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A surface area of 1085.92 m%g and a monolayer adsorption capacity of 497.66 mg/g were obtained
from the optimum activated carbon derived using Prosopis africana seed hulls (PASH-AC) at the
activation temperature of 795°C, activation time of 62 minutes, and impregnation ratio of 2.45.
Five different forms of the linearized Langmuir equations along with two other models (Freundlich

and Temkin) were tested on the adsorption data. The best adsorption model was selected using
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correlation coefficient (R?) and chi-square (y?) was used for assessing the validity of each isotherm
model. Langmuir-2 along and pseudo-second-order models were found to be the most suitable
model for describing the equilibrium and kinetic processes, respectively.
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1. Introduction

In recent times, the pollution of water is among the main
challenges of the environment distressing the modern
world (1-7). Organic-based chemical contaminants
such as chlorophenols are among water pollutants.
Pharmacological similarities exist between chemical
contaminants such as guaiacols and phenol. Chlorinated
forms of guaiacols are quite similar to chlorophenols.
They pose severe health hazards by affecting human
nervous as well as respiratory systems. They have a strong
odor, are not readily biodegradable, and are persistent in
the environment. Additionally, they are toxic and have
carcinogenic features (8,9)

One of the most valuable and effective control
technologies for wastewater treatment is adsorption (10-
17). Activated carbon (AC) is the best practical adsorbent
due to its easy operation as well as good adsorption
capacity (18-21). ACs are considered adsorbents as a
result of their adaptable exterior properties which are
broadly applied for a wide range of industries (12,19,22-
24). The transformation of unwanted material from
agriculture into valuable products towards the elimination
of a possible pollutant in a cost-effective and eco-friendly
manner has been suggested as an ingenious technique.
Our previous studies have described the optimal
conditions for AC preparations using Prosopis africana

seed hulls (PASH) (25-27) but no report on the removal
of 4-chloro-2-methoxy phenol (4C2MP) from synthetic
wastewater using CH,COONa impregnated PASH-AC
was found in the literature.

This work is therefore aimed at investigating the
influence of the initial concentration of 4C2MP, time
of adsorption, and solution pH on the PASH-AC with
sodium acetate (CH,COONa) utilized as the activating
chemical agent to remove 4C2MP. Other investigations
carried out on the PASH-AC are based on equilibrium
data modelling, kinetics, and thermodynamics study.

2. Materials and Methods
2.1. Preparation and Characterization of Adsorbent
(PASH-AC)

The precursor (PASH) used in this study was prepared
in Zaria, Nigeria, using a similar optimization technique
applied in our earlier work (25). The AC was prepared
using sodium acetate as an activating agent, and the dried
precursor (of the desired particle size) was measured
and mixed with the activating agent at different ratios.
The mixture was heated in a water bath (80-90°C)
overnight and dried in an oven for 24 hours to remove
moisture before loading into a furnace embedded in a
tubular reactor. The carbonization step involved heating
the reactor at 700°C under purified nitrogen (99.99%)
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atmosphere with the flow rate of 150 mL/min. The
carbonized material was then activated under CO, gasata
flow rate of 150 mL/min using a reactor similar to the one
used for carbonization under different temperatures and
held for varying periods of time. The product was cooled
to room temperature, washed with distilled water until a
neutral pH was attained, oven dried, and finally stored
in an airtight container for further use. Similar optimal
preparation conditions (activation temperature of 795°C,
activation time of 62 minutes, and impregnation ratio of
2.45) as reported in our earlier work were applied (25)
which produced PASH-AC with reasonable yield, thereby
removing a significant amount of 4C2MP.

Scanning electron microscopy (SEM) analysis was
carried out on the AC prepared at the optimum conditions
using FEI QUANTA PEG 60 model to study its surface
morphology with the surface functional groups of the
adsorbent detected using FTIR spectroscopy (FTIR-2000,
Perkin Elmer, GX infrared spectroscopy) and spectra
were recorded at 4000-400 cm™! range.

