures 1(b)
and 1(d)). Compared with nondoped PANI, the amino acid-
doped GluP with a hollow tubular structure and a large
aspect ratio may be beneficial in increasing its specific
surface area, thereby affecting the adsorption performance.
As can be seen, the EDS spectra showed that the polyaniline

tubes were composed of carbon, nitrogen, and oxygen el-
ements (Figure 2), where the oxygen element (7.25%)may be
derived from the carboxyl groups of doped glutamic acid.

Fourier-transform infrared (FT-IR) spectra of polyaniline-
based adsorbents in the doped and undoped states are shown in
Figure 3(a). As can be seen, the different adsorbents have similar
adsorption band profiles in the infrared spectrum over the
wavelength range of 400–4000 cm−1. +e typical stretching
vibration bands of polyaniline are observed at 3443, 1581, 1501,
1299, 1148, and 823 cm−1 [11].+e broad band in the spectra of
the samples at around 3443cm−1 was attributed to the stretching

(a) (b)

(c) (d)

Figure 1: FESEM and TEM images of PANI (a, c) and GluP (b, d), respectively.

Figure 2: EDS spectra and element content analysis table of GluP
composites.
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vibration of N-H bond for polyaniline molecular chains. Peaks
at 1581 and 1501 cm−1 can correspond to the stretching vi-
bration of the C�C bond in the quinoid and benzenoid rings.
+e characteristic stretching bands at 1299 cm−1 for the C-N
bond were associated with the secondary aromatic amine
[10–13]. Moreover, the absorption bands at 1148 cm−1 and
823 cm−1 correspond to the C-H vibration of aromatic in-plane
and aromatic out-of-plane deformation, respectively [14, 15].
Figure 3(b) shows the powder X-ray diffraction (XRD) patterns
of PANI and GluP. Similarly, there is no obvious change in the
XRD spectrum from each other, which indicates that the crystal
structure had not been significantly altered after doping amino
acids. All samples exhibited three main broad diffraction peaks
at 2θ≈18°, 20.4°, and 25.8°, assigned to (004), (100), and (110)
planes of polyaniline. +e latter two peaks correspond to the
periodicity in parallel and perpendicular directions to the
polymer chain of polyaniline, respectively [16, 17]. Meanwhile,
the broad diffraction peak of the two samples demonstrates its
poor crystallinity.

3.2. Adsorption Results. At first, Congo red (CR) was selected
as a model dye molecule to explore the adsorption performance
of PANI and GluP. Compared to the adsorption capacity of
undoped PANI, glutamic acid-doped GluP has shown higher
dye adsorption capacity as shown in Figure 4(a). According to
the SEM and TEM images, this result could be explained by the
morphological difference between the two types of absorbent
material. For doped GluP, the tubular structure with a large
aspect ratio provides more adsorption sites for enhancing the
adsorption capacity. To obtain the optimal adsorption capacity
between the amount of adsorbent and dye, the concentration of
adsorbent (GluP) was changed, while the dye concentration
(CR) was kept constant. Results of the UV-Vis absorption
spectrum after treatment with different concentrations of ad-
sorbent are presented in Figure 4(b). It is observed that the
characteristic UV-Vis absorption of the CR dyes
(λmax� 499nm) in the reaction system gradually decreased and

then somewhat increased as the amount of adsorbent increased.
Compared with a lower adsorbent concentration, the excess
adsorption sites will not be fully utilized at a higher adsorbent
dosage [18, 19]. Meanwhile, the background absorbance of
sampleswas slightly increased beyond a certain concentration of
adsorbent 0.25 g·L−1. +is may be caused by oligomers of
polyaniline in the supernatant after centrifugation. Overall, with
the increase of the dosage of GluP, the percentage removal for
CR was also increased over a range of concentrations. Maxi-
mum adsorption capacities and removal efficiencies are
111.3mg·g−1 and 92.8%, respectively. And 0.25 g·L−1 was
chosen as the fixed dose of GluP for subsequent experiments.

Normally, industrial effluents contain a variety of toxic
dyes. To further test the adsorption performance in a broad
sense of GluP adsorbent, more dyes were selected for ad-
sorption studies, namely, Congo red (CR), methyl orange
(MO), indigo carmine (IC), orange yellow G (OG), and
crystalline violet (CV), whose structures are shown in Figure 5.

+e adsorption capacity for different dyes has been
monitored with different contact times by UV-Vis spec-
troscopy (Figures 6(a)–6(e)). Figure 6(f) shows the in-
stantaneous adsorption capacity with different contact times
calculated by equation (1) for five model dye molecules. +e
results show that the adsorption efficiency is influenced by
the properties of the dye molecule, including the intrinsic
charge nature and chemical structure, and the adsorption
capacity of anionic dyes is better than that of the cationic
type. Among different dye molecules, CR has shown higher
uptake efficiency. It is well known that the hydrophobic and
electrostatic interactions play a significant role in dye ad-
sorption, while Congo red is an anionic dye with two sul-
phonic acid groups, two naphthalene rings, and a biphenyl
structure in the chemical constitution. +is is probably the
main reason for its high removal efficiency compared with
other dye molecules. In contrast, CV is a cationic dye that
has the same positive charge as the polyaniline chain
(emeraldine salts). +erefore, it produces the lowest rate of
uptake among all dye molecules due to the electrostatic
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Figure 3: FT-IR spectra (a) and XRD patterns (b) of PANI and GluP, respectively.
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repulsion between positive charges. Although OG, IC, and
MO are anionic molecules, the MO dye has only one
negative charge (sulfonic acid group) in comparison with the
first two (OG and IC). At the same time, OG and IC with two
sulfonic acid groups have comparable dye adsorption effi-
ciency. On the whole, the approximate order of dye ad-
sorption capacity is as follows: CR>OG≥ IC>MO>CV,
and the results are summarized in Table 1.

To improve the adsorption performance of adsorbent
GluP for dye CR, two important experimental parameters,
including pH value and the initial dye concentration that are
relevant for this assay, were also studied. +e effect of so-
lution pH on adsorption capacity was first investigated by
batch adsorption experiments. During the adsorption pro-
cess, the environmental pH has a direct impact on the
surface charge of the adsorbent and the adsorbate [19]. As
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shown in Figure 7(a), dye removal slightly elevated at pH
values ranging from 3 to 5, followed by a rapid decrease in the
pH range from 5 to 13. It is observed that the maximum
adsorption capacity (about 117.0mg·g−1) is reached under a
weakly acidic medium (pH 5). With the pH switch from
neutral (pH 7) to alkaline (pH 13), the adsorption capacity
drops sharply to zero. +is indicates that electrostatic at-
traction and repulsion dominate the interaction between the
adsorbent and adsorbent at pH 5 and pH 13, respectively. It is
well known that Congo red is a typical anionic diazo dye (pKa
4.5) with two sulfonate functional groups, while the poly-
aniline is positively charged when the pH value is lower than
10 as its isoelectric point is as high as 10 [20]. At lower
ambient pH (pH 3), therefore, the decrease in dye adsorption
is likely due to the electrostatic repulsion between adsorbate
and adsorbent, both positively charged. As the pH increases,
the electrostatic attraction is the main force for the adsorption
of dye in the solution (pH 5). When the pH of the reaction
solution exceeds the isoelectric point of GluP composites, the
adsorbents become negatively charged and cause a decrease in
dye adsorption capacity, especially under strongly alkaline
conditions (pH 13). +is also means that the dye molecules
can be eluted, and the adsorbent can be regenerated at a high
pH value. Besides, previous studies have also found that the
zwitterionic dye molecules tend to aggregate under alkaline
conditions, thereby further hindering the adsorption of dye.

Figure 7(b) plots the curve of adsorption capacity at
different initial dye concentrations. It is evident that the
removal efficiency increases gradually with increasing initial
dye concentration in the range of 10–100mg·L−1. When the
dye concentration is further increased to 200mg·L−1, the
adsorption capacity of the adsorbent does not increase any
further. +e reason for this is that there are sufficient ad-
sorption sites on the surface of the GluP adsorbent at lower
initial concentrations, and as the concentration of the added
dye increases, the adsorption sites are gradually saturated.
+at can also be explained by an increase in the adsorbate to
adsorbent ratio [18]. Previous studies have found that the
initial dye concentration is the main driver of mass transfer
from the solution to the adsorbent [21]. With higher initial
dye concentrations, the driving force for adsorption is
greater, resulting in a stronger affinity of dye molecules to
the adsorbent surface. At higher dye concentrations, the
decrease in CR adsorption suggested that GluP may be
approaching the saturation limit of adsorption [22]. On the
other hand, the conductive state of polyaniline (emeraldine
salt) contains a considerable quantity of amine and imine
functional groups and interacts with some metal ions. Based
on this consideration, GluP has been further studied for the
removal of heavy metal ions (Cr6+, Pb2+, and Ni2+) from

aqueous solutions (Figure 7(c)). It can be seen that the
adsorption capacity for Cr6+ is 60.0mg·g−1 with a removal
efficiency of 100%. For Pb2+ and Ni2+, the adsorption ca-
pacities are about 40mg·g−1 with removal efficiencies of
around 67% under identical conditions. +is result also
implies that the GluP has a good adsorption capacity for
hexavalent chromium.

3.3. Adsorption Behavior of GluP. To evaluate the possible
mechanisms of adsorption, the adsorption kinetics of CR
onto GluP were fitted by the pseudo-first-order (PFO) and
pseudo-second-order models (PFO), as shown in equations
(3) and (4), respectively.

qt � qe 1 − e
− k1t

 , (3)

qt �
k2q

2
e t

1 + k2qet
, (4)

where qt and qe are the adsorption capacity (mg·g−1) at time t
(min) and equilibrium and k1 (min−1) and k2 (g mg−1·min−1)
are the rate constants of PFO and PSO, respectively.
Figure 8(a) illustrates the plots of qt versus t for PFO and
PSO models. +e equilibrium adsorption capacity, rate
constant, and correlation coefficients are determined by
corresponding kinetic models, and the results are presented
in Table 2. According to the results, it is clearly demonstrated
that this adsorption process fitted well with both pseudo-
first-order and pseudo-second-order models, while the
theoretical qe value (110.4mg·g−1) calculated by the PFO
model agrees better with the experimental data
(112.0mg·g−1) compared with the PSO model
(115.4mg·g−1). +erefore, the pseudo-first-order model is
more suitable for describing the adsorption kinetic behavior
of GluP on dye CR [18, 23].

+e adsorption isotherms of Congo red on GluP were
obtained at a constant temperature as shown in Figure 8(b).
+e experimental data were fitted by two well-known
adsorption isotherm models, including Langmuir and
Freundlich. +e Langmuir model is commonly used to
describe monolayer adsorption processes at homogeneous
sites of the adsorbent, and the form can be represented by
equation (5), while the latter describes multilayer ad-
sorption on a heterogeneous system and can be defined by
equation (6).

Ce

qe

�
1

KLqm

+
Ce

qm

, (5)

qe � KFC
1/n
e , (6)

Table 1: Adsorption efficiency for different dyes.

Dye λmax (nm) Dye nature Adsorption (mg/g)
CR 499 Anionic 112.0
OG 478 Anionic 69.2
IC 609 Anionic 66.8
MO 464 Anionic 54.8
CV 588 Cationic 50.0
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where Ce (mg·L−1) is the equilibrium concentration of dye
and qm (mg·g−1) is the maximum adsorption capacity. KL
(L·mg−1) and KF (mg1−(1/n)·L1/ng−1) are constants for
Langmuir and Freundlich models, respectively. All corre-
sponding parameters are calculated by these two isotherms,
and the results are listed in Table 3. As we can see, the
correlation coefficient (R2) of the Langmuir model (0.99) is
better than that of the Freundlichmodel (0.97), and the value
of n is less than 2, which suggests that the adsorption be-
havior of CR onto the as-synthesized GluP follows the
Langmuir monolayer adsorption model [18, 24]. +e the-
oretical maximum adsorption capacity calculated by equa-
tion (5) is 955.6mg·g−1 with 0.25 g·L−1 adsorbent at 298K.
+erefore, the glutamate acid-doped polyaniline is a
promising adsorbent for dye (especially Congo red)
wastewater treatment. As shown in Table 4, the maximum
adsorption capacity of different polyaniline-based adsor-
bents for Congo red was compared with the values from
other reported results.

Moreover, the adsorption behavior of Congo red on
GluP composites at different temperatures was also in-
vestigated for a better understanding of the adsorption
process and the underlying mechanisms. +us, three sets of
adsorption experiments were carried out at three different
temperatures (323, 333, and 343 K). +e thermal param-
eters, for instance, the change of Gibbs free energy (ΔG),
enthalpy (ΔH), and entropy (ΔS), were calculated by fitting
the data to the following thermodynamic equations (7) and
(8) [3]:

ΔG � −RT ln K, (7)

ln K � −
ΔH
RT

+
ΔS
R

, (8)

whereR is the universal gas constant (8.314 J·mol−1·K−1),T is the
absolute temperature in Kelvin, and K represents the thermo-
dynamic equilibrium constant (L·mol−1). +e corresponding
thermodynamic parameters are presented in Table 5. As can be
seen, the values of ΔG (kJ·mol−1) were negative (−12.54, −14.93,
and −17.80kJ/mol at 323, 333, and 343K, resp.) and decreased
with increasing temperature in all tests. +ese results indicated
that the adsorption process was favorable and spontaneous.
Meanwhile, the values of ΔH and ΔS for GluP were
74.57kJ·mol−1 and 0.27kJ·mol−1, which implies that the ad-
sorption process for Congo red dye molecule was endothermic.
+is also reflects a good affinity between the adsorbent and the

adsorbate during adsorption. Additionally, the positive value of
ΔS also represents a good affinity between adsorbent (GluP
composites) and adsorbate (Congo red) [3, 30].

3.4. Adsorption Mechanisms and Recyclability Study. In
general, the main driving forces for the dye adsorption
process are combined intermolecular interactions, including
hydrogen bonding, π-π stacking interaction, and electro-
static attraction/repulsion. +erefore, the adsorption ca-
pacity is closely related to the chemical structure and
external environment of adsorbent and adsorbate. If the
electrostatic interaction dominates in Congo red dye mol-
ecule adsorption process in aqueous solution, the GluP
composites will exhibit a lower adsorption capacity due to
electrostatic repulsion between adsorbent and adsorbate at
pH 3 because the amine and imine functional groups of
polyaniline and Congo red are positively charged in such an
acid environment. However, this speculation does not match
the experimental data since the adsorption uptake of GluP
composites was maintained at a fairly high level at pH� 3
(Figure 7(a)). On the other hand, intermolecular hydrogen

Table 2: Kinetic parameters for the adsorption of CR on GluP at 298K.

Adsorbent
Pseudo-first-order model Pseudo-second-order model

qe (mg·g−1) k1 (min−1) R2 qe (mg·g−1) k2 (g mg−1·min−1) R2

GluP 110.35 0.14 0.99 115.41 0.14 0.99

Table 3: Langmuir and Freundlich isotherm fitting parameters at 298K.

Adsorbent
Langmuir Freundlich

KL (L·mg−1) qm (mg·g−1) R2 n KF (mg1−(1/n) L1/ng−1) R2

GluP 0.007 955.6 0.99 1.61 36.9 0.97

Table 4: Comparison of the adsorption capacity of different ad-
sorbents for Congo red.

Entry Materials Maximum adsorption
capacity (mg/g) References

1 PANI 250.01 [25]
2 GS/PANI/Fe3O4 248.12 [26]

3 pTSA-pani@GO-
CNT 66.66 [27]

4 PANI@TiO2
PANI@SiO2 93 71 [28]

5 PANI-GO-Fe3O4 252.67 [29]

6 PNHM/MnO2/
Fe3O4

599.49 [30]

7 PANI nanotubes 955.6 +is work

Table 5: +ermodynamic parameters for removal of Congo red by
GluP (adsorbent: 0.25 g·L−1; dye: 60mg·L−1; pH� 7; and volume:
20mL).

