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ABSTRACT

In this research article the batch adsorption of 4-nitrophenol on chemically treated biomaterial
BC-PFP,,, was studied at three different temperatures (10°C, 20°C, 45°C). The consequences of var-
ious operating factors including biosorbent dosage, contact time and pH on the percentage removal
of 4-nitrophenol was detected. The perceived optimum contact time for the adsorption of 4-nitro-
phenol was 60 min. The optimum biomass dosage (BC-PFP,,) was 2.5 g/L for the adsorption of
4-nitrophenol. The value of regression coefficient R? for first order and second-order are 0.95 and 0.99,
respectively which shows that second-order is most appropriate model for determination of kinet-
ics. Experimental results were verified by applying different linear and nonlinear isotherm models
such as Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, Hill, Sips, Toth, Fritz-Schlunder
(4 parameters) and Fritz-Schlunder (5 parameter). The value of thermodynamic parameters, that is,
AH? is -3.74 kJ/mol and AS° is 44.31 J/mol/K respectively. The thermodynamic parameters revealed
the thermodynamic feasibility of the adsorption process. The negative value of AG° indicates
the spontaneous process and the negative value of AH® illustrates that the process is exothermic.

Keywords: Adsorption; Pseudo-second-order; Nonlinear isotherms; Linear isotherms; 4-Nitrophenol;

Thermodynamics; BC-PFP,,,

1. Introduction

Swiftly increasing industrialization, unplanned urban-
ization and agricultural activities are mediated to be the
major cause of water pollution. Numerous industrial oper-
ations engross surplus volumes of water. A few of them,
peculiarly textiles, paper, pharmaceuticals and petro-chem-
icals re-emit effluents consisting of variability of chemicals
which are lethal to humans and environment. Phenol and
its derivatives encompass a class of priority pollutants as
they are carcinogenic and mutagenic even at very low con-
centrations [1-4]. 4-nitrophenol is one of the significant
intermediate used in organic synthesis. Extensive use of
4-nitrophenol is in the synthesis of two pesticides, ethyl and

* Corresponding author.

methyl parathion. As a fungicide for leather, in dyes, pig-
ment production and also in specialty products for military
applications. Nitro-phenols are listed as toxic pollutants by
United States environmental protection agency [5,6]. Short-
term exposure to the 4-nitrophenol can cause eye irritation,
nausea, drowsiness and headaches. It can be absorbed by
human body and convert hemoglobin to methemoglo-
bin thereby decreasing the oxygen uptake of body [7]. The
harmful effects of 4-nitrophenol on humans are due to its
carcinogenic and mutagenic nature including skin diseases.
4-nitrophenol is extremely toxic and can cause impairment
of liver, kidney, and nervous system. 4-nitrophenol can alter-
nate the normal monocyte count. Several conventional tech-
nologies have been used for the phenol contaminated water
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with their related merits and demerits. Adsorption tech-
nology is now accepted as entrenched and effective to treat
wastewater and activated carbons being the most adequate
adsorbents because of their chemical appearance and porous
structure [8,9]. Extensive reports are available on the use of
agricultural wastes and by-products to prepare activated
carbons through different procedures. For example; coir
pith, palm stones, peanut shells, cork and coffee endocarp
[10-13]. In present study petiolar felt-sheath of palm (PFP),
produced as a raw material from palm trees was checked for
its capability to remove 4-nitrophenol from single system.

2. Experimental set-up
2.1. Adsorbate

The commercially available well-known 4-nitrophe-
nol (MF: CHNO,) was obtained from Sigma-Aldrich and
used as adsorbate. The stock solution was prepared by
taking 1.0 g of 4-nitrophenol in 1,000 mL measuring flask.
Dissolving and making the volume up to the mark with dou-
ble distilled water. Desired concentrations were freshly pre-
pared whenever needed.