The pH point of zero charge (pH,,) was determined
by adopting solid addition method similar to the method
which involved the addition of adsorbent sample (0.1 g)
into 100 mL conical flasks containing

50 mL of various concentrations of KNO, (0.1, 0.01,
0.001 mol dm™). To adjust the initial pH of the KNO,
solution from 2 to 12, 0.1 M KOH and HCI were used.
The sample was shaken at 180 rpm until equilibrium was
established, and the final pH was recorded. The final pH
was plotted against initial pH values of the solution with
plateau point on the plot noted and recorded as the pH
of the adsorbent.

2.2. Batch Adsorption of 4C2MP
Experiments were carried out using batch adsorption to
remove 4C2MP by PASH-AC as reported previously (25).

At equilibrium (% R), the percentage of 4C2MP removed
was estimated as:

4CIMP removal (%) = % %100 (1)

where C, and C, (mg/L) represent the initial and
equilibrium concentrations, respectively.

The equilibrium amount of 4C2MP adsorbed, q
(mg/g), was evaluated by equation 2:

(€, -G

q. T (2)

The kinetics of adsorption process was analysed by
estimating 4C2MP concentration at different times.
The degree of 4C2MP adsorbed at time t, q, (mg/g), was
estimated by equation 3:

¢, -

q, W (3)

Solutions pH as well as functional group were
determined using the same process as reported in our
earlier published work (11).

3. Results and Discussion
3.1. Characterization of PASH-AC

Figs. 1a and 1b show the SEM images of the raw PASH
and the PASH-AC, respectively.

The surface texture of the precursor was rough,
uneven, undulating, and porous. As shown in Fig. 1b,
homogeneous porous structures were distributed on the
surface of the PASH-AC. This result revealed that the
combined activation process of CH,COONa and CO, was
effective in creating well-developed pores, resulting in AC
with alarge surface area and a good mesoporous structure.
Other researchers have described similar observations on
coconut husk (28), Borassus aethiopum shells (29), oil

Fig. 1. SEM Micrograph of (a) Raw PASH Sample and (b) PASH-Based Activated Carbon.
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palm shell (30), and Canarium schweinfurthii seed shell
(12).

A disparity can be observed upon comparing the PASH
and PASH-AC spectra (Fig. 2).

The broad bands observed at 3500-3200 cm™, 3300-
3000 cm™ and 3000-2800 cm™ correspond to O-H, N-H
and both saturated as well as unsaturated C-H groups,
respectively. The feeble peak observed around 700-800 cm™
was assigned to C-OH (out of plane bending) in phenol.
Carbonization followed by activation was responsible
for the disappearance of several functional groups as
observed in the PASH-AC spectra. This observation was
ascribed to the effect of thermal degradation, which led to
the obliteration of intermolecular bonding.

The pHPZC of the adsorbent was found to be 6.53,
revealing that the surface area of the adsorbent was larger
on the acidic group. A similar observation was reported
by other researchers (31).

3.2. Impact of the Concentration of 4C2MP and the Time
of Adsorption

A fast increase in 4C2MP concentrations can be
observed in Fig. 3a, followed by a slow uptake until
equilibrium, which was attained at minimum time for
lower initial concentrations. The variance in equilibrium
time realization was ascribed to the quicker elimination or
vanishing of adsorbate molecules at dissimilar adsorbate
concentrations (31)

3.3 Influence of Solution pH

As depicted in Fig. 3b, the percentage of 4C2MP removal
indicated a substantial decline with a rise in the pH of the
solution from 2 to 12. At pH 2. A removal percentage of
95.81% was attained, which was attributed to its great
affinity to form hydrogen bonding with the external
surface of the PASH-AC as a result of the methoxy group
asserting the influence of withdrawing group (32).
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Fig. 2. FT-IR Spectra of (a) PASH and (b) PASH-AC.
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Fig. 3. (a) Effect of Contact Time on 4C2MP Adsorption Onto
PASH-AC at Various Initial Concentrations (b) Effect of Solution pH
on 4C2MP Removal by PASH-AC .