Adsorbent ΔG (kJ·mol−1) ΔH
(kJ·mol−1)

ΔS
(kJ·mol−1·K−1)

GluP 323K 333K 343K
−12.54 −14.93 −17.80 74.57 0.27
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bonding of dye molecules usually results in multilayer ad-
sorption [3], while the adsorption of Congo red follows the
Langmuir monolayer adsorption model based on previous
results (Table 3). +is indicates that hydrogen bonding is not
the dominant force for adsorption. According to the above
analysis, the most likely driving force for Congo red is the
π-π stacking interaction between benzene rings of poly-
aniline and dye molecules. Specifically, electrostatic attrac-
tion also plays an important role in dye adsorption, and
hydrogen bonding will also be involved in dye-binding
(Figure 9).

From a practical application point of view, the reus-
ability of the adsorbent is an important indicator. After
adsorption of the Congo red dyes, PANI and GluP

composites were washed appropriately with dilute NaOH
solution (1 M) and regenerated by washing with HCl so-
lution (1 M) and rinsed with deionized water. Subse-
quently, the two adsorbents were recovered by
centrifugation and dried in the oven overnight at 60°C.
+en, the next round of the same adsorption experiments
was repeated several times. +e cycle stability of adsorbents
was monitored and analyzed by UV-Vis absorption
spectrometry, as shown in Figure 10. +e results show that
GluP still has a very high adsorption efficiency and no
significant decrease was observed after five consecutive
adsorption cycles. On the contrary, the removal efficiency
of pure polyaniline nanomaterials (PANI) rapidly de-
creases to 74% after two repeated experiments. As the
number of cycles further increases, the removal efficiency
rapidly drops to zero (during the fourth cycle). +is
demonstrates that glutamic acid-doped polyaniline nano-
tubes (GluP) have much better cycle stability than pure
polyaniline nanomaterials (PANI) and possess more
promising applications.

4. Conclusions

In conclusion, we have successfully prepared an amino acid-
doped polyaniline-based adsorbent material with a hollow
tubular structure. In the adsorption experiments, the ad-
sorbent presented a good dye removal capacity, as well as
better adsorption efficiency for anionic dye molecules. +e
maximum adsorption capacity was around 117.0mg·g−1 at
pH 5. Besides, the GluP nanocomposites also have excellent
adsorption capacity for metal ions, especially hexavalent
chromium with an equilibrium adsorption capacity of
60.0mg·g−1. +e adsorption kinetic behavior of GluP was in
line with the pseudo-first-order model and Langmuir
monolayer adsorptionmodel for the dye Congo red at 298K.
In particular, the material did not significantly reduce the
adsorption capacity after five reuses and showed good
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Figure 9: Plausible mechanism of Congo red adsorption by GluP composites.
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recycling performance. +us, this work not only offers a
simple method to prepare polyaniline-based nanomaterials
but also presents a promising adsorbent for organic dyes and
heavy metal ions.
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Lignocellulosic biomass is the potential raw material for the production of biofuels through pyrolysis. It is an effective technique
for converting biomass to biofuels. However, biofuel from agricultural residues and woody-based feedstocks shows poor fuel
properties due to higher oxygen content. Co-pyrolysis is a promising process to produce high-quality bio-oil by two or more
different materials. Forestry, industrial, and agricultural outcomes are the ideal co-feedstocks for improved bio-oil quality. In
this study, individual and co-pyrolysis of hardwood, pressed mustard oil cake and corncob were conducted at a temperature of
500°C. Before conducting pyrolysis experiments, thermogravimetric analysis was conducted to evaluate thermal degradation
behavior. Through individual pyrolysis, corncob yielded a maximum bio-oil of 43.9 wt%. On the other hand co-pyrolysis on
binary blends of hardwood and corncob produced maximum bio-oil of 46.2 wt%. Compared to individual pyrolysis, the binary
blend produced more bio-oil, suggesting a synergistic effect between hardwood and corncob. The decreased bio-oil yield of
40.1 wt% during co-pyrolysis of ternary blends suggests negative synergistic effects prejudiced by the volatiles available in the
biomass mixture. The improved quantitative synergistic results in the co-pyrolysis process give crucial information for the
development of feed-flexible, higher bio-oil production and clean operating systems. The characterization studies on bio-oil by
Fourier transform-infrared spectroscopy (FTIR), gas chromatography–mass spectrometry (GC-MS), and 1H NMR spectroscopy
have shown that the bio-oil is a combination of aliphatic and oxygenated compounds. The analysis of the heating value shows
that the bio-oil can be utilized as a fuel for heating applications.

1. Introduction

The rapid development of industrialization, the growth of
the population, and the shortage of fossil fuels encouraged
researchers to find novel alternative energy sources. Accord-
ing to a study conducted in 2009, the availability of coal is
decreasing fast and will reach zero in 2112, and it will be

the only fossil resource after 2042 [1]. At present, numerous
efforts are ongoing to identify environmentally friendly
alternative energy sources. Out of many other alternative
energy sources, research on biomass energy has played a sig-
nificant role. More than half of the research on renewable
energy technologies over the past two decades has concen-
trated on bioenergy (56%) and solar energy (26%) [2]. The
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abundant availability of biomass throughout the world can
support researchers by creating higher research opportuni-
ties. The global available biomass per year was estimated to
be 220 billion tonnes [3]. The availability of total biomass
resources in a country varies depending on weather condi-
tions and agricultural activities. But compared to solar and
wind, it is not a seasonable one. In many countries, biomass
is widely used for generating biofuels and chemicals.

In India, biomass is considered an important energy
source in view of the benefits it offers. Biomass provides
for more than 32% of global primary energy consumption,
and about 70% of the world’s population relies on it for their
energy needs. It is estimated that more than 750 million
metric tonnes of waste biomass are generated per year and
a surplus of 230 million metric tonnes of biomass is pro-
duced from agricultural processes [4]. Bioenergy is a strong
alternative for addressing energy demand as well as emission
challenges due to carbon neutrality [5]. In this context, ther-
mochemical conversion has been considered a promising
option in recent years due to its efficient usage [6]. Pyrolysis
is one of the most popular thermochemical conversion pro-
cesses and has attracted much attention because of the pro-
duction of high value-added elements and its effective
utilization [7]. Biomass is a lignocellulosic substance that is
composed mainly of cellulose, hemicellulose, and lignin. In
pyrolysis, at elevated temperatures, the macromolecules of
the biomass will decompose in an inert atmosphere, leading
to the generation of liquid oil, char, and gas [8]. Lignin is the
most stable component which does not degrade at low tem-
perature. In some cases, it decomposed when the tempera-
ture reached 700°C [9]. Cellulose and hemicellulose are the
two polysaccharides which decompose between tempera-
tures of 300 and 400°C. Pyrolysis of higher lignin biomass
materials involves endothermic reactions; on the other hand,
pyrolysis of lower lignin biomass materials involves an exo-
thermic reaction [10]. Furthermore, it is evident that lignin
is the primary determinant for decomposition and yield.
According to Di Blasi and Branca [11], cellulose and hemi-
cellulose are the causes of the formation of pyrolysis oil,
whereas lignin promotes char and gas products. Due to
increased energy density and easier transportation, pyrolysis
oil has received a lot of interest among these products. The
quantity of biofuel and its properties is generally influenced
by feedstock characteristics and the method of pyrolysis
[12]. At the same time, major parameters of the pyrolysis
process, including reactor temperature, heating rate, resi-
dence time, size of the feedstock, and flow rate of the sweep-
ing gas, also influence the yield quantity as well as quality.

Co-pyrolysis is the alternative technique of using two or
more different feedstocks to improve the quality of bio-oils.
Several studies have focused on employing various types of
feedstocks for the co-pyrolysis process and have achieved
good results [13]. The interaction between the raw materials
and synergistic effects is influencing the yield percentage of
the bio-oil [14]. Sowmya Dhanalakshmi et al. [15] utilized
palm shell and lemongrass for the co-pyrolysis process and
produced 47.10wt% of pyrolysis oil. Hope et al. [16] con-
ducted a co-pyrolysis process by blending three different
biomasses such as sugarcane bagasse, poppy capsule pulp,

and rice husk. Through individual pyrolysis, sugarcane
bagasse pyrolysis yielded a maximum bio-oil of 27.4%. But
co-pyrolysis of these biomass materials yielded more bio-
oil than individual pyrolysis due to synergistic interactions.
Wood and agricultural residues are the common feedstocks
used for pyrolysis process. In many studies, wood and wood
wastes are combined with many feedstocks to produce bio-
fuels. Chen et al. [17] combined wood wastes with municipal
sewage sludge for the production of biochar at 800°C.
Echresh Zadeh et al. [18] utilized hardwood and softwood
for bio-oil production. The obtained oil through this study
was 30.2wt% and 24.4wt%. Co-pyrolysis of coal, rice straw,
and wood was conducted by Krerkkaiwan et al. [13] in order
to analyze the synergetic effect. During the reaction, the syn-
ergistic effect was obtained by transferring OH and H radi-
cals. Samanya et al. [19] conducted co-pyrolysis
experiments on a combination of sewage sludge, hardwood,
rapeseed, and straw. In this study, the biomass fuel types had
a significant impact on the co-pyrolysis process and bio-oil
yield.

The goal of this research is to utilize hardwood, pressed
mustard oil cake, and corncob straw for the co-pyrolysis
process. These three feedstocks are obtained from forestry,
industrial, and agricultural processes. To the best of our
knowledge, there were no studies concentrated on the com-
bination of woody, industrial, and agricultural wastes. The
experiments are conducted on individual, binary, and ter-
nary blends with the aid of a fixed bed reactor. The work is
also aimed to find the interaction of the selected feedstock
on the co-pyrolysis process and characterization of the bio-
oil products.

2. Materials and Methods

2.1. Materials. The feedstocks used for this study are hard-
wood, pressed mustard oil cake, and corncob which belong
to forestry residues, industrial by-products, and agricultural
outcomes. The wooden chips are collected from a nearby
saw mill; de-oiled cakes are collected from oil industries;
and corncob are collected from nearby agricultural fields in
Coimbatore, India. All three types of feedstocks were col-
lected in a separate bag and stored in the laboratory. Before
conducting the experiments, the samples were dried in open
sunlight for more than a week. The dried samples are then
milled and sieved into <0.5mm in diameter. The sieved
samples are further heated to dry for 1 hr at ±100°C to
reduce moisture prior to the experiments. The tests were
carried out by following ASTM standards. The CHNS ana-
lyzer (Elementar Vario EL-III) was employed to find its
component analysis.

2.2. Reactor Set Up. The reactor employed for this investiga-
tion is a batch type fixed bed type. It mainly consists of a
reactor, a condenser, and an oil and gas collecting system.
The reactor has a 100mm diameter and 150mm length.
The reactor is well insulated and heated by using an electri-
cal heater. The temperature of the reactor is controlled by a
PID controller and measured using K type thermocouples
located at two points. The exit of the reactor is connected
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to the condenser unit. The surplus of ice water (5°C) is sup-
plied to the condenser. During experimentation, the connec-
tion was ensured with no tar deposition.

2.3. Experimental Procedure. For each experiment, 60 grams
of samples was prepared and loaded into the reactor. For
individual pyrolysis, 60 grams of samples was loaded directly
into the reactor core. For the co-pyrolysis process, binary
blends were prepared by mixing two samples at a ratio of
1: 1 (30 + 30 grams). For ternary blends, the samples were
blended at a 1 : 1 : 1 ratio (20 + 20 + 20 grams). The reactor
was heated to 500°C with a heating rate of 10°C and kept
for 30min to complete volatilization. A total of 7 experimen-
tal runs were conducted using individual, binary, and ter-
nary blends under the same experimental conditions.
Table 1 displays the current experimental conditions used
for this study. The experiments were conducted until no
vapor was visually obtained from the reactor. The condensed
oil is saved in a separate beaker and weighed. The char is col-
lected separately and weighed after the reactor is cooled to
an atmospheric temperature. The mas of the gas fractions
were calculated by mass difference. In order to check the
repeatability of the experimental yields, the experiments
were conducted three times under the same operating condi-
tions, and the average yield value was taken into
consideration.

2.4. Characterization Study and Product Analysis. The ther-
mogravimetric study was conducted using the TGA-701
analyzer. This analysis was performed to examine the ther-
mal behavior of the selected three biomass materials by mea-
suring their degradation rates with respect to temperature
and time. The analysis was conducted under a nitrogen envi-
ronment by feeding 5mg of sample into the furnace. The
flow rate of the N2 was maintained at 50mL/min. In this
study, the feedstocks are heated from atmospheric tempera-
ture to 600°C at the constant heating rate of 10°C/min. The
data obtained from this study was also used for an extended
kinetic and thermodynamic study [20]. The elemental com-
position of the samples and oil products was measured with
the help of the Elementar Vario EL-III. The heating value of
the oils is found by a Parr-6772 bomb calorimetric ther-
mometer. The FT-IR analysis of the oil was carried out using
a BRUKER TENSOR 27 FTIR spectrometer. The spectra
were recorded over a range of 400–4000 cm-1. For this anal-
ysis, the oil sample was diluted in KBr plate. The organic ele-
ments present in the oil were analyzed by Thermo MS DSQ
II spectroscopy. For the analysis, helium gas was used as the
carrier gas, and the column flow rate was fixed at 1mL/min.
The separation was done on a DB-35 column. The isother-
mal program of the oven was set to 50°C at the initial condi-
tion and raised to 250°C with standard increment of 5°C/
min. The detailed operating condition of the GC is given
in Table 2. The NIST library of mass spectra was used to
identify the compounds. The 1H NMR analysis of the water
free bio-oil was recorded with the help of the Bruker
Ultrashield-400 and a high-performance digital FT NMR
spectrometer.

3. Results and Discussion

3.1. Materials Characterization. Table 3 illustrates the find-
ings of the proximate and ultimate analysis of the selected
samples, and Table 4 shows the properties of blended feed-
stocks. The properties in Table 4 are calculated by arithmetic
mean value. From Table 3, it is observed that the weight per-
centage of carbon and hydrogen in corncob is high com-
pared to the other two materials. At the same time, sulfur
and nitrogen contents were identified as low when compared
to hardwood and mustard oil cake. The hydrogen content of
mustard oil cake is higher than hardwood and corncob.
Compared to corncob and hardwood, the nitrogen content
of mustard oil cake is higher. Proximate analysis is a realistic
and more helpful way to determine the efficiency of any bio-
mass material for biofuel production [21]. Volatile matter
and fixed carbon are the two important indicators for pyrol-
ysis biofuel. The higher volatile matter in the sample
enhances the production of bio-oil and gas fractions.
Whereas the presence of higher fixed carbon provides most
biochar, it boosts the carbon conversion rate [22]. The mois-
ture in the biomass restricts heat transfer to the core of the
material and decreases the overall efficiency of the process
[23]. The moisture content in mustard seed cake is identified
as 10.76wt% which is slightly more than hardwood and
corncob. When the ash content of the materials was consid-
ered, it was found that mustard oil cake contained a higher
ash percentage (6.9wt%). A higher ash percentage in the
sample always decreases the yield of biofuel.

3.2. Thermogravimetric Analysis

3.2.1. Thermogravimetric Analysis of Individual Biomass.
The TGA and DTG analysis of three selected individual bio-
mass and their mixtures are carried out under a nitrogen
environment as shown in Figures 1 and 2. Around 5% to
8% of mass loss was obtained due to the evaporation of
moisture between 30°C and 140°C. Sudden mass loss for
hardwood, mustard oil cake, and corncob appeared at
380°C, 320°C and 300°C, respectively, which represents the
release of volatiles. The volatiles during pyrolysis for all the
biomass samples were released in three steps. The initial step
is the evaporation of moisture content, whereas the second
phase is the release of volatiles due to the breakdown of mol-
ecules. The major destruction of mass was occurred for mus-
tard oil cake, hardwood, and corncob at 360, 375, and 380°C,

Table 1: Experimental conditions.