2.2. Adsorbent

Raw material used in the current study was collected
from the local market. The biomaterial investigated for
adsorption studies include Livistona chinensis, (common
name petiolar felt-sheath of palm, PFP). The given raw
material was thoroughly washed under tap water to remove
dust. Afterwards washed with double distilled water until
the removal of coloration. Oven dried at 80°C + 2°C for
24 h. Ground and stored in desiccators or air tight bags.
For chemical pretreatment, a known amount of biomass
was impregnated with HCl (1 M), HNO, (1 M), and H,SO,
(1 M) in 1:5 ratio in 500 mL Erlenmeyer flasks and shaken
at a speed of 150 rpm for 24 h at room temperature. Treated
biomaterials were then filtered and washed with double
distilled water till the filtrate was free of acid. The pre-
treated biomaterial was oven dried at 80°C + 2°C for 24 h
and stored in desiccators for use in further experiments.
Raw and pretreated biomaterial (1 M HCI, 1 M HNO, and
1 M H,SO,) were charred in muffle furnace (box-type resis-
tance furnace, SX-6-12) at temperature 773 K for 30 min. The
prepared biochars were investigated for their maximum
adsorption aptitudes for 4-nitrophenol as target pollutant in
batch and continuous flow system.

3. Results and discussion
3.1. Fourier-transform infrared spectroscopy studies

Fourier-transform infrared spectroscopy (FTIR) analysis
is employed to identify the number of peaks that represent
the structure of BC-PFP, .. Fig. 1a represents the FTIR spectra
of native BC-PFP, .. The peaks in the range of 3,125-3,575 cm™
is owing to the presence of -OH groups in the membrane.
The band observed in the region of 1,725-1,750 cm™ is
related to C=O group (aldehydes, ketones) stretching vibra-
tions. The band appeared in a range of 1,040-1,300 cm™ is
due to —CH, stretching. The band observed in the region of
1,100-1,600 cm™ is related to carboxylate group.

Fig. 1b represents the FTIR spectra after adsorption of
4-nitrophenol on biomaterial BC-PFP,,.. The peak observed
at 3,347.45 cm™ thus identified as O-H stretching which
shifted to 3,358.02 cm™ after 4-nitrophenol adsorption.
The region between 1,725 and 1,750 cm™ indicates the C=O
stretch thus the peak appeared at 1,731.09 cm™ shifted to
1,738.45 cm™ indicating the change in bond energies after
4-nitrophenol adsorption. The —CH, band shifted from
1,221.17 to 1,224.3 cm™. The band observed in carboxylate
region shifted from 1,601.89 to 1,603.01 cm™.

3.2. Scanning electron microscopy studies

The scanning electron microscopy images for the mor-
phological features and surface characteristics of raw,
PFP and biochars BC-PFP,, are presented in Figs. 2a and
b. While raw PFP have rough and irregular spaces with
depressions on the surface which were converted to smooth,
long, deep well shaped micro tubes when charred at dif-
ferent temperatures. Thus conversion of rough surface of
native biomaterials to highly porous structures facilitate the
adsorption of 4-nitrophenol by increasing the surface area
of the BC-PFP__

3.3. Effect of operating factors
3.3.1. Effect of contact time

The contact time is a key parameter which greatly influ-
ences the rate of adsorption. The adsorption rate of 4-nitro-
phenol was considered over a time intervals of 5-180 min
by keeping adsorbent dosage 2.5 g/L with 10 mg/L 4-nitro-
phenol solution. It was observed from Fig. 3a that within the
first 5 min 83% of 4-nitrophenol was adsorbed. However,
increase in adsorption was observed up to 60 min and equi-
librium condition was achieved after 60 min. The maximum
percentage removal (98%) of 4-nitrophenol was observed in
1 h from the contaminated solution. The rapid uptake within
the first 5 min is due to the excessive and available vacant
adsorption sites on the surface of BC-PFP,, which became
depleted as the contact time was elevated and achieved
equilibrium. Where the rate of adsorption becomes equal
to the rate of desorption.