3.4. Adsorption Isotherms Modelling

Langmuir (L1-L5), Freundlich (F), and Temkin (T)
isotherm models were used to investigate the equilibrium
data.

Langmuir isotherm is widely used for the elimination of
water pollutants, described by equation 4 (33):

— I(ngf(:e

= 4
4 1+K,C, @

The constants of the isotherm linked to the adsorption
capacity and rate were represented as Q; (mg/g) and K|
(L/mg), respectively. Equation 4 was conveyed in five
dissimilar linear forms, as presented in Table 1, with great
discrepancies associated with the dispersal of the data and
the accuracy of parameter determination (34).

Another important adsorption parameter called
dimensionless separation factor (R, ) is defined as (35):

1
1+K,C,

L (5)

where C_ denotes the concentration of 4C2MP. R values
indicate whether the adsorption is unfavourable (R, > 1),
linear (R, = 1), favourable (0 < R < 1), or irreversible (R,
=0).

The adsorption process on a surface that is
heterogeneous is described by Freundlich (F) isotherm
which is described as (36):

logq, =logK, +llogCe (6)
n
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where K, and n stand for adsorption capacity deviation
of the model from linearity, respectively. Generally, the
higher the n value, the more favourable the adsorption
process.

The third model applied to the generated adsorption
data was Temkin (T) model, depicted as (37):

q. =EInA+EInCe 7)
b b

For the proper understanding of the model
legitimacy in explaining the process, x* was calculated
and considered due to uncertainty about the use of
correlation coefficient (R?) only as it is no longer reliable
in selecting the most suitable model since it only explains
the correlation between linear forms of the isotherm
equations and experimental data with x?best describing
the appropriateness between predicted and experimental
values of the adsorption capacity. Better fit is indicated by
the lower x*value.

As can be observed in Table 2, there are varying
values deducted from the five linear L equations,
because the original error distribution was altered by the
transformations (34).

Table 1. Linear Forms of Langmuir Isotherm

Isotherm Linear Form Plot
L1 1 1 + 1 1 1
_ - = — — Vs —
q. K.Qi€. Q2 q. G,
Cg _ G 1 C
_ - ==+ £
L-2 e b K Qg as vs G,
Qe q
_ = — + Q° vs =&
L-3 q. K.C. Q: q. c.
a K ) Qg
L-4 & = —K,q. +K.Q2 == vs Qe
Cg CB
1 K. Q¢ 1 1
L5 1 _ Qe K, LR
C. Qe Ce LB

Table 2. Langmuir (L-1 to L-5), Freundlich (F), and Temkin (T)
Isotherm Model Parameters (Correlation Coefficients and Chi-
square Values) for 4C2MP Adsorption on PASH-AC at 30°C

Isotherm Parameters

Langmuir
Q. (mg/g) RL R? x
L-1 334.21 0.045 0.9920 4.380
L-2 497.66 0.074 0.9665 0.393
L-3 449.48 0.064 0.8625 2.475
L-4 498.54 0.073 0.8625 9.740
L-5 343.56 0.046 0.9920 5.725
F K. (mg/g (L/mg) n R2 e
22.30 1.382 0.9876 1.420
T A (L/g) B(/mol) R 2
0.620 84.385 0.9281 31.750

L-1 or L-5 was determined to be the most suitable
isotherm to describe the adsorption process based on
the R? values obtained since they exhibited the largest
values (R* = 0.9920). However, higher R? values are no
longer reliable in describing the best transformations
according to (34). As can clearly be seen in Table 2, the
highest R* values (R? = 0.9920) were exhibited by L-1 and
L-5, however, the x> values shown by those models were
high, larger than 0.393 obtained from L-2. Therefore,
L-1 and L-5 cannot be reliable in perfectly describing the
equilibrium data. Another important observation from
Table 2 is that the x*values obtained from F (1.420) as well
as T (31.750) were also greater than 0.393 obtained from
the L-2 isotherm, indicating that it was the most reliable
model in describing the adsorption process. Therefore,
497.67 mg/g and 0.074 were selected as the correct values
for the maximum adsorption capacity (O, and separation
factor (R)), respectively, which were picked up from the
L-2 equation.