Pyrolysis type Feedstock

Individual pyrolysis

Hardwood

Mustard oil cake

Corncob

Co-pyrolysis

Hardwood + mustard oil cake

Hardwood + corncob

Mustard oil cake + corncob

Hardwood + mustard oil cake + corncob
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respectively. From the analysis, it was confirmed that all
three biomass materials were completely pyrolyzed at
470°C. After reaching this temperature, the constant weight
loss represents the burning of char particles until 650°C
[24]. The unburnt char obtained at the end of the study
was accounted to 22% for hardwood, 18% for mustard oil
cake, and 17% for corncob. The presence of higher volatiles
and lower ash in the corncob contributed to the rapid break-
down compared to the other two biomass materials. This is
also the same as the outcomes of the study conducted by
Munir et al. [25]. The peak at 250 to 350°C in the DTG anal-
ysis represents the decomposition of cellulose and hemicel-
lulose. Compared to lignin, cellulose and hemicelluloses
start to decompose at lower temperatures [26]. Extractives
and decomposition of cellulose and hemicelluloses followed

by lignin breakdown or char formation are the common
processes in biomass pyrolysis. From thermogravimetric
study, it can be understood that the maximum conversion
and reaction is found for all biomass materials between
250°C and 470°C. Overall, the selected materials for this
study have the potential to be converted into biofuels or
energy.

3.2.2. Thermogravimetric Analysis of Binary and Ternary
Biomass Blends. The TGA and DTG analysis of the binary
and ternary biomass blends is shown in Figures 3 and 4.
Similar to the individual biomass materials, the binary and
ternary blends were decomposed at temperature ranges from
150°C to 470°C. For all the blends, the maximum mass loss
occurred at a temperature between 350°C and 470°C. Com-
pared to other blends, the decomposition of the ternary
blend starts late at a temperature of 370°C. The higher
amount of volatile matter in the blend of hardwood and
corncob contributed to the rapid breakdown compared to
the other two binary and ternary blends. The char particles
obtained at the end of the analysis were accounted 20% to
24% for binary blends and 16% for ternary blends. From
the analysis, it was confirmed that all the blends were
completely pyrolyzed at 475°C.

3.3. Product Yields

3.3.1. Individual Pyrolysis Characteristics. The product yields
of hardwood, mustard oil cake, and corncob pyrolysis are
shown in Figure 5. The temperature of the reactor has a sub-
stantial impact on both conversion and bio-oil production.
Due to lower heat transfer phenomena, lower temperatures
say below 350°C are always preferred for the production of

Table 2: GC-MS condition.

Instrument GC-MS

Make Thermo MS DSQ II

GC condition

Column DB-35

Dimension 30m × 0:25mm × 0:25 μm
Injection mode Split type

Spit ratio 10

Injection temperature 200°C

Flow control mode Linear velocity

Column flow 10ml/min

Carrier gas Helium

Column oven temperature 70°C

Column oven temperature progress

Rate Temperature in °C Hold time in m

— 70 5

10 250 7

MS conditions

Ion source temperature 200°C

Interface temperature 250°C

Scan range 50–650m/z

Table 3: Material characteristics.

Parameters Hardwood Mustard oil cake Corncob

Proximate analysis (wt%)

Volatile matter 70.15 66.32 70.85

Fixed carbon 15.30 16.02 16.90

Moisture content 6.3 10.76 8.75

Ash 5.4 6.9 3.5

Ultimate analysis (wt%)

C 46.21 41.21 40.15

H 6.4 7.20 5.95

N 2.1 6.41 1.21

S 0.3 0.9 0.2

O (by difference) 45.0 45.18 52.49
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higher char. When the temperature exceeds 600°C, most of
the reaction products are noncondensable gases. Higher
gas products at higher temperatures are due to the secondary
cracking of the pyrolysis vapors. Prepyrolysis is the initial
stage of material degradation, which occurs between 120°C
and 200°C. The removal of moisture, the bond breaking,
and the formation of free radicals occur during this stage.
Pyrolysis of cellulose begins below 100°C and is character-

ized by a decrease in the degree of polymerization. During
heating, the hemicellulose decomposes faster than cellulose
at a temperature between 200°C and 250°C compared to cel-
lulose between 240°C and 350°C [27]. The decomposition of
cellulose and hemicellulose is the main reason for the forma-
tion of the maximum bio-oil yield. Generally, more char
yield can be obtained by decomposing the feed particle at a
lower temperature, which happens at heteroatoms inside

Table 4: Properties of blended feedstock.

Volatile matter Moisture content Ash

Hardwood + mustard oil cake 68.23 8.53 6.15

Hardwood + corncob 70.5 7.52 4.45

Mustard oil cake + corncob 68.58 5.2 5.2

Hardwood + mustard oil cake + corncob 69.1 8.63 5.26
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Figure 2: DTG analysis of individual biomass.
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the structure [28]. The extensive disintegration of biomass
material at high temperatures induces high molecular dislo-
cation and produces a variety of chemical components.
According to the literature [29–31], massive conversion of
biomass to bio-oil and its fragments occurs when the reac-
tion temperature is kept between 400 and 500°C. The exper-
iments in this phase are conducted under the same operating
conditions of 500°C with a heating rate of 20°C/min. In the
experiments, corncob produced a higher bio-oil of
43.9wt%, whereas hardwood and mustard oil cake yielded
42.4wt% and 40.5wt%, respectively. The higher volatile
matter present in the corncob may be the reason for yielding
maximum bio-oil. According to Asadullah et al. [32], volatile
matters are transformed into bio-oil as they condensate, and
feedstock substantially improves the yield of bio-oil. The
increased bio-oil production from corncob could be attribut-
able to the presence of higher cellulose and hemicellulose.
They are highly volatile and help in the formation of bio-

oil [33]. The lower bio-oil from hardwood and mustard oil
cake attributed to the presence of lower volatile matters
compared to corncob. In addition to that, there is a strong
relationship between bio-oil production and ash in the bio-
mass materials. Ash in the biomass is generally favored for
char production [34]. Ash is a noncombustible material
and remains in solid form. The higher percentage of ash in
mustard oil cake produced the most of char during pyrolysis.
Hardwood, mustard oil cake, and corncob produced maxi-
mum char yields of 24.2wt%, 23.2wt%, and 22.8wt%,
respectively. It is also confirmed that hardwood produces a
maximum char of 24.2wt% since it has higher ash content.
The amount of gas produced from mustard oil cake is
36.3wt%. The production of noncondensable gas from hard-
wood and corncob is almost the same.

3.3.2. Co-pyrolysis Characteristics with Binary Blends.
Figure 6 shows the product yields during co-pyrolysis
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utilizing binary blends. During the co-pyrolysis process, a
maximum bio-oil yield of 46.2wt% is acquired from the
combination of hardwood and corncob. For this combina-
tion, there is no synergistic effect identified for gas yields.
The amount of gas produced in this combination is equal
to the arithmetic mean of the gas produced from individual
pyrolysis. There is a negative synergistic effect on char yield
with increased bio-oil yield. When hardwood is pyrolyzed
individually, it produces 42.4wt% of bio-oil, while corncob
produces 43.9wt% of bio-oil. But the combination of these
two materials yielded 46.2wt% of bio-oil, which is more than
the arithmetic mean value of bio-oils obtained from individ-
ual feedstocks. Co-pyrolysis of hardwood with mustard oil
cake and corncob with mustard oil cake produced 41.3 and
46.2wt% of bio-oil, respectively. The production of bio-oil
from hardwood and corncob combined with mustard oil
cake is lower due to the lower volatile content in the com-
bined feedstocks. It is clearly identified in Table 4. The
higher ash content with the combination of hardwood and

mustard oil cake produced more char products than other
combinations, which is reliable from previous studies [35,
36]. During the co-pyrolysis reaction, radical interactions
can have synergistic effects. It is based on the composition
of the biomass material, temperature, heating rate, and
hydrogen exchange [37]. Among them, blending feedstock
is a crucial one that can have a substantial impact on syner-
gistic effects, and it can be modified complicatedly [38].

3.3.3. Co-pyrolysis Characteristics with Ternary Blends.
Figure 7 illustrates the product yields during co-pyrolysis
utilizing a ternary blend. In this phase, the production of
bio-oil is decreased compared to binary blends. There is a
negative synergistic effect on bio-oil yield with increased
char and gas production. When hardwood is pyrolyzed indi-
vidually, it produces 42.4wt% of bio-oil, mustard oil cake
produces 40.5wt% of bio-oil, and corncob produced
43.9wt% of bio-oil. But the combination of these three mate-
rials yielded 40.1wt% of bio-oil, which is lower than the
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arithmetic mean value of bio-oils obtained from individual
feedstocks. According to Zhu et al. [39], the negative syner-
gistic effects were prejudiced by the volatiles available in the
biomass mixture. The mechanism of the synergistic interac-
tion between biomass materials is unclear [40]. In ternary
blends, the total availability of volatile contents is 69.1wt%
which is less than the binary mixture of hardwood and corn-
cob, producing lower bio-oil. In this phase, positive synergy
was identified in gas production. When hardwood is pyro-
lyzed, 33.4wt% of gas is released, mustard oil cake produces
36.3wt% of gas, and corncob produces 33.3wt% of gas. But
the combination of these three materials yielded 37.4wt% of
gas which is 9.04% higher than the arithmetic mean value.
This may be owing to the catalytic effect of ash which pro-
motes secondary reactions. As a result, the produced bio-
oil was further degraded into gas products [41]. Previously,
Gong et al. [42] and Zhang et al. [43] showed a positive syn-
ergistic effect on gas products with decreased oil and char
yield during the co-pyrolysis process.

3.4. Calorific Value Analysis. Table 5 shows the results of the
higher heating value of all bio-oils. The bio-oil obtained
from hardwood and corncob blends shows a higher heating
value of 26.50MJ/kg. The observed higher heating value led
to a synergistic effect. The lower colorific value of the bio-oil
obtained from mustard oil cake is due to the presence of
higher oxygen content with lower volatile content [44].
Bio-oil with heating value of more than 20MJ/kg is recom-
mended for use as a low-energy fuel. For agricultural bio-
mass, which is actually good enough, the lower heating
value can be improved by various chemical processes.

3.5. Chemical Analysis. The chemical characterization study
to find the presence of functional groups and chemical ele-
ments was done by FTIR, GC-MS, and 1H NMR analysis.
The bio-oil acquired from co-pyrolysis of hardwood and
corncob was used for this analysis since it yielded the maxi-
mum bio-oil in this study.

3.5.1. FTIR Analysis. Figure 8 shows the FTIR spectra of the
bio-oil. As expected, the spectra show the occurrence of
alcohol, phenolic compounds, and carboxylic acid compo-
nents. In the spectra, O-H stretching vibrations between
3200 cm-1 and 3450 cm-1 indicate the existence of polymeric
hydroxyl compounds and alcohols. The aliphatic and aro-
matic C–H stretching vibrations appeared between 2800
and 3000 cm-1. The carbonyl groups were also seen in the
bio-oil between 1650 and 1750 cm-1. Alkenes and aromatic
chemicals are found in the sample between 1600 and
1650 cm-1. The bending vibration of the aliphatic C–H
groups also appears between 1350 and 1450 cm-1. The C–O
stretching and O–H bending vibrations appeared between
1200 and 1250 cm-1.

3.5.2. GC-MS Analysis. Table 6 shows the presence of vari-
ous chemical elements identified through GC-MS. These ele-
ments are identified with respect to retention time related to
peak area. More than 35% of phenols and their derivatives
are identified in this analysis. The degradation of lignin in
the feedstock may be responsible for the presence of these
phenolic elements. The bio-oil was found to be made up of
several functional groups, including aliphatic, aromatic,
ketone, ester, phenol, and fatty acids. Several processes, such
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Table 5: Heating value of the bio-oils.

Source Heating value

Hardwood 23.42

Mustard oil cake 15.30

Corncob 22.82

Hardwood + mustard oil cake 20.25

Hardwood + corncob 26.50

Mustard oil cake + corncob 19.65

Hardwood + mustard oil cake + corncob 17.10
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as dehydration, decarboxylation, and decarboxylation of the
biomass constituents, are responsible for the variety of
chemical compounds [45, 46]. The major identified com-
pounds are phenol 2,5-dimethyl-, phenol 2,6-dimethoxy-,

phenol 2-methoxy-4-vinylphenol, and 2-isopropyl-2,5-dihy-
drofuran with an area percentage of 11.40, 10.91, 8.22 5.41,
and 5.36, respectively. Phenols and their derivatives are
widely used in the cosmetic and food industries. Some of

5001000150020002500300035004000

Wave number (cm–1)

Figure 8: FTIR analysis of the bio-oil obtained from hardwood + corncob.

Table 6: GC-MS analysis of the bio-oil produced from hardwood + corncob.

RT/min Compound name Molecular name % area

5.31 2-Furanmethanol C5H6O2 2.11

6.26 2-Ethylhexyl benzoate C15H22O2 0.96

7.83 Trans-2-furanmethanol C5H6O2 4.52

10.25 d-Glucoheptose C7H14O7 0.44

15.26 Phenol, 2,5-dimethyl- C8H10O 11.40

17.56 Trans-propenylsyringol C11H14O3 1.05

19.22 Benzene C6H6 1.74

19.99 5-Hydroxymethyl-2-furaldehyde C6H6O3 4.30

21.11 Furfural C5H4O2 4.63

21.52 Cyclodecasiloxane, eicosamethyl- C20H60O10Si10 2.01

22.58 Phenol, 2,6-dimethoxy- C8H10O3 10.91

23.40 Methanol CH3OH 4.55

24.63 d-Mannose C6H12O6 0.77

25.09 Phenol C6H6O 8.22

26.24 2-(2,4,6-Trimethylphenyl)butylamine C13H21N 1.70

29.78 Linalyl 2-methylpropanoate C14H24O2 0.96

30.15 2,3,5-Trimethoxytoluene C10H14O3 1.82

31.12 Di-(2-ethylhexyl)phthalate C24H38O4 3.60

31.45 2-Methoxy-4-vinylphenol C9H10O2 5.41

31.84 Butanoic acid C24H34O6 1.72

32.94 Cyclopentanol C5H10O 3.33

34.88 2H-Pyran, 2-(2 heptadecynyloxy)tetrahydro- C22H40O2 3.75

35.45 1,2-benzendiol C6H6O 1.99

36.18 2-Isopropyl-2,5-dihydrofuran C7H12O 5.36

36.41 Oleic acid C18H34O2 3.12

37.70 4,5,6,7-Tetrahydrophthalimidine C8H11NO 0.22

37.98 Stigmasterol C29H48O 0.56

38.41 2,20-Dioxospirilloxanthin C42H56O4 3.07

39.14 Octadecenoic acid C18H36O2 2.04
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the elements identified are combustible and can be used as
biodiesel for energy and power production. The obtained
chemical elements are in good agreement with previously
published reports on wood-based biomass pyrolysis [47, 48].

3.5.3. 1H NMR Analysis. The structural determination of
chemical compounds requires 1H NMR studies. The 1H
NMR provides information about the proton environment.
Figure 9 shows the 1H NMR spectra of the bio-oil obtained
from hardwood and corncob. The presence of alkoxy,
ketone, olefinic, aromatic, and alcohol in the bio-oil is
revealed by this analysis at 0.5–2.5 ppm, 3–3.6 ppm, 4.2–
4.9 ppm, and 6.7–6.9 ppm. The obtained results are also con-
sistent with Kumar et al. [49], Yorgun and Yıldız [50], and
Soni and Karmee [51].

4. Conclusion

In this work, the co-pyrolysis of industrial and agricultural
biomass with wood wastes was examined to evaluate the
synergistic effects between the materials. Pressed mustard
oil cake and corncob along with hardwood were investigated
by preparing binary and ternary blends as lignocellulosic
representatives for individual and co-pyrolysis processes.
The co-pyrolysis of hardwood with corncob enhances the
conversion efficiency during pyrolysis. The highest degree
of synergy was perceived with hardwood with corncob
followed by mustard oil cake and corncob. The decrement
in bio-oil production with ternary blends suggested negative
synergistic effects opinionated by the lower volatiles in the
mixture. Co-pyrolysis is a recommended approach for sus-
tainable energy production with improved carbon conver-

sion and volatile yield. The outcomes of the study
suggested to produce bio-oil with improved quality using
different lignocellulosic biomass that exhibited interaction.
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The production of methyl esters (biodiesel) by the transesterification of Podocarpus falcatus oil (PFO) with methanol was
optimized by response surface methodology (RSM) using the Box-Behnken design. The effects of parameters such as
temperature, reaction time, and alcohol/oil molar ratio using yield and viscosity as responses were investigated. The optimum
conditions for the production of biodiesel were as follows: temperature at 65°C, reaction time of 180min, and molar ratio of
10 : 1, while the minimum viscosity was obtained for a temperature of 50°C, a reaction time of 120min, and a molar ratio of
10 : 1. Physicochemical characterization by infrared spectroscopy (FT-IR) and UV visible spectroscopy showed that the free
fatty acid (FFA) content of Podocarpus oil was 1.9%, which is less than the maximum of 2% recommended for the application
of the one-step alkaline transesterification process. Also, the biodiesel obtained from the oil was seen to consist mainly of
methyl esters, and that its physicochemical characteristics are within the standard set by the American Standard for Testing
and Materials (ASTM).

1. Introduction

Despite its negative impact on the environment, the need for
fossil fuels has increased due to population growth and rapid
industrial development [1]. This situation has led to the search
for alternative energy sources that could be sustainable and
respectful of the environment [2]. Fossil fuels are one of the

most important energy sources, and they are widely used in
various industries such as transport and thermal power plants,
and their uses have caused serious pollution to the environ-
ment. Global crude oil demand in 2020 was estimated at
101.6 million barrels per day [3], while by 2040, aggregate
energy demand will be around 30% higher than they were in
2010 [4], with a resultant increase in the emission of
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greenhouse gases and the depletion of energy reserves. To
remedy these problems, there has been the need to look for
alternative energy sources.

Biodiesel, one of the main alternative fuels with low
greenhouse gas emissions, is one of such alternatives. It is
produced from various natural sources such as vegetable
oils, animal fats, and algae [4, 5]. There are several methods
for producing biodiesel from vegetable oils such as pyrolysis,
dilution, microemulsion, and transesterification [6]. Among
these methods, the transesterification process has been
found to be more efficient and economical due to its easy
implementation and relatively low cost [7]. During this pro-
cess (Figure 1), three conversion reactions occur: the conver-
sion of triglycerides to diglycerides, diglycerides to
monoglycerides, and finally, the transformation of monoglyc-
erides into glycerol. Each reaction uses one mole of alcohol in
the presence of a catalyst, which could be acidic or basic, to
chemically decompose the vegetable oil molecules into alkyl
esters with glycerol as a by-product [8–10].

The transesterification process is governed by the control
of several parameters that affect the desired product. It has
become increasingly difficult and more expensive to control
these parameters effectively by means of classical optimiza-
tions [11]. Current research is focusing on mathematical
models obtained from experimental design to overcome this
obstacle [10]. This method simultaneously studies the differ-
ent factors that influence the process and their interactions
with each other, while minimizing errors. The Box-Behnken
(BB) design in response surface methodology (RSM) is gener-
ally used to optimize parameters influencing the transesterifi-
cation reaction and using an appropriate software such as
Statgraphics or STATISTICA [12].

The price of edible vegetable oils is relatively higher than
that of diesel, and the use of these oils as a raw material for
biodiesel production competes with food [13] and is not eco-
nomical. Consequently, a solution is currently being sort
through the use second generation raw materials such as
inedible vegetable oils, used cooking oils, and animal fats.
Thus, the use of inedible oils reduces the dependence on
the use of edible vegetable oils for the production of biodie-
sel [14].

Podocarpus falcatus is an inedible oilseed species which
belongs to the Podocarpaceae family. It grows at an altitude
of 1,500-2,500m above sea level in areas of average annual
precipitation of 1,200-1,800mm [15]. This inedible oleaginous
plant is very abundant in Cameroon and can therefore be used
as a raw material for the production of biodiesel. However,
when we reviewed the literature, no work was reported on
the production of biodiesel from Podocarpus falcatus. The
novelty in the work is the search for the optimal conditions
of the reaction of alkali-catalyzed transesterification (KOH)
by response surface methodology to produce biodiesel.
Another novelty is in the use of Podocarpus falcatus oil
(PFO) as a new feedstock to produce biodiesel. The influence
of process parameters such as temperature, methanol/oil
molar ratio, and reaction time were investigated.

Different methods can be used to obtain PFO from its
seeds, namely, the traditional extraction method, mechanical
extraction, and chemical extraction [13]. Among these,

mechanical press methods are generally used to extract vegeta-
ble oils from oil plants with an oil content greater than 20%
[13]. Generally, this process has the advantages of having a
low production cost and the oil produced has low concentra-
tions of free fatty acids [16]. Table 1 shows the fatty acid com-
position of PFO.

The challenge of our work lied in the in-depth application
of the concepts of experiment methodology design, to study
the parameters affecting the production of biodiesel derived
from PFO, thus providing useful guidelines to promote the
sustainable uses of biomass in general.

2. Material and Methods

2.1. Materials and Chemicals. All chemicals used such as
methanol (99.9% purity), ethanol (98% purity), phenolphtha-
lein, diethylether, sodium hydroxide (85% purity), and potas-
sium hydroxide (85% purity) were purchased from Prolabo,
Sion, Switzerland.

The fruits of Podocarpus falcatus were collected from the
University of Dschang, Menoua Division in the West Region
of Cameroon.

The freshly harvested fruits were stripped of their endo-
carps, dried in open air, and then shelled to obtain almond
seeds. These almonds were further dried in the sun and then
subjected to mechanical pressing extraction at the Renew-
able Energy Laboratory of the Faculty of Agricultural Sci-
ences at the University of Dschang, Cameroon. About
300 g of raw materials was placed in a strong and perforated
metal “cylindrical cage” and pressed by the movement of a
piston. An iron tray was used in the cage to provide constant
pressure through the volume of material and to speed up the
oil extraction process. The compressed almonds were evacu-
ated through a circular opening located at the bottom of the
cage. The yield of the extracted oil was determined by the
formula used by Carr [16].

Yield %ð Þ = mass of oil extracted gð Þ
mass of sample gð Þ × 100: ð1Þ

Figure 2 gives the different forms of biomass used and
the oil obtained.

2.2. Biodiesel Production. Biodiesel was synthesized according
to the procedure reported by Hassan and Fadhil [17]. The
transesterification process was performed in a 100mL three-
necked round bottom flask. 50 g of oil was used in each of
the 15 experiments. For each experiment, the oil was carefully
transferred to the flask and preheated on a hotplate to its reac-
tion temperature. A solution of potassium methoxide was
freshly prepared and added to the preheated oil, and the mix-
ture was heated to reflux and stirred. After the transesterifica-
tion process, the mixture underwent separation in a separating
funnel for six hours. The upper phase containing the biodiesel
was washed several times with hot water to remove residual
impurities. After washing, the biodiesel phase was dried in
an oven at a temperature of 110°C for four hours to evaporate
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the traces of water and methanol. The methodology steps are
illustrated in Figure 3.

The yield of the biodiesel from the esterification reaction
was calculated according to the following equation:

Yield %ð Þ = mass of biodiesel produced gð Þ
mass of oil used gð Þ × 100: ð2Þ

2.3. Experimental Design. Three-factor design was applied
with a total of 15 experimental runs generated by the BB
design. The parameters selected for optimization were as fol-
lows: methanol/oil molar ratio, A; reaction time (min), B;
and temperature (°C), C. Table 2 shows the 15 experimental
runs generated. The reactions were carried out at various alco-
hol/oil molar ratios (6 : 1–10 : 1), reaction times (60min–
180min), and at temperatures (50–80°C). Potassium hydrox-
ide (KOH: 1wt.%) was used as a catalyst for all the transester-
ification reactions. The parameter ranges were selected on the
basis of a review of the literature [18, 19].

2.4. Statistical Analysis. The data obtained from the experi-
ments were analysed using the STATGRAPHIC 16 software,
and the response surfaces were plotted from version 8 of the
STATISTICA software. The BB design reduces the number
of experiments without loss of precision and more efficiently
assesses complex response functions compared to other
designs [20–22]. The number of experimental trials is esti-
mated by equation (3).

N = k2 + k + Cp = 32 + 3 + 3 = 15, ð3Þ

where k and Cp are the number of variables studied and
the number of points replicated, respectively [23]. Table 3 pre-
sents the parameters of independent variables using the BB
design.

The effect of the variables (x1 , x2, and x3) on the viscos-
ity and the yield of the product was evaluated using a second
order polynomial model given by equation (4) [24].

Y = a0 + 〠
k

i=1
aixi + 〠

k

i=1
aiix

2
i + 〠

k

i=1
〠
k

j=1
aijxixj + ε, ð4Þ

where Y is the response obtained, a0 is a constant, ai is
the linear effect of the input factor xi, aij defines a linear
interaction between the factors xi and xj, aii is the quadratic
effect of the factor xi, and ε is random error. The goodness of
the fit of the model was assessed using a test of significance
and analysis of variance (ANOVA).

The empirical model obtained was validated using the
STATGRAPHIC 16 software as an evaluation instrument.
The model is considered good when the experimental values
obtained are close to those predicted by the t-test and the p
value. In general, a model is validated when R2 is greater
than 75% or the p value ≤ 5%, with a confidence level of
95% [25].

2.5. Physicochemical Characterizations

2.5.1. Fourier Transform Infrared Spectrometry (FT-IR)
Analysis. The functional groups of the extracted oil and the
produced biodiesel were determined by FT-IR spectroscopy
using the Thermo Scientific Nicolet iS5 FT-IR spectrometer.
A few drops of each sample of biodiesel and oil were placed
in the previously cleaned sample compartment and scanned
using an IR spectrum of a wavelength range of 4,000-500 cm-

1, using the OMNIC Spectra software.

2.5.2. UV Spectroscopy Analysis. In order to study changes in
electronic energy levels, π electron systems, and conjugate
unsaturation within molecules present in Podocarpus falca-
tus oil and biodiesel, a Thermo Scientific UV/Vis spectro-
photometer, GENESYS 10S was used. The spectra scans
were 200-600nm, with a 1 cm quartz cuvette. All samples
were diluted in ethanol.

2.5.3. Physicochemical Properties of the Oil and Biodiesel
Produced. The objective of this characterization was to deter-
mine the physicochemical properties of the extracted oil and
the produced biodiesel in order to compare them with Euro-
pean (EN 14214) and American (ASTM D6751) standards.
These parameters were as follows: acid number, saponifica-
tion number, iodine number, cetane number, calorific value,
pour point, density, and viscosity. The reproducibility of all
the measurements was verified by repeating two experiments
under the same conditions.

H2C

HC

H2C O

O

O COR

COR + 3CH3OH

COR

Catalyst
H2C OH

HC

H2C OH

OH + 3R COOCH3

Triglyceride GlycerolMethanol Methyl esters
(Biodiesel) 

Acid or base 

Figure 1: General equation of the transesterification reaction.

Table 1: Fatty acid composition of Podocarpus falcatus oil [15].

Fatty acids Content (%) Saturation level

Palmitic acid (16 : 0) 8.87 Saturated

Stearic acid (18 : 0) 4.45 Saturated

Oleic acid (18 : 1) 78.94 Monounsaturated

Linoleic acid (18 : 2) 4.70 Polyunsaturated

Linolenic acid (18 : 3) 3.04 Polyunsaturated
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2.5.4. Determination of the Acid and the Free Fatty Acid
Levels. The acid level of the oil and of the biodiesel was
determined according to the protocol derived from the
AFNOR NF EN ISO660 standard of 2009. Briefly, 1.5 g of
sample was placed in a 250mL Erlenmeyer flask and then
supplemented with 50mL of a 1 : 1 (v : v) neutralized solu-
tion of ethanol and diethyl ether. The mixture was titrated
with an ethanolic solution of potassium hydroxide KOH
(0.1N) until the appearance of a persistent pink colour.
The values of the acid number (IA) and the free fatty acid
number (IFFA) were calculated using the formulas in equa-
tions (5) and (6):

IA =
N ×V × 56:1

m
, ð5Þ

IFFA = IA
1:99 :

ð6Þ

N is the normality of the ethanolic solution of KOH in
eq/L; V is the volume of the ethanolic KOH solution used
for the titration in mL; m is the mass of the test sample in
grams.

2.5.5. Determination of the Saponification Index. The sapon-
ification indices of the oil and the biodiesel were determined
according to the protocol derived from the AFNOR NFT60-
206 standard. Briefly, 1.5 g of fatty substance was placed in a
flask, followed by the addition of 20mL of alcoholic potas-
sium hydroxide solution (0.5N). The mixture was heated
at reflux in a water bath for 45 minutes until complete
saponification. After cooling, the excess KOH was titrated
with a solution of hydrochloric acid, HCl (0.5N) in the pres-
ence of phenolphthalein, until the pink colour of the solu-
tion turned colourless. A blank test was carried out
beforehand under the same conditions, by titrating the etha-
nolic solution of KOH in the absence of fatty substances.

(a) (b)

(c) (d)

Figure 2: Different forms of Podocarpus falcatus fruit and Podocarpus oil: (a) fresh fruits; (b) seeds before peeling; (c) seeds after peeling; (d)
P. falcatus oil.
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(a) (b)

(c)

Figure 3: Steps of (a) reaction, (b) settling, and (c) washing the biodiesel.
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The saponification index was calculated by formula (7):

IS =
V0 −V

m
×N × 56:1: ð7Þ

V0 is the volume of HCl (mL) required to titrate the
blank; V is the volume of HCl (mL) necessary to titrate the
sample to be analysed; N is the normality of HCl (eq/L); m
is the sample mass in grams for the test.

2.5.6. Determination of the Iodine Value. The AFNOR
NFT60-203 standard was used to determine the iodine num-
bers of oil and biodiesel according to the following protocol:
1 g of sample was introduced into a 250mL Erlenmeyer
flask, followed by addition of 15mL of carbon tetrachloride
and 25mL of Wijs reagent. The mixture was stoppered, stir-
red, and left in the dark for one hour. Then, 20mL of 10%
potassium iodide (KI) and 150mL of distilled water were
added to the mixture, and the excess iodine was titrated with
a sodium thiosulfate Na2S2O3 solution (0.1N) using starch
solution as an indicator. Equivalence point was identified
by the change in colour from a blue-violet solution to col-
ourless. A blank test was carried out in the same way.

The iodine number was calculated by the following for-
mula:

II =
V0 − V

m
× 126:9 ×N , ð8Þ

where V0 is the volume of sodium thiosulfate Na2S2O3
(0.1N) required to titrate in the blank test, V is the volume
(in mL) of sodium thiosulfate Na2S2O3 (0.1N) necessary to
titrate the sample, m is the test sample mass (in g), and N
is the normality in eq/L of Na2S2O3.

2.6. Determination of the Cetane Number. Biodiesel cetane
number (CN) was calculated by the correlation given by
Krisnangkura [26] relating the iodine number (II) and the
saponification index (Is), as shown by equation (9):

CN = 46:3 + 5458
IS

− 0:225 II: ð9Þ

2.6.1. Determination of the Calorific Value. The calorific
value (PC) of biodiesel was calculated from the model devel-
oped by Demirbas [27] using the iodine number (II) and the
saponification number (Is) as illustrated by equation (10):

PC = 49:43 − 0:015 IIð Þ − 0:041 ISð Þ: ð10Þ

2.6.2. Density Determination. The density of a substance is
defined as the mass of that substance contained in a fixed
volume, under the same well-defined temperature and pres-
sure conditions [28]. The respective masses of the oil and
biodiesel corresponding to well-defined volume were mea-
sured using a Sartorius balance. Knowledge of these masses

Table 2: Experimental matrix and theoretical experiments and responses.

Test
Temperature (°C)

(x1)
Time (min)

(x2)
Molar ratio

(x3)
Viscosity (mm2/s) Yield (%)
YV YV

∗ YR YR
∗

1 65.0 60.0 10.0 3.84 3.945 83.6 83.9725

2 65.0 120.0 8.0 4 4.12 96.1 95.2533

3 65.0 180.0 10.0 3.84 3.715 94.3 93.7875

4 65.0 180.0 6.0 4.64 4.765 87.12 86.7475

5 80.0 120.0 10.0 4.10 4.02 88.66 89.7725

6 65.0 120.0 8.0 4.08 4.12 95.40 95.2533

7 80.0 60.0 8.0 4.08 4.285 93.46 91.975

8 80.0 180.0 8.0 4.74 4.715 87.9 87.3

9 50.0 60.0 8.0 4.42 4.445 85.86 86.46

10 50.0 120.0 10.0 3.58 3.68 94.72 92.7475

11 80.0 120.0 6.0 5.54 5.54 91.22 92.1925

12 65.0 60.0 6.0 5.64 5.54 90.88 91.3925

13 50.0 120.0 6.0 4.72 4.8 92.82 91.7075

14 50.0 180.0 8.0 3.78 3.575 94.82 96.305

15 65.0 120.0 8.0 4.28 4.12 94.26 95.2533

x1: reaction temperature; x2: reaction time; x3 : alcohol/oil molar ratio; YV : experimental viscosity; YV
∗ : theoretical viscosity; YR : experimental yield; YR

∗:
theoretical yield.