The high 0 value (497.67 mg/g) adopted in this work
was ascribed to the mesoporous nature as well as the large
surface area of PASH-AC (25). It performed very well
upon comparison with values compiled from previous
researchers in Table 3.

3.5. Adsorption Kinetic Studies

Lagergren pseudo-first-order and pseudo-second-
order (1 and 2) were the popular kinetic models applied
in studying the 4C2MP adsorption process. The linear
equation of pseudo-first-order was given as (41):

ke )

log(q. ~q,) =loga. — -

The pseudo-second-order equations were depicted in
two forms as in equations 9 and 10:

t_ 1 . -y )
ql kzqe qe

1 1)1

= S (10)
q, (kijjt q.

All the values obtained from the linear plots of equation
8 (Fig. 4a) as well as equations 9 and 10 (Fig. 4b and 4c)
for the 4C2MP adsorption process were tabulated (Table
4). There was no coherence in the trends shown by the
R? values obtained from the pseudo-first-order model
(0.741-0.952). In addition, there was a poor correlation
between the calculated as well as the experimental q,
values, indicating the unsuitability of the model for
properly explaining the process of 4C2MP adsorption
onto PASH-AC. However, similarity was observed when
the q_ values (calculated and experimental) deducted from
pseudo-second-order models were compared with each
other, indicating that almost all the obtained R*> values
were very close to one, thereby re-aftirming the suitability
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Table 3. Comparison of Maximum Monolayer Adsorption Capacity of Various Chlorophenols on Different Adsorbents

Adsorbent Adsorbate Q! (mg/g) Reference
PASH-AC 4-Chloro2-methoxy phenol 497.66 This work
Commercial activated carbon 4-Chloro2-methoxy phenol 276.88 This study
Oil palm shell activated carbon 4-Chloro2-methoxy phenol 323.62 (32)
Oil palm shell activated carbon 4-Chloroguaiacol 454 .45 (30)
Rattan sawdust based activated carbon 4-chlorophenol 188.68 (38)
Cattail fiber-based activated carbon 2,4-Dichlorophenol 142.86 (39)
Rice straw carbon 3-chlorophenol 14.2 (40)

log (qt-qt)
b oL

t/qt (h g mg?)

*30mg/L

M 60 mg/L

A 100 mg/L
150 mg/L
250 mg/L
350 mg/L

430 mg/L

W60 mg/L

A 100 mg/L
150 mg/L
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0.05 -

350 mg/L

t(h)

0.12
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= 0.08
£
= 0.06 *

3
S 0.04

0.02 —//
== e

1/t (h?)

Fig. 4. Linearized Plots of (a) Pseudo-First-Order (b) Pseudo-
Second-Order 1 and (c) Pseudo Second-Order 2 Kinetic Models
for 4C2MP Adsorption on PASH-AC at 30°C .

of pseudo-second-order model as the most reliable kinetic
model in describing the adsorption process of 4C2MP
onto PASH-AC. Furthermore, the lower the ¥* values
(0.001-1.999) obtained from both the pseudo-second-
order 1 and 2 models upon comparison with those
acquired from the pseudo-first-order (11.164-59.109)
further confirmed the suitability of pseudo-second-order
equation as the best kinetic model to describe the 4C2MP
adsorption onto PASH-AC.The failure of kinetic models

in the description as well as proper detection of diffusion
mechanisms prompted intraparticle diffusion model to be
applied, which was mathematically described as:

)
qt:kiptA+C (11)

As shown in Fig. 5, there was very rapid adsorption at
the beginning attributed to the electrostatic attraction
which was strong between 4C2MP and the external
surface of PASH-AC.