Table 3: Parameter of independent variables used by the BB plan
for the optimization of oil transesterification of the oil Podocarpus
falcatus.

Variables Symbols Level
-1 0 1

Temperature (°C) A 50 65 80

Reaction time (min) B 60 120 180

Molar ratio C 6 : 1 8 : 1 10 : 1
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and volumes was used to determine the density and relative
density according to equations (11) and (12):

ρ = m
V
, ð11Þ

d = ρ

ρe
: ð12Þ

m is the mass of the sample in grams (g); V is the volume
of the sample in millilitres (mL); ρ is the density of the sam-
ple in grams per litter (g/L); ρe is the density of water (g/L).

2.6.3. Viscosity Measurement. The kinematic viscosity was
studied in accordance with standard ASTM 445, using a cap-
illary viscometer of the UBBELOHDE type, a viscometer
support allowing the instrument to be kept in a vertical posi-
tion, a bath equipped with a thermostat, a stopwatch to mea-
sure time, and a filter paper. For a given test temperature, the
viscosity was determined by the formula given by equation
(13):

η = k ∗ t, ð13Þ

where k is viscometer constant, t is the liquid flow time
in seconds, and η is viscosity in mm2/s.

3. Results and Discussion

3.1. Optimization by Response Surface Methodology. Several
parameters influence the transesterification reaction, the
most important of which are the temperature (x1), the reac-
tion time (x2), and the methanol/oils molar ratio (x3). The
regression surface equations and response curves were
obtained as a function of these three parameters.

3.1.1. Regression Equation for Methyl Esters and Viscosity. In
order to study the effects of the interaction between the
parameters affecting the transesterification reaction on the
response variables, yield, and viscosity, experiments were
carried out by varying these parameters and using the BB
design. The experimental results were fitted to the polyno-
mial equations for viscosity and methyl ester (biodiesel)
yield, which are presented in equations (14) and (15):

Ymethyl ester = 11:0006 + 1:10835 ∗ x1 + 0:280403 ∗ x2

+ 7:9725 ∗ x3 − 0:00296296 ∗ x1 ∗ x1
− 0:00403333 ∗ x1 ∗ x2 − 0:0371667 ∗ x1 ∗ x3
− 0:00102685 ∗ x2 ∗ x2 + 0:031375 ∗ x2 ∗ x3
− 0:587917 ∗ x3 ∗ x3,

ð14Þ

Yviscosity = 14:1944 − 0:0325185 ∗ x1 − 0:0419167 ∗ x2

− 1:39667 ∗ x3 + 0:000196296 ∗ x1 ∗ x1

+ 0:000361111 ∗ x1 ∗ x2 − 0:0025 ∗ x1 ∗ x3

+ 0:00000671296 ∗ x2 ∗ x2 + 0:001875 ∗ x2 ∗ x3
+ 0:0635417 ∗ x3 ∗ x3:

ð15Þ
In the above equations, a positive sign in front of the

terms indicates a synergistic effect while a negative sign indi-
cates an antagonistic effect. Therefore, temperature (x1),
reaction time (x2), molar ratio (x3), temperature-molar ratio
(x1x3), and time-molar ratio (x2x3) interactions played an
important role in increasing the yield, while the
temperature-time (x1x2) interactions and the quadratic
temperature-temperature (x1x1), time-time (x2x2), and
molar-molar ratio (x3x3) effects had a negative contribution
to the yield of the biodiesel. In addition, the effects of
temperature-time (x1x2), time-molar ratio (x2x3) interac-
tions, quadratic temperature-temperature (x1x1), and
molar-molar ratio (x3x3) increased the viscosity. Also, the
temperature (x1), the reaction time (x2), the molar ratio
(x3), and the temperature-molar ratio interaction (x1x3) pro-
moted the decrease in viscosity.

3.1.2. Analysis of Model Variance. The validation of the
model was made with the coefficient of determination R2,
which was 0.95 for the viscosity and 0.94 for the yield, thus
indicating that this model conformed with the experimental
results. Linear, quadratic, or interaction effects of variables
on responses were investigated using ANOVA. With regard
to Table 4, it can be seen that the variables which had a more
significant effect on the yield of biodiesel were the interac-
tions between temperature and the methanol/oil ratio and
between temperature and time where p < 0:05, followed by
the quadratic terms of reaction time and molar ratio, which
also had p < 0:05. We also note that the alcohol/oil molar
ratio had a more significant effect on the viscosity (p < 0:05
), followed by the reaction temperature and the interaction
between temperature and reaction time.

3.1.3. Study of the Effects of Factors on Viscosity. The varia-
tion in the viscosity of biodiesel as a function of the interac-
tion between reaction time and temperature is illustrated by
the 3D response surface curve, coupled to the contour dia-
gram, in Figure 4(a). This figure shows that the reaction time
is a factor that changes in the opposite direction to that of
the change in kinematic viscosity. When moving from low
values for the reaction time to high values (60min and
180min), we saw that the viscosity decreased significantly
from 5.54mm2/s to 3.78mm2/s. Since transesterification is
a reaction which greatly reduces the viscosity of oils, the high
viscosity observed at low reaction times could be due to
incomplete conversion of oil to methyl ester. Unreacted oil
could thus increase the viscosity of the biodiesel [29]. Fur-
thermore, the high viscosity observed after the optimum
reaction time could be attributed to side reactions, such as
saponification and esterification, since the reaction is revers-
ible and takes place in an alkaline medium. These phenom-
ena can lead to difficulties in separating the biodiesel layer
from glycerol [30]. These observations were similar to those
made by Chigozie et al. [31]. According to the American
material standard test (ASTM D9751), the standard viscosity
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of conventional diesel is around 1.9-2.6mm2/s. Therefore, a
viscosity value outside this range does not have the proper-
ties that can be adapted to a diesel engine [32].

Figure 4(b) further shows that the methanol/oil molar
ratio did not have a significant effect on viscosity. This was
also confirmed by the low value of the constant observed
compared to the molar ratio factor (x3) in equation (15).
This is not surprising, since after the reaction, the biodiesel
was completely separated from the glycerol.

3.1.4. Study of the Effects of Methanol/Oil Molar Ratio,
Reaction Time, and Temperature on the Biodiesel Yield. To
investigate the interaction effects of the parameters on the
reaction yield, two 3D response curves were plotted as
shown in Figures 5(a) and 5(b) obtained using RSM.
Figure 5(a) shows the interaction effect of reaction time
and molar ratio on biodiesel yield. With respect to this fig-
ure, we noticed that high yields of 96.1% were obtained at
relatively long reaction times of 120-180min and molar
ratios of 10 : 1 when the temperature was fixed at its average
value of 50°C. This high yield of methyl ester could be due to
the fact that the methanolysis of PFO is a reversible reaction
and depends on the stoichiometry of the reaction. Indeed, an
excess of alcohol in a molar ratio range 6 : 1 to 10 : 1 is
needed to push the equilibrium in the direction of methyl
ester production [33]. Moreover, for a very short reaction
time (60min), the low yields recorded could be explained
by incomplete reactions. The optimal reaction time
(180min) being the longest duration could be linked to the
moderate temperature, 50°C. It can be noticed that the inter-
action effect between reaction time and molar ratio has a
positive effect on the reaction yield, as shown in equation
(14). According to the results shown in Figure 5(b), the
highest biodiesel yield (96.1%) was observed at the moderate
reaction temperature (50°C) when the molar ratio was set at
a value of 10 : 1. A slight reduction in yield was observed at
temperature above 60°C, due to saponification reaction,
which is faster than transesterification at high temperature

[34, 35]. Fadhil [32] obtained a similar result where he had
an optimum production of esters from Prunus amigdalus
seed oil at an optimum reaction temperature of 50°C.

The study of the effects of the various parameters and
their reciprocal interactions led to the determination of the
optimal conditions mentioned in Table 5:

3.2. Yield of Oil and Biodiesel Produced. Podocarpus oil was
obtained with a yield of 47.8%; this may be because we used
the power press. Moreover, the biodiesel produced under
optimal conditions resulted in a yield of 96.1% (Figure 6).
This value was very close to that predicted by the BB plan
used.

3.3. Physicochemical Characteristics of Oil and Biodiesel. The
physicochemical properties of biodiesel produced from PFO
under optimum reaction conditions were measured accord-
ing to ASTM standards. These properties were compared
with those of PFO and diesel as shown in Table 6. From
the results presented in this table, it can be seen that the cal-
orific value of biodiesel produced from PFO is lower than
that of diesel. This may be due to the higher oxygen content
of biodiesel compared to diesel. Indeed, it has been demon-
strated by Yamane et al. [36] that the presence of oxygen in
the fuel improves combustion properties and emissions but
lowers the calorific value. From the results presented in
Table 6, it is clear that biodiesel has a lower density than
PFO. This lower density of biodiesel compared to PFO is
linked to the formation of methyl esters by eliminating glyc-
erol. These results are close to those found by Tchuifon et al.
[37].

Viscosity is an important parameter that affects fuel
injection, lubrication, and atomization [38]. Fuels of high
viscosity tend to form deposits in the engine. However,
Table 6 shows that the kinematic viscosity of PFO decreased
from 29.53 to 3.58mm2/s at 40°C. This significant drop in
viscosity confirms the efficiency of the transesterification
reaction. Moreover, it is important to note that the high

Table 4: ANOVA results for biodiesel yield and viscosity.

Source
Viscosity Yield

Sum of squares Df F-ratio p Sum of squares F-ratio p

x1 (temperature) 0.4802 1 10.73 0.0220∗ 6.09005 2.33 0.1878

x2 (reaction time) 0.0968 1 2.16 0.2012 14.9605 5.71 0.0624

x3 (molar ratio) 3.2258 1 72.11 0.0004∗ 0.2312 0.09 0.7783

x21 0.0072 1 0.16 0.7048 3.20493 0.63 0.4645

x1x2 0.4225 1 9.44 0.0277∗ 52.7076 20.13 0.0065∗

x1x3 0.0225 1 0.50 0.5099 4.9729 1.90 0.2267

x22 0.0022 1 4.53 0.8349 50.4567 19.27 0.0071∗

x2x3 0.2025 1 4.53 0.0867 56.7009 21.65 0.0056∗

x23 0.2385 1 5.33 0.0690 20.4197 7.80 0.0383∗

Total error 0.2237 5 13.0942

R2 = 0:95449 R2 adjusted = 0:87 R2 = 0:94; R2 adjusted = 0:83
∗Significant at 95% confidence interval.
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initial viscosity of this oil is due to its higher molecular
weight compared to that of diesel fuel [39]. The interesting
information is that the kinematic viscosity of biodiesel pro-
duced from Podocarpus falcatus oil is in the range 1.9-
6.0mm2/s as specified by ASTM. When a biodiesel having

a viscosity in this range is used in a diesel engine, it helps
to lubricate parts of the engine [40]. Pour point analysis in
the characterization of biodiesel is very important because
it determines the suitability of the biofuel for large-scale
storage. Pour point is the lowest temperature at which the
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Figure 4: (a) Response surface contour for the effect of interaction between temperature and time on viscosity (KOH concentration: 1 wt.%).
(b) Response surface contour for the effect of the interaction between time and molar ratio on viscosity (KOH concentration: 1 wt.%).
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Figure 5: (a) Response surface contour for the effect of the interaction between time and molar ratio on yield (KOH concentration: 1 wt.%).
(b) Response surface contour for the effect of the interaction between time and temperature on yield (KOH concentration: 1 wt.%).

Table 5: Optimal viscosity and yield conditions.

Optimal values of parameters Predicted responses

Parameters Viscosity Yield Viscosity Yield

Temperature (°C) 79.985 50

5.4738mm2/s 98.738%Reaction time (min) 60.0 180

Molar ratio 6.00027/1 9.99997/1
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fuel can still flow before it has gelled. This also reflects the
biodiesel’s ability to be used in cold climates [41]. The pour
point found in this work is -15°C for the biodiesel obtained.
On the other hand, the pour point value of -8.6°C obtained
for Podocarpus falcatus oil is significantly higher than that
of biodiesel. This could be due to the presence of glycerol
in this oil which makes the medium more viscous and thus
promotes gelation. This result is in harmony with that found
by Fadhil et al. [42]. The cetane number (CN) of PFO
(42.06) is lower than that of biodiesel (51.03). This variation
can be attributed to the unsaturated fatty acids present in the
oil. Chemical properties such as acid value, saponification
value, and iodine value of PFO and biodiesel were deter-
mined and compared in Table 6. It appears that these prop-
erties are comparable with the standards of the American
Society for the Testing of Materials (ASTM).

3.4. Analysis by IR-TF Spectrometry of Oil and Biodiesel.
Figure 7 shows the superimposed infrared spectra of Podo-
carpus falcatus oil and the biodiesel obtained from it.

(a) (b)

Figure 6: (a) Podocarpus falcatus oil. (b) Optimized biodiesel.

Table 6: Physicochemical properties of PFO and biodiesel compared to ASTMD6751.

Properties Units PFO Biodiesel Diesel ASTMD6751

Density (at 15°C) kg/m3 922 872 845 880

Viscosity (40°C) mm2/s 29.53 3.58 2.4 1.9-6

Pour point °C -8.6 -15.20 −17 -15 at -16

Calorific value MJ/kg 39.47 39.87 42.54 35

Cetane number - 42.06 51.03 50 48–60

Acid index mg KOH/g 1.90 0.40 - Max. 0.5

Iodine number g I2/100 g 147.10 103.10 - -

Saponification index mg KOH/g 189.11 195.44 - -
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Figure 7: FT-IR spectra of Podocarpus falcatus oil (PFO) and
biodiesel (BPFO).
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The characteristic absorption peaks of Podocarpus falca-
tus oil have been shown in Figure 7 in black. The absorption
peak appearing at 722 cm-1 corresponds to the strain vibra-
tion of -CH2, and the one at 1,744 cm-1 corresponds to the
stretch vibration of the C=O ester group. The spectrum of
biodiesel shows an absorption peak appearing at 1,435 cm-

1, characteristic of a methyl ester group (CO-O-CH3), and
the absorption peak at 1,194 cm-1 corresponding to the ester
group (CO). The reduction in the peak at 1,435 cm-1 on the
biodiesel spectrum can be attributed to the departure of the
glycerol molecule and the appearance of CH3-O vibrations
in the biodiesel. Additionally, the separation of 1,169 cm-1

in the oil sample to 1,194 cm-1 and 1,171 cm-1 in the biodie-
sel sample indicates the conversion of the oil into biodiesel.
Table 7 shows the characteristic band positions of the TF-
IR for Podocarpus falcatus oil and the Podocarpus falcatus
oil biodiesel produced.

3.5. UV-VIS Spectrophotometric Analysis of Oil and
Biodiesel. Figure 8 below shows the superimposed UV-VIS
spectra of Podocarpus falcatus oil and its biodiesel. In this
figure, we observe an intense band around 250nm on the

spectrum of Podocarpus falcatus oil which is not present
on the spectrum of biodiesel. This peak observed at around
250 nm is probably absorption due to the π⟶ π∗ transi-
tion of the carbonyl of the triglycerides. A second peak is
also observed around 300nm which can be attributed to
the n⟶ π∗ transition of the carbonyl. Moreover, from
these curves, we can conclude that the absence of the π
⟶ π∗ carbonyl transition of the triglycerides on the black
spectrum confirms the absence of glycerol in the ester mix-
ture formed.

4. Conclusions

Oil from Podocarpus falcatus was used to produce biodiesel
by transesterification. The oil used was extracted mechani-
cally using a hydraulic press that gave an extraction yield
of 47.8% by mass, making the oil a promising raw material
for the synthesis of biodiesel. Since an analysis of the oil
showed that it had an acid number of less than 2%, the bio-
diesel was therefore produced through a one-step transester-
ification process with methanol, using KOH as catalyst. The
optimization of the process was achieved by applying the
response surface methodology, using the Box-Benhken
design. The optimum conditions to produce the highest
yield of biodiesel (96.1%) were as follows: a molar ratio of
10 : 1, a temperature of 50°C, and a reaction time of 180
minutes. The minimum viscosity, 3.58mm2/s, was obtained
at a molar ratio of 10 : 1, temperature of 50°C, and a duration
of 120min. Physicochemical analyses of both oil and the
biodiesel using IR and UV-VIS confirmed the conversion
of triglycerides into methyl esters, and that the properties
of the biofuel produced comply with the standard prescribed
by ASTM6751. Based on the results of this study, we can
conclude that Podocarpus falcatus oil can be used as a non-
edible oil to produce good quality biodiesel under optimal
conditions.
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ANOVA: Analysis of variance
ASTM: American Standard for Testing Materials
BBD: Box-Benhken design
BPFO: Biodiesel of Podocarpus falcatus oil

Table 7: Main position of characteristic bands for oil and biodiesel.
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Figure 8: Superimposed UV-VIS spectra of Podocarpus falcatus oil
(PFO) and it biodiesel (BPFO).
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RSM: Response surface methodology
FFA: Free fatty acid
FT-IR: Fourier transform infrared spectroscopy
PFO: Podocarpus falcatus oil
UV-VIS: Ultraviolet–visible.
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�e present work demonstrates the adsorption of hydroquinone (HQ) and resorcinol (R) by activated carbon based on shea
residue (Vitellaria paradoxa). �e adsorbent was prepared chemically by impregnation with sulfuric acid and coded by the
acronym CAK-S. �e central composite design (CCD) was used to optimize the main factors that influence the adsorption of HQ
or R by activated carbon such as the initial concentration, the pH of the solution, the contact time, and the mass of the carbon on
the expected response, which is the adsorbed quantity of the target pollutants.�e optimal conditions obtained from the statistical
analysis are as follows: concentration of 158mg/L, pH 3, time of 120min, and mass of 50mg for the adsorption of HQ and
concentration of 180mg/L, pH 3, time of 86min, and mass of 118mg for the adsorption of R.�emaximum quantities of HQ and
R adsorbed are 45.02mg/g and 33.65mg/g, respectively. �e analysis of variance (ANOVA) showed a good relationship between
the variables involved with the coefficients of determination R2 � 98.69% for the adsorption of hydroquinone and R2 � 90.55% for
that of resorcinol, which means that the model is more suitable to express the adsorbed amount according to the four optimized
parameters. �e experimental data obtained under these optimal conditions were simulated with two and three parameter
nonlinear isothermmodels as well as kinetic models.�e results show that Elovich kinetic model better describes the adsorption of
HQ and R, indicating chemisorption with heterogeneous active sites on the surface of CAK-S. Temkin’s two-parameter model
shows that adsorption occurs on heterogeneous surfaces with a nonuniform adsorption energy distribution at the surface and
Sips’s three-parameter model confirms the heterogeneity of the surface with a localized adsorption of HQ or R by CAK-S. �e
thermodynamics study has shown that the adsorption is endothermic (ΔH0 > 0) and spontaneous (ΔG0 < 0).

1. Introduction

Environmental pollution remains as one of the major
problems arising from technological development. Phenolic
compounds and their derivatives are recognized as pollut-
ants [1]. �ey are released into the environment during their

production and use. �ey mainly come from discharges
from textile, petrochemical, petroleum refinery, rubber, dye,
plastic, pharmaceutical, and cosmetic industries [2, 3].
Several phenolic derivatives such as hydroquinone (HQ) and
resorcinol (R) have been recognized as being dangerous
pollutants due to their potential toxicity [4]. Wastewater
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laden with HQ and R is harmful to the environment in
general and to the aquatic environment in particular [4, 5]
because these compounds dissolve and can easily infiltrate
the environment. Although the carcinogenic effects of HQ
and R in humans are controversial, these compounds cause
acute toxicity in several organs such as the kidneys and
stomach [1] and are suspected to be endocrine disruptors.
�e human body exposure threshold is 0.5mg/L [6] for HQ
and 10mg/L for R [7]. �erefore, wastewater containing
these pollutants beyond these standards, respectively, must
be subjected to treatment before discharge. �us, many
processes for treating water loaded with phenolic derivatives
have been recommended. �ese include conventional
physical, chemical, or biological processes such as chemical
oxidation, chemical reduction, chemical precipitation, ad-
sorption, ion exchange, solvent extraction, reversed osmosis,
and aerobic and anaerobic biodegradation [8–14]. �e ap-
plication of some of these methods is restricted not only
because of technical and economic constraints but also by
the fact that some of them are not accessible to low-income
developing countries. It is in this logic that, for some time,
researchers have been investigating the development of less
expensive methods, including adsorption on adsorbents at a
lower cost [15–17]. �ese less expensive adsorbents can be
simple biomasses or activated carbons prepared from
agroindustrial residues [18–20]. Tropical Africa is full of
potential valuable fruit species which are not only abundant
but also available almost round the year. �ey tend to
generate large amounts of waste residue which can be used
in the preparation of activated carbons. An example of such
a residue is nuts from the plant Vitellaria paradoxa. It is
widely distributed in southern Chad.

Nowadays, the method of optimization by experimental
design is increasingly appealing to researchers because it
permits the extraction of maximum information with a
minimum of simulation results. One of the adsorption
optimization methods is the response surface methodology,
which is an efficient statistical tool, making it possible to
explain interactions independent of operating parameters
[21–23]. �e central composite design was used in this work
to optimize the factors that affect the adsorption of HQ and
R from solution. �ese factors include initial concentration,
the pH of the solution, the contact time, and the mass of
carbon on the response which is the adsorbed quantity of
HQ or R. �ese experimental quantities can be simulated by
kinetic or isotherm models. Nowadays, to properly describe
and model the kinetic and isotherm adsorption, two methods
exist: the nonlinear method and the linear method. Recent
works have shown that nonlinear regression produces very
satisfactory results compared to linear regression [24, 25].
�us, for the nonlinear regression, the selection of the error
functions showed a remarkable change in terms of the values
of the constants linked to the models studied [26, 27]. So,
nonlinear regression is the best option. �e objective of this
work is threefold. We propose (i) valorizing the shea residue
(already calcined) of Chadian origin by examining its ad-
sorption capacity on HQ and R in batchmode, (ii) optimizing
the operating parameters of adsorption by response surface
methodology, and (iii) modeling the kinetic, equilibrium, and

adsorption isotherms by the nonlinear method. We also
evaluate the thermodynamic processes that accompany it.�e
interest of this work is the efficient removal of organic pol-
lutants by activated carbon based on agricultural by-products
for a sustainable use of local biomass.

2. Materials and Methods

2.1. Chemicals. Hydroquinone and resorcinol are isomers
with a molar mass of 110.11 g/mol. �ey were purchased
with a purity greater than 99% from Sigma-Aldrich
alongside all the other chemicals used in this work. �e
structures and some chemical properties of HQ and R are
shown in Table 1.

2.2. Preparation of the Adsorbent. �e procedure for pre-
paring the activated carbon is that described in our previous
work [28]. �e shea nut shells (CNK) were collected in
Baktchoro in the Division of Tandjilé-Ouest, Province of
Tandjilé, Chad. Once collected, they were first washed with
tap water to remove the rest of the pulp and any other form
of impurities and then dried in an oven at 105°C for 24 hours
to dehydrate them. �ey were crushed and the sizes of
0.5–2mm were kept. A mass of 20 g of shea nut shells was
impregnated with 40mL of sulfuric acid (H2SO4) with
concentration of 3.5mol/L. �e mixture was stirred for 24
hours to ensure reaction between the activating agent and
the biomass and then filtered and dried in an oven at a
temperature of 105°C for 1 hour. �e impregnated materials
were carbonized in a reactor (HERAEUS) at 700°C at a
constant rate of 6°C/min and a residence time of 120
minutes. �e carbonized material was washed to remove
residual acid until it attained the pH value of the water used
in washing. It was oven-dried at 105°C, crushed, and sieved
to obtain particles with a diameter of less than 200 μm. �e
activated carbon obtained from shea nuts by impregnation
with sulfuric acid was coded CAK-S.

2.3. Characterization of Activated Carbon. �e use of a
material in adsorption deserves broad knowledge of its
physicochemical and structural properties. �e activated
carbon produced was characterized. �ese characterizations
focused on energy dispersive X-ray spectrometry (EDX),
scanning electron microscopy, determination of porous
structure by nitrogen adsorption at 77K by coupling the
Brunauer–Emmett–Teller (BET) method to that of Bar-
ret–Joyner–Halenda (BJH), the quantification of surface
chemical functions by the Boehmmethod, and the pH at the
point of zero charge (pHpzc). �e crystalline or amorphous
structure of the activated carbon was analyzed by means of
X-ray diffraction. �e analysis was carried out on a STOE
Stage device (STOE & Co. GmbH, Darmstadt, Germany)
with a Cu K α1 radiation (λ�1.54056˚A, 40 kV, 30mA).

2.4. Batch Mode Adsorption Studies. A 1000mg/L stock
solution of hydroquinone and resorcinol was prepared by
dissolving 1.01 g each in 1 L of distilled water. Standards
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were then obtained by dilution of the stock solution. �e pH
of the solution was adjusted with 0.1mol/L solution of
NaOH and 0.1mol/L solution of HCl, using aMettler Toledo
brand pH meter. Batch adsorption was performed following
the central composite design matrix. A mass, m (g), of
activated carbon was put in contact with 30mL of a solution
of hydroquinone or resorcinol of initial concentration, C
(mg/L). �e mixture obtained was placed on an agitator at a
speed of 150 rpm for a contact time, t (min), at room
temperature of 25°C. At equilibrium, the mixture was fil-
tered; the filtrate obtained was analyzed by ultraviolet visible
spectrophotometry (UV-Vis) at a wavelength of 276 nm and
274 nm, respectively, for hydroquinone and resorcinol. �e
amount adsorbed per gram of activated carbon was calcu-
lated using the following equation:

Qe �
Ci − Ce

m
V, (1)

whereQe (mg/g) is the adsorption capacity, m (g) is the mass
of activated carbon, Ci and Ce (mg/L) are the initial and
equilibrium concentrations, respectively, and V (L) is the
volume of the pollutant solution used.

2.5. Response Surface Methodology and Statistical Analysis of
the Data. �e response surface methodology is a statistical
analysis tool that predicts and develops a regression model
for quantitative data obtained during an experiment [22].
�e model equations predict and optimize the operating
conditions of the process. �is makes it possible to un-
derstand the mutual dependence of the variables and to
know the variables that govern the experimental system. In
this work, the response surface methodology was employed
to assess the interdependence of operating variables such as
the initial concentration of hydroquinone or resorcinol, the
pH of the solution, the contact time, and the mass of ac-
tivated carbon on the adsorption process. �e central
composite design was used to optimize the process [22]. For
four independent variables and four chosen central points,
the CCD generates 28 experiments according to the fol-
lowing equation:

N � 2k
+ 2k + kc � 24 + 2∗ 4 + 4 � 28, (2)

where N is the total number of experiments, k is the number
of factors studied, and kc is the number of points in the
center which allows measuring the reproducibility of data.

�ese variables were coded as such: adsorbate con-
centration (A: 20–180mg/L), solution pH (B: 2–8),
contact time (C: 60–120min), and mass of activated
carbon (D: 50–250mg). �e response, Y, observed is the
amount of HQ or R adsorbed on CAK-S carbon. �e levels
of the experimental values were also coded as follows: −1,
the small value, 0, the value in the center, and +1, the
upper value. �is unique encoding is defined from the
one-to-one transformation defining the value xi of
equation (3) [29]. All coded variables are shown in Table 2.

xi �
Li − L0

ΔL
, (3)

where xi is the value of the independent variable, Li is the
value of variable i, Lo is the value at the central point, and ΔL
is the step.

�e 28 experiments represent a system which translates
the quadratic model (equation (4)) to study the interactions
between the variables [30].

Y � β0 + 
n

i�1
βixi + 

n

i�1
βiix

2
i + 

n

i�1


n

j�1
βijxixj + ε, (4)

where Y is the predicted response, β0 is the constant of the
quadratic equation, βi is the linear coefficient, βii is the
quadratic coefficient, βij is the coefficient of the interaction
between the variables, xi and xj are the coded values of the
factors, and ε is the uncertainty between measured and
predicted values.

2.5.1. Validation of the Statistical Model. To complete the
statistical analysis of the experimental data, STATGRAPHIC
Plus 5.0 software was used. �is software statistically eval-
uates according to the following criteria: (a) each factor must
present a p value, that is, the value of the probability smaller
than 5%, with a confidence limit of 95%, (b) the value of
regression coefficient R2 must be as close as possible to 1,
which means that the experimental values and the predicted
values are close to each other, (c) the t-test must be sig-
nificant (p< 0.05), which means that the model adequately
describes the experimental data, and eventually (d) the
proximity between the data of the predicted points and the
data of the experimental points must present a normal
distribution to validate the hypothesis made by the analysis
of variance (ANOVA) [22].

Table 1: Chemical structures and some properties of hydroquinone and resorcinol.

Some chemical structures Hydroquinone Resorcinol

Chemical structure

HO

OH

HO OH

Molecular formula C6H4-1,4(OH) C6H4-1,3(OH)
λmax (nm) 276 274
Solubility in water (25°C) 73 g/L 717 g/L
pKa 9.96 9.26
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2.6. Kinetic and Isothermal Adsorption Equilibrium. To
understand the mechanism that governs the binding of HQ
or R on CAK-S, the experimental data were applied to
nonlinear kinetic models including the pseudo-first-order
model, pseudo-second-order model, Elovich kinetic model,
and the intraparticle model. In addition, for the adsorption
isotherm of HQ or R, the two-parameter and three-pa-
rameter nonlinear models were simulated with the experi-
mental data (Table 3).

2.7. Nonlinear Method and Analysis of Error Functions.
�e purpose of nonlinear regression is to adjust a set of
values in order to bring the experimental curves closer to the
predictions. �e difference between the linear and nonlinear
methods is that the latter is iterative and based on an al-
gorithm and error functions [40, 41]. Table 4 shows the
mathematical expressions of the error functions used in this
work.

3. Results and Discussion

3.1. Characterization of Activated Carbon. �e detailed
characterizations of CAK-S carbon have been reported in
our previous work [28]. It was found that this activated
carbon has a specific surface area of 490.62m2/g, a micro-
porous surface area of 570.56m2/g, and a mesoporous
surface area of 10.77m2/g, as well as a pH at the zero charge
point of 6.37. �e X-ray diffraction of the material, which
was not included in our previous work, is presented here
(Figure 1). We observe in Figure 1 a broad peak around 20°
for the two spectra corresponding to the amorphous
structure of carbon. �e spectra show that both raw and
calcined shea nut shells have an amorphous structure. �is
amorphous structure is a preferred property of well-defined
adsorbents [26].

Figure 2 shows the FTIR spectra recorded in the region
of 3500 and 700 cm−1. Before adsorption of pollutants HQ
and R by CAK-S, a signal at 3395.41 cm−1 is observed on
the spectrum attributable to the O–H group of phenols
and alcohols; this would be due to the presence of hy-
droxyl groups in the water chemisorbed [14] on CAK-S.
Other peaks were observed: a peak at 2368.65 cm−1 at-
tributable to O �C �O and another at 1731.65 cm−1

corresponding to the C �O group of esters and lactones.
We also observed a peak at 1040.36 cm−1 corresponding to
the C–O group of alcohols and ethers and the same group
at 1257.96 cm−1 characteristic of carboxylic acids. A shift
of these peaks is observed on the spectra of CAK-S after
adsorption (HQ/CAK-S and R/CAK-P), which proves that

the absorption band of these two phenolic compounds
was involved. �e change in absorption band is much
more observed on the hydroxyl, carboxylate, and C–O
groups of CAK-S.