That was followed by a stage of steady adsorption,
ascribed to intraparticle diffusion of the 4C2MP
molecule through the adsorbent. In some cases, when the
intraparticle diffusion begins to slow down, a third stage
exists. The start stage is usually possible when the initial
concentration of the adsorbate is high (42).

An increase in the k , values can be noticed in Table
5 which keeps rising with an increase in the initial
concentration of 4C2MP. That was attributed to a
strong driving force. Furthermore, there was an upsurge
in the values of C, and C, with the increase in 4C2MP
concentration from 30 to 350 mg/L, suggesting the
boundary layer to be thicker (43). It can also be observed
from Fig. 5 with respect to the second and third stages
that the linear lines evaded the origin .

3.6. Thermodynamic Studies of Adsorption
The three most popular thermodynamic parameters
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Fig. 5. Plot of Intraparticle Diffusion Model for Adsorption of
4C2MP onto PASH-AC at 30°C .
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Table 5. Intraparticle Diffusion Model Parameters for the Adsorption of 4C2MP onto PASH-AC

Intraparticle Diffusion Model

€, (mg/L k , (mg/g h'’?) k ., (mg/g h'?) C C (R)? R,)?
p2 p3 2 3 2 3
30 7.142 - 10.852 24.610 0.7280 -
60 20.072 0.2227 11.723 53.843 0.8828 0.4919
100 30.457 0.9199 19.147 82.518 0.8662 0.4919
150 46.831 1.1000 29.012 129.240 0.8563 -
250 78.519 2.3075 49.089 210.510 0.8554 -
350 118.80 2.2432 55.698 284.450 0.8819 -

namely, change in Gibb’s free energy (AG), change in
enthalpy (AH), and the change in entropy (AS) were
evaluated using van ‘t Hoff equation, mathematically
expressed as (44):

_AS AH

K, =">-22

R RT (12

K, = s the distribution coefficient; q, (mg/g) is the
amount ‘of adsorbate adsorbed on the sorbent per unit
mass. The values of AS and AH were obtained from the
intercept and slope of a linear plot of In K against 1/T
(Figure not shown), and AG was evaluated using Eq. (13):
AG= -RThK, (13)

Endothermic 4C2MP adsorption process with
disorderliness was predicted based on the positive values
obtained for both AH and AS, respectively (Table 6).

Furthermore, the negative AG values obtained signified
a spontaneous process, the higher the negative AG value,
the more spontaneous the adsorption process. This
phenomenon has also been observed in the adsorption of
2,4,6-TCP on activated clay (45). The AG values (—6.45
to —6.88) further confirm that the adsorption process of
4C2MP onto PASH-AC is a physical one with the physical
adsorption values extending from -20 to 0 kJ/mol while
values from —-80 to —400 kJ/mol indicate chemical
adsorption (46). This phenomenon was also observed in
the adsorption of chlorophenols onto other adsorbents
(39,47,48).

Conclusion

PASH-AC was successfully produced from Prosopis
africana seed hulls with its adsorption capacity reported to
be surging up with an increase in both initial concentration
of 4C2MP as well as adsorption time. Acidic solution was

Table 6. Thermodynamic Parameters for the Adsorption of 4C2MP
onto PASH-AC at Different Temperatures

the most favourable route for the adsorption process
with the suitability of Langmuir-2, which was reported as
the best isotherm model for describing the equilibrium
data. Pseudo-second-order model was the best kinetic
model for describing the kinetic process of 4C2MP
adsorption onto PASH-AC with the mechanism primarily
guided by particle diffusion according to the Boyd plot.
Endothermic process was also confirmed based on the
positive AH values observed with its great potential upon
comparison with previously reported results available in
the literature. The obtained results may be a good base
for claiming the effectiveness of PASH-AC produced
in tackling pollution problems posed by contaminants
belonging to chloroguaicols in the environment.
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