3.2. Experimental Design Using the Central Composite Design

3.2.1. Development of Quadratic Model Equations. �e
optimization process is based on a central composite
design involving three main steps: (1) carrying out ex-
periments statistically designed according to the experi-
mental design, (2) proposing the mathematical model
based on the experimental results and working out the
result of the analysis of variance, and (3) predicting the
response and confirming the model. �e experimental
results are shown in Table 5.

�e empirical mathematical model (equation (4)) was
used to evaluate the correlation between the experimental
values and the predicted values. �ese quadratic model
equations represent the fit between the predicted responses
and the four coded variables: the initial concentration (A),
the pH of the solution (B), the contact time (C), and the mass
of the carbon (D). We denote by YHQ and YR, respectively,
the responses which are the adsorbed quantities of hydro-
quinone and resorcinol by CAK-S.

YHQ � 13.2253 + 0.5210A − 1.63672B − 0.10589C

− 0.06754 D − 0.00154A
2

− 0.00573AB + 0.000002AC

− 0.00042AD + 0.15385B
2

− 0.00254BC

+ 0.00007BD + 0.00091C
2

− 0.00012CD + 0.00009D
2
,

(5)

YR � 7.3315 + 0.18979A − 3.19280B + 0.04996C

+ 0.15455 D − 0.00029A
2

− 0.01179AB + 0.00002AC

+ 0.00001AD + 0.27958B
2

− 0.00944BC

+ 0.00388BD − 0.00031C
2

+ 0.00015CD − 0.00076D
2
.

(6)

�ese equations with positive and negative coefficients
can be used to illustrate optimal results.

Analysis of variance (ANOVA) was used to identify
the relationships between the different variables on the
quantities adsorbed (Table 6). A factor is said to be sig-
nificant when, at the 95% confidence interval, the prob-
ability value (p value) is less than 5% and R2 is close to
unity. With regard to the adsorption of hydroquinone
onto CAK-S, the individual variables A, B, and D as well as
the interactions AA, AB, and AD have a significant in-
fluence on the quantity adsorbed. For the adsorption of
resorcinol, factors A, B, C, and D and the interactions AB
and DD significantly influence its quantity adsorbed. By
eliminating statistically insignificant terms, the quadratic
models reduce to equations (7) and (8). �ese reductions
can be translated into response surfaces in order to
identify areas of interest and therefore determine optimal
conditions

Table 2: Matrix of coded variables.

Variables Symbols Units Coded
variables

Variables
levels

−1 0 +1
Concentration C0 (mg/L) A 20 100 180
pH pH — B 2 6 10
Time t (min) C 30 75 120
Mass m (mg) D 50 150 250
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YHQ′ � 13.2253 + 0.5210A − 1.63672B − 0.06754 D

− 0.00154A
2

− 0.00573AB − 0.00042AD,
(7)

YR
′ � 7.3315 + 0.18979A − 3.19280B + 0.04996C

+ 0.15455 D − 0.01179AB − 0.00076D
2
.

(8)

3.3. Interactions of Independent Variables. �e three-di-
mensional response surface curves are plotted only for the
most important factor interactions. In Table 6, we see at 5%
the most important interactions between concentration and
pH with a probability P � 0.0021 and then concentration
and mass with P � 0.0000. �ese interactions are shown in
Figure 3. An increase in the quantity of HQ adsorbed is

Table 3: Nonlinear forms of kinetic and isotherms models.

Models Nonlinear forms References
Kinetic models

Pseudo-first-order qt � qe(1 − e− k1t) [31]
Pseudo-second-order qt � k2q

2
et/1 + k2qet [32]

Elovich qt � ln(αβ)/β + ln(t)/β [33]
Interparticle diffusion qt � Ki dt1/2 + C [34]

Two-parameter isotherms
Langmuir Qe � QmKLCe/1 + KLCe [35]
Freundlich Qe � KFCe1/n [35]
Dubinin–Radushkevich Qe � Qm exp(−K′ε2), ε � RTLn(1 + 1/Ce), E � (2KD)− 1/2 [36]
Temken Qe � RT/ΔQ ln(ATCe) [37]

=ree-parameter isotherms
Redlich-Peterson Qe � ACe/1 + BCβ

e [38]
Sips Qe � KsC

β
e /1 + asC

βs
e [38]

Toth Qe � QmCe/(KT + Cn
e )1/n [39]

Hill Qe � QSHCnH
e /KD + CnH

e [39]
Kahn Qe � QmaxbKCe/(1 + bKCe)ak [39]

Table 4: Error functions and their equations.

Error function Abbreviation Formula References

Residual root mean square error RMSE
������������������������
(1/n − 1

n
i�1(qe,exp − qe,cal))

2


[42]
Average ralative error ARE 100/n 

n
i�1 |qe,exp − qe,cal/qe,exp|i [43]

Sum of absolute errors EABS 
n
i�1 |qe,exp ,i − qe,cal,i| [42]

Hybrid fractional error function HYBRID 100/n − p 
n
i�1[(qe,exp − qe,cal)/qe,exp] [38]

Nonlinear chi-square test χ2 
n
i�1 (qe,cal − qe,exp)/qe,exp

2 [44]
Coefficient of determination R2 (qe,exp − qe,cal)/


(qe,exp − qe,cal) + (qe,exp − qe,cal) [43]
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Figure 1: Superimposed XRD spectra of CNK shea nut shells and
CAK-S activated carbon.
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Figure 2: FTIR spectrum of CAK-S before and after adsorption of
HQ and R.
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observed as a function of the increase in initial concen-
tration. �is is due to the increase in HQ molecules in the
solution creating competition for different adsorption sites.
�e opposite is observed with increasing pH. In fact, the
adsorption capacity of CAK-S decreases as the pH increases

(Figure 3(a)). For pH> 6.37 (pHpzc), the carbon surface is
negatively charged, and, for values of pH> 8, HQ in turn
loses its protons and becomes a monoanion hydroquinate
(HQ(OH)(O)−) or a dianion hydroquinate (HQ(O)2−) [1].
�e repulsion between the negatively charged CAK-S

Table 6: Analysis of variance (ANOVA) of adsorbed quantity of hydroquinone and resorcinol by CAK-S.

Hydroquinone Resorcinol
Source Df SS MC F value p value SS MC F value p value
A 1 1509.91 1509.91 410.49 0.0000∗ 385.03 385.03 31.83 0.0001∗
B 1 84.76 84.76 23.10 0.0003∗ 290.08 290.08 23.98 0.0003∗
C 1 0.30 0.36 0.10 0.7577 60.97 60.97 05.04 0.0428∗
D 1 1471.71 1471.71 401.17 0.0000∗ 188.89 18889 15.62 0.0017∗
A2 1 252.72 252.72 68.89 0.0000∗ 10.87 10.87 0.90 0.3604
AB 1 53.73 53.73 14.05 0.0021∗ 158.69 158.69 13.12 0.0031∗
AC 1 0.01 0.01 0.00 0.9800 4.55 4.55 038 0.5504
AD 1 181.31 181.31 49.42 0.0000∗ 8.95 8.95 0.74 0.4051
B2 1 15.63 15.63 4.26 0.0595 47.52 47.52 3.93 0.0690
BC 1 3.36 3.36 0.92 0.3555 18.51 18.51 1.53 0.2379
BD 1 0.02 0.02 0.00 0.9400 13.86 13.86 1.15 0.3040
C2 1 8.65 8.65 2.36 0.1485 1.75 1.75 0.14 0.7101
CD 1 4.57 4.57 1.25 0.2841 27.85 27.85 2.30 0.1531
D2 1 2.19 2.19 0.60 0.4534 157.45 157.45 13.02 0.0032∗

R2� 98.69%, adjusted R2 � 97.29% R2� 90.55%, adjusted R2� 80.38%
∗Significant. D: degree of freedom; SS: sum of squares; MS: mean square; adjusted R2: adjusted R2.

Table 5: Matrix of coded variables associated with experimental and predicted values of adsorption of hydroquinone or resorcinol on CAK-S.

Adsorption of hydroquinone (HQ) or resorcinol (R) on activated carbon CAK-S
No. Coded levels HQ R

A B C D Exp qads Prev qads Residu Qads exp Qads prev Residu
1 0 −1 0 0 24.12 27.17 −3.05 21.27 25.64 −4.37
2 −1 0 0 0 5.37 3.42 5.34 4.21 9.55 −5.34
3 +1 −1 +1 −1 45.11 44.28 0.83 33.58 29.49 4.09
4 −1 +1 +1 +1 2.37 1.56 0.81 2.13 0.21 1.92
5 0 0 0 0 23.82 22.52 1.30 16.44 16.60 −0.16
6 0 +1 0 0 24.82 22.81 2.01 20.90 16.50 4.40
7 0 0 0 0 23.91 22.52 1.39 17.14 16.60 0.54
8 0 0 0 +1 14.38 14.39 −0.01 5.65 5.17 0.48
9 −1 −1 +1 +1 3.03 3.09 −0.06 2.67 2.08 0.59
10 +1 +1 +1 −1 36.66 35.29 1.37 2.27 6.29 −4.02
11 −1 −1 −1 −1 15.17 13.88 1.29 12.74 12.38 0.36
12 +1 +1 −1 +1 13.00 14.06 −1.06 5.11 7.84 −2.73
13 0 0 0 −1 31.48 32.48 −1.00 12.31 12.76 −0.45
14 +1 0 0 0 18.85 21.76 −2.91 25.27 19.91 5.36
15 0 0 +1 0 23.75 24.21 −0.46 10.80 14.67 −3.87
16 −1 −1 −1 +1 3.04 3.54 −0.50 2.66 0.05 2.61
17 +1 +1 +1 +1 7.58 9.47 −1.89 4.51 3.45 1.06
18 +1 −1 −1 −1 42.62 42.56 0.06 26.53 29.86 −3.33
19 −1 +1 +1 −1 12.61 13.92 −1.31 4.33 3.54 0.79
20 −1 +1 −1 +1 2.41 3.84 −1.43 2.30 4.97 −2.67
21 0 0 0 0 22.08 22.52 −0.44 16.74 16.60 0.14
22 +1 −1 −1 +1 19.46 18.75 0.71 18.65 18.03 0.62
23 +1 +1 −1 −1 34.87 35.41 0.54 14.30 13.47 0.83
24 −1 +1 −1 −1 13.80 11.73 2.07 11.53 11.08 0.45
25 0 0 0 0 23.31 22.52 0.79 16.02 16.60 −0.58
26 −1 −1 +1 −1 15.17 13.88 1.29 12.97 11.65 1.32
27 +1 −1 +1 +1 19.46 18.33 1.13 18.57 20.43 −1.86
28 0 0 −1 0 23.93 24.49 −0.56 21.14 17.24 3.90
A: initial concentration (mg/L) of hydroquinone or resorcinol, B: pH of solution, C: contact time (min), and D: mass of activated carbon (mg).
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surface layer and the hydroquinate anion results in a con-
siderable decrease in the quantity of HQ adsorbed. For this
study, statistical analysis showed that the synergistic effect of
concentration and the antagonistic effect of pH at high
values lead to maximum adsorption at pH 3. At this pH, the
surface area of CAK-S is charged with protons and HQ is
stable in acidic conditions. Adsorption is maximum on the
one hand by formation of hydrogen bonds with the hydroxyl
groups and, on the other hand, by π-π interactions of
benzene rings between HQ and CAK-S [17, 45]. In
Figure 3(b), we see a decrease in the quantity of HQ
adsorbed with increasing mass. �is is explained by the
formation of CAK-S particle clusters inducing a reduction in
the total adsorption surface area and therefore a decrease in
the amount of adsorbate per unit mass [46].

Regarding the adsorption of R by CAK-S, only the in-
teraction between concentration and pH with a probability
P � 0.0031 is significant. Figure 4 shows the 3D visualization
of this interaction. It appears that the amount of R adsorbed
increases as the initial concentration increases, which is also
explained by a large number of R molecules in solution. �e
adsorbed amount of R decreases as the pH increases. �is is
justified by the fact that, at pH ˃ pKa, a repulsion is created
between the resorcinolate anions (R(OH)(O)− or R(O)2−)
and the negatively charged CAK-S surface. In the region of
pH ˂ 6.37 (pHpzc), the surface of CAK-S is positively
charged and there is formation of hydrogen bonds and π-π
attraction interactions between the molecules of R and those
of the surface of CAK-S.

3.4. Process Optimization and Test Validation. �e optimal
conditions for binding of HQ and R to CAK-S (Table 7)
result from a statistical analysis of the experimental data by
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Figure 3: 3D surface plot of the adsorbed quantities of HQ by CAK-S as a function of (a) concentration and pH and (b) concentration and mass.
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STATGRAPHIC Plus 5.0 software. A new HQ and R ad-
sorption experiment was repeated to confirm the best level
obtained for each operating variable leading to the optimal
predicted results. It emerges from this experiment that the
difference between the experimental and predicted values is
small, and this demonstrates the validity of the model.
�erefore the experimental data are satisfactory and agree
with the studied model. �ese results complete the analysis
of variance (Table 6) which presents the high values of the
correlation coefficients (R2> 90) and the adjusted correla-
tion coefficients (adjusted R2> 80).

3.5. Nonlinear Adsorption Kinetic Studies. In order to elu-
cidate the sorption mechanism of hydroquinone or resor-
cinol on CAK-S activated carbon, the contact time was
varied between 5 and 160min.�e other parameters were set
at their optimum values. Kinetic models such as the pseudo-
first-order, pseudo-second-order, Elovich, and intraparticle
diffusion models were investigated. �e nonlinear plots are
shown in Figures 5 and 6. Table 8 shows the calculated values
of all parameters. It emerges that the nonlinear kinetic
pseudo-first-order, pseudo-second-order, and Elovich
models are more appropriate for the description of the
adsorption of HQ and R on the CAK-S, because the coef-
ficients of determination are closer to unity (R2 ˃ 0.99).
However, the low value of χ2 and the low values of the error
functions obtained from the Elovich model show that it is
the best kinetic model to describe the adsorption of HQ and
R. �is model suggests that the adsorption of HQ or R is
primarily chemical and the active sites on the surface of
CAK-S are heterogeneous [25]. �is is confirmed by the
values of the desorption constant β ˂ 1 (0.198 and 0.313mg/
g.min, respectively, for HQ and R). Observation of the
pseudo-first-order kinetic model (Figures 4 and 5) shows
that the binding of HQ or R molecules to the surface of
CAK-S occurs rapidly, thereby reaching equilibrium. For
pseudo-second-order kinetics, the amounts adsorbed at
equilibrium are close to experimental ones, which demon-
strates the existence of majority π-π type interactions [47].

3.6. Modeling of Nonlinear Adsorption Isotherm. To model
the adsorption isotherms with the experimental data, the effect
of initial concentrations of HQ and R was studied in the range
of 40 to 180mg/L using optimal conditions. �e equilibrium
results were modeled with four two-parameter models and five

three-parameter models. Two-parameter adsorption isother-
mal equilibrium simulations of the two-parameter adsorption
isotherms ofHQandR byCAK-S are shown in Figures 7 and 8.
All calculated parameters are shown in Table 9.

It emerges from this table that the values of coefficients
of determination, R2, are close to unity for the Langmuir,
Freundlich, and Temkin models. �ese models can be
exploited to explain the adsorption of HQ and R. Based on
the high value of R2, low value of χ2, and low values of the
RMSE, HYBRID, ARE, and EABS error functions, Temkin

Table 7: Validation of the experimental model of the adsorption of HQ and R by CAK-S.

Adsorbates Operational variables Adsorbed quantity (mg/g)
Exp. val. Pred. val. Residue

HQ

A (mg/L) 158

45.02 45.66 −0.64B 3
C (min) 120
D (mg) 50

R

A (mg/L) 180

33.65 32.67 0.98B 3
C (min) 86
D (mg) 118
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Figure 5: Nonlinear plot of kinetic models of HQ adsorption by
CAK-S.
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model is found to better describe the adsorption isotherm of
HQ and R by the activated carbon CAK-S. �is Temkin
model highlights a decrease in interactions between HQ or R
molecules followed by a linear decrease in heat of adsorption
with surface coverage. �e adsorption energies of this model
are positive (587.068 and 514.132 J/mol, respectively, for HQ
and R); this is evidence of chemisorption and the process is
exothermic [26]. Given the values of R2 and those of χ2, the
Langmuir isotherm can describe the adsorption of the two
pollutants. It suggests a monolayer adsorption on the surface
of the carbon, without interaction between the adsorbed
molecules. By comparing the maximum adsorption capacity
Qm (Table 9), we find that hydroquinone is more adsorbed:
45.764mg/g against 43.097mg/g for resorcinol. Patricia et al.
[3] obtained similar results. �is is due to the solubility and
configuration of these isomers. �is is because resorcinol is
more soluble than hydroquinone in water. �e more soluble
a substance is, the less it is adsorbed. �e paraposition and
metaposition of hydroxyl groups on benzene also influence
adsorption. Indeed, according to the 1–4 position of hydroxy
groups on benzene, hydroquinone is a symmetrical and
stable molecule. �is configuration allows it to easily access
adsorption sites due to its greater energy stability [3].
Freundlich model’s n values greater than 1 showed good
affinity of the adsorbates with the material and the ad-
sorption process occurred on heterogeneous surfaces,
characterizing adsorption at localized sites [35, 48]. In short,
the modeling of two-parameter isotherms leans towards the
adsorption of HQ or R taking place on a heterogeneous
surface with a nonuniform absorption energy distribution.

3.6.1. =ree-Parameter Adsorption Isothermal Equilibrium.
�e nonlinear plots of the isothermal models with three
parameters studied are presented in Figures 9 and 10. Ta-
ble 10 gives the values of constants related to these nonlinear
regression isotherm models.

Table 8: Kinetic data obtained by nonlinear fitting analysis (see equations in Table 3 and 4).

Models Parameters R2 χ2 Errors
RMSE HYBRID ARE EABS

HQ/CAK-S

Pseudo-first-order qe (mg/g) 32.577 0.994 0.189 2.479 1.575 0.028 1.577K1 (1/min) 0.124

Pseudo-second-order qe (mg/g) 37.164 0.991 0.258 2.962 2.151 0.027 1.558K2 (g/min.mg) 0.004

Elovich A (mg/g.min) 47.579 0.998 0.072 1.562 0.597 0.001 0.042Β (mg/g.min) 0.198

Intraparticle diffusion Kid (mg/g.min0.5) 2.036 0.979 0.658 4.732 5.488 3.5×10−6 0.000C (mg/g) 13.182
R/CAK-S

Pseudo-first-order qe (mg/g) 34.930 0.996 0.143 2.269 1.191 0.017 1.057K1 (1/min) 0.182

Pseudo-second-order qe (mg/g) 36.503 0.998 0.030 1.045 0.253 0.003 0.187K2 (g/min.mg) 0.009

Elovich A (mg/g.min) 2007.7 0.999 0.014 0.723 0.121 2.33×10−5 0.001Β (mg/g.min) 0.313

Intraparticle diffusion Kid (mg/g.min0.5) 1.636 0.967 1.135 6.396 9.453 5.02×10−7 3.04×10−5
C (mg/g) 18.048

0 20 40 60 80
20
25
30
35
40
45
50
55

Q
e (

m
g/

g)

Ce (mg/L)

Qe,exp CAK-S
Langmuir
Freundlich

Temken
Durbenin-Raduschkevich

Figure 7: Nonlinear plot of two-parameter adsorption isotherm
models of HQ by CAK-S.

0

10

20

30

40

50

0 20 40 60 80 100

Q
e (

m
g/

g)

Ce (mg/L)

Qe,exp CAK-S
Langmuir
Freundlich

Temken
Durbenin-Raduschkevich

Figure 8: Nonlinear plot of two-parameter adsorption isotherm
models of R by CAK-S.

Journal of Chemistry 9



We notice in Table 9 that the values of the coefficient of
determination R2 for all the isotherm models are close to
unity (R2> 0.99) and the values of the corresponding error
functions are low, which suggest that these models are
suitable for effectively describing experimental data at
equilibrium. �e Sips model, having the high values of R2

and the low values of χ2, shows a distribution of the mol-
ecules of HQ and of R on a heterogeneous surface of CAK-S,
thus presenting energetically different adsorption sites [49].
�e values of the constant nH of the Hill model different
from 1 highlight a localized adsorption [38] with formation
of a bond between the molecules of HQ or R and that of
carbon. �e values of the β heterogeneity parameter of the
Redlich-Peterson model between 0 and 1 show that the
model cannot be reduced to a single-layer adsorption but

rather to a so-called heterogeneous system. �ese results
confirm those of the two-parameter models which suggest
that the adsorption of HQ or R occurs on heterogeneous
surfaces of CAK-S, with a nonuniform adsorption energy
distribution.

3.7. Effect ofTemperature and=ermodynamics ofAdsorption.
�e thermodynamic study was carried out by varying the
temperature by 30, 40, 50, 60, and 70°C. �e tests were
carried out with 30mL of solution and using the optimum
conditions required for the adsorption of each pollutant by
CAK-S. �ermodynamic parameters such as Gibbs standard
free energy (ΔG0), standard enthalpy (ΔH0), and standard
entropy (ΔS0) are related by the two following equations
[22]:

Table 9: Adsorption of hydroquinone and resorcinol: nonlinear fitting analysis for two-parameter isotherms (see equations in Tables 3 and 4).

Models Parameters R2 χ2
Errors

RMSE HYBRID ARE EABS
HQ/CAK-S

Langmuir Qm (mg/g) 45.764 0.992 0.336 4.363 5.603 0.014 0.385KL (L/min) 4.424

Freundlich KF (mg/L) 30.482 0.997 0.096 2.335 1.605 0.162 0.005n 8.930

Temken AT (L/mg) 1430.831 0.998 0.074 2.054 1.243 0.0006 2.52×10−6
ΔQ (J/mol) 587.068

Dubinin-Radushkevich
Qm (mg/g) 41.783

0.957 1.522 9.283 25.368 5.443 0.200Kid (L/mg) 5.12×10−7

E (kJ/mol)� 988.21
R/CAK-S

Langmuir Qm (mg/g) 43.097 0.994 0.222 3.371 3.695 0.040 0.986KL (L/min) 1.212

Freundlich KF (mg/L) 25.795 0.997 0.116 2.436 1.929 0.283 0.011n 7.524

Temken AT (L/mg) 166.865 0.998 0.064 1.818 1.074 0.0001 7.35×10−6
ΔQ (J/mol) 514.132

Dubinin-Radushkevich
Qm (mg/g) 41.783

0.964 1.522 8.835 25.372 18.758 0.762Kid (L/mg) 5.26×10−7

E (kJ/mol)� 974.97
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Figure 9: Nonlinear plot of three-parameter adsorption isotherm
models of HQ by CAK-S.
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ΔG0
� −RT ln Kd, (9)

ln Kd �
ΔS0

R
  −

ΔH0

R
 

1
T

. (10)

We have that Kd � 1000 Qe/Ce is the distribution
constant, Qe (mg/g) is the adsorbed quantity of pollutant at
equilibrium, Ce (mg/L) is the residual concentration of the
target compound in solution, R (8.314 J/mol.K) is the
constant of ideal gases, and T (K) is the absolute temper-
ature. �e results are shown in Figure 11.

Figure 11(a) shows the influence of temperature on the
retention of HQ or R. It appears that the adsorbed quantity
increases with increasing temperature, suggesting that the
process is endothermic, and that the increase in temperature
promotes the progression of adsorption. Table 11 summa-
rizes the values of ΔG0, ΔH0, and ΔS0 obtained from ex-
trapolation of the linear plot ln Kd � f(1/T) (Figure 11(b)).
�e less negative values of ΔG0 with increasing temperature
show that the adsorption of HQ or R by CAK-S is favorable
and spontaneous. Positive values of ΔH0 indicate an en-
dothermic nature of the adsorption process. �ese low
positive values of enthalpy (ΔH0 ˂ 40 kJ/mol) are

characteristics of a physisorption. Positive entropy values
ΔS0 also indicate increased randomness, including the
number of species at the solid-liquid interface during
sorption. Similar results were obtained during adsorption of
hydroquinone in solution by granular activated carbon [1]
and adsorption of hydroquinone by hydroxyethyl cellulose
functionalized with magnetic/ionic liquid [49].

3.8.Mechanism InvolvingHydrogenBonding andπ-π and n-π
Interactions. �e binding mechanism of HQ and R is dis-
cussed on the basis of surface properties of CAK-S and
modeling results. In general, the surfaces of activated car-
bons are made of acid functions like carboxyl, hydroxyl,
quinones, carbonyl, and lactone groups, as well as basic
functions like pyrones and chromenes [4, 50, 51]. For the
case of CAK-S, the FTIR and the Boehm titration results,
supplemented by EDX/SEM [28], have shown that it has the
chemical functions mentioned above. �ese functional
groups act as nucleophilic and electrophilic sites likely to
react with the hydroxyl groups and the delocalized π electron
system of the benzene ring present in HQ or R.�e results of
the thermodynamic study show that the adsorption was
mainly dominated by physisorption (ΔH0 ˂ 40 kJ/mol).

Table 10: Adsorption of hydroquinone and resorcinol: nonlinear fitting analysis for three-parameter isotherms (see equations in Tables 3
and 4).

Models Parameters R2 χ2
Errors

RMSE HYBRID ARE EABS
HQ/CAK-S

Hill
Qm (mg/g) 65.611

0.998 0.068 1.967 1.368 0.002 0.045KH (L/g) 0.276
nH 1.150

Kahn
Qmax (mg/g) 69,940

0.992 0.336 4.363 6.723 0.014 0.385bK (L/g) 4.424
aK 1.528

Redlich-Peterson
A (L/g) 757.85

0.998 0.083 2.168 1.661 0.0018 0.022B (L/mg) 23.149
β 0.905

Sips
KS (L/g) 57.005

0.998 0.068 1.967 1.368 0.002 0.046aS (L/g) 0.868
βS 0.276

Toth
Q (mg/g) 45.764

0.992 0.336 4.363 6.723 0.014 0.385Ke 0.832
N 0.120

R/CAK-S

Hill
Qm (mg/g) 52.907

0.998 0.040 1.434 0.802 0.002 0.060KH (L/g) 0.443
nH 1.220

Kahn
Qmax (mg/g) 92.049

0.994 0.222 3.372 4.435 0.040 0.986bK (L/g) 1.212
aK 2.135

Redlich-Peterson
A (L/g) 123.84

0.998 0.058 1.372 1.177 0.001 0.032B (L/mg) 4.026
β 0.911

Sips
KS (L/g) 43.344

0.998 0.040 1.436 0.803 0.002 0.060aS (L/g) 0.819
βS 0.444

Toth
Q (mg/g) 43.097

0.994 0.222 3.372 4.436 0.040 0.986Ke 0.976
N 0.126
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However, Temkin model with positive adsorption energy
(587.068 and 514.132 J/mol, respectively, for HQ and R)
suggests chemisorption, but this was fairly minimal and was
not a control mechanism. Likewise, FTIR analysis reveals
shifts in the absorption bands of functional groups (hy-
droxyl, carboxylate, and C–O) after adsorption of HQ and R
by CAK-S, but these were also small for controlling the
process. For an optimal value of pH� 3 (lower than pHpzc
6.37), the carbon surface is positively charged and easily
attracts electrons from HQ and R. In addition, the hydroxyl,
carboxylate, and C–O functional groups on the surface of
CAK-S are rich in oxygen atoms (electronegative atom),
which is a good candidate for physical interactions. �e
main physical adsorptionmechanisms involved are based on
the Van der Waals forces of attraction, in particular the
hydrogen bonds which are likely to play a role in absorption
[52]. Based on this observation, we see that there is a co-
existence of chemisorption and physisorption, with the latter
being dominant during sorption of HQ or R on CAK-S. In
the end, the two aromatic isomers have hydroxyl groups
which largely participate in the binding onto CAK-S, con-
sequently supported by π-π and n-π interactions as well as
the formation of hydrogen and covalent bonds. It should be

noted that the attachment of these isomers to CAK-S also
depends on the paraposition and metaposition of the hy-
droxyl groups. �e HQ in hydroxide position 1–4 on
benzene is symmetrical and stable and therefore is easily
accessible at binding sites due to its greater energy stability,
compared to R in the metaposition [3]. For this reason, we
have chosen to represent only (Figure 12) the binding
mechanism of hydroquinone, which has a high affinity with
CAK-S activated carbon. �e mechanism by which resor-
cinol binds to this AC is similar to that of hydroquinone.

3.9. Comparison with Other Adsorbents. �e adsorption ef-
ficiency of HQ and R in aqueous solution using various ad-
sorbents is shown in Table 12. It appears that CAK-S is shown
to be a capable adsorbent that can be exploited in the removal
of HQ and R of wastewater compared to other adsorbent
materials. Although the operating conditions are not the same,
CAK-S exhibits higher maximum removal efficiency than
some adsorbents reported in previous studies. �ese results
contribute to environmental remediation because CAK-S
produced from local biomass can be exploited specifically for
effective attenuation of HQ and R in aqueous media.

Table 11: �ermodynamics parameters of the adsorption of HQ and R.

Temperature (K) HQ R
ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/mol.K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/mol.K)

303 −15.871

5.992 71.59

−15.719

4.447 66.54
313 −16.446 −16.342
323 −17.080 −17.079
333 −17.857 17.691
343 −18.565 18.364

Q
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m
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Figure 11: (a) Effect of temperature. (b) Linear plot ln (Kd) versus 1/T of the adsorption of HQ or R.
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4. Conclusion

�e response surface methodology was used as a simple
approach to optimize the binding of HQ and R in solution on
activated carbon from shea residue. �e study focused on the
main factors (concentration of target pollutants, pH of the
solution, contact time, and mass of carbon) having an effect
on the quantity adsorbed. �e optimal conditions obtained
from the statistical analysis were concentration of 158mg/L,
pH 3, mass of 50mg, and time of 120min for the HQ and a
concentration of 180mg/L, pH 3, time of 86min, and mass of
118mg for R. For these conditions, the maximum quantities
of HQ and R adsorbed are 45.02 and 33.65mg/g, respectively.
�e adsorption was better described using Elovich kinetics
which suggest that the CAK-S surface is heterogeneous. Also,
the Temkin two-parameter and the Sips three-parameter

isotherm models suggest a heterogeneous surface with a
nonuniform adsorption distribution energy. �e process was
spontaneous (−ΔG0) and endothermic (+ΔH0) and resulted
in increased disorder of species in solution (+ΔS0). �e π-π,
n-π interactions, hydrogen bonds, and pores filling were the
main contributors to the mechanism of binding of HQ and R
to CAK-S. �is CAK-S material has shown good HQ and R
removal performance, which is a very significant contribution
to environmental remediation. It can be exploited specifically
by environmentalists for effective mitigation of phenolic
compounds from wastewater.

Data Availability

�e digital data used to support the conclusions of this
study have been deposited in the Mendeley repository

Table 12: Comparison of CAK-S with other materials for HQ and R reduction.

Adsorbent Condition Adsorbed quantity References
Adsorption of hydroquinone by some adsorbents

CAK-S C� 158mg/L; pH� 3; t� 120min; m� 50mg 45.02mg/g Present study
Activated carbon based on monkey kola
(Cola lepidota K. Schum) waste C� 55.55mg/L; pH� 6; t� 30min; m� 100mg 7.33mg/g (66.57 μmol/g) [3]

Iron impregnated granular activated carbon C� 100mg/L, pH� 4, t� 14 h, m� 40 g/L 26.55mg/g [53]
Adsorption of resorcinol by some adsorbents

CAK-S C� 180mg/L; pH� 3; t� 86min; m� 118mg 33.65mg/g Present study
Activated carbon based on monkey kola
(Cola lepidota K. Schum) waste C� 55.55mg/L; pH� 6; t� 30min; m� 100mg 0.60mg/g

(5.47 μmol/g) [3]

OMC C� 20mg/L; pH� 6.5; t� 24 h; m� 0.1 g/L 34.4mg/g [54]
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Figure 12: Possible interactions contributing to the mechanism of hydroquinone adsorption on CAK-S except pore filling.
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(http://www.mendeley.com/reference-manager/library/
recently-read).
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