3.3.2. Effect of adsorbent dosage

The influence of biochar dosage on the adsorption of
4-nitrophenol is shown in Fig. 3b. When 100 mL of 25 mg/L
solution of 4-nitrophenol was agitated with various quanti-
ties of BC-PFP, .. The adsorption capacity of BC-PFP,,, was
increased from 48% to 100% with the rise in the dosage of
BC-PFP,,, from 0.1 g/L to 2.5 g/L. This is due to the availabil-
ity of additional adsorption sites at higher biochar quantity.
Further increase in biochar dosage up to 10 g/L produced
negligible change in the values of percentage removal of
4-nitrophenol. This is because of the saturation of adsor-
bent sites as a result of decreasing mass of biochar for a

fixed volume and concentration of adsorbate.

3.3.3. Effect of pH

The effect of solution pH on the removal of 4-nitrophe-
nol was observed by varying the initial pH between the



242 S. Mubarik et al. / Desalination and Water Treatment 250 (2022) 240-251

100

Transmittance [ )]

122117

1601.89— ==

T T T
3500 2500

T T T
2000 1000 500

Wawenumber om-1

s
100

Transmittance [ %)

a0

T T T
3500 3000 2500

T T T
2000 1500 1000 500

WAl avermimhar e

Fig. 1. FTIR spectra of (a) naked petiolar felt-sheath of palm charred at 773 K (BC-PFP,,) and (b) 4-nitrophenol loaded BC-PFP ..

range of 2-10 (Fig. 3c). Maximum elimination of 4-nitro-
phenol was observed at acidic pH and remains constant
upto pH 6. As pH of the solution was enhanced above 8§,
adsorption of 4-nitrophenol was reduced. 4-nitrophenol is
soluble in water with a pK_ value of 7.15. It was observed
that at pH 2, 4-nitrophenol was in molecular form and

there was no electrostatic repulsion between 4-nitrophe-
nol and the surface of BC-PFP, .. The point of zero charge
(pH,,) of BC-PFP;is 4.0, at a solution pH lower than pH_ .
The total external charge on the surface of biochar will be
positive while at a pH higher than pH_ it is negative. At
lower pH values maximum adsorption is attributed to the
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Fig. 2. Scanning electron monograph of (a) raw petiolar felt-sheath of palm (PFP) and (b) biochar produced at 773 K (BC-PFP
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Fig. 3. (a) Effect of contact time on the removal of 4-nitrophenol by BC-PFP
4-nitrophenol, and (c) effect of pH on the removal of 4-nitrophenol.

electron donor-acceptor mechanism between lone pair of
electrons on O-H group of 4-nitrophenol and the surface
of biochar. At alkaline pH values (above 7) 4-nitrophenol is
dissociated into its ionic form 4-nitrophenolate anion and
the number of anionic sites also increased. Thus repulsion
is created between negative 4-nitrophenolate anions and
the negatively charged biochar surface which becomes

L L
01 2 3 45

6 7 8 9 10 11 12
pH

v (D) effect of biosorbent BC-PFP_, on the removal of

negative at pH higher than point of zero charge. Thus a
sharp decrease in the adsorption capacity of BC-PFP_, was
observed at higher pH values. Another factor contributing
for decreased adsorption of 4-nitrophenol at high pH val-
ues is the presence of OH- ions competing with 4-nitrophe-
nolate anions for the remaining positively charged surface
sites.
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3.4. Adsorption kinetics

The kinetic study yields central information about the
rate of uptake of adsorbate by the adsorbent.

3.4.1. Pseudo-first-order model

The expression for linearized pseudo-first-order kinetic
model can be expressed as [14]:

log(q, —q,)=logq, - kT (1)

The expression for non-linearization pseudo-first-order
can be expressed as:

g, =q,(1-¢*") )

As g, and q, describes the amount of adsorbed adsorbate
at time t and at equilibrium respectively and k, is the rate
constant associated with first-order kinetic model.

The expression for linearized form of pseudo-second-
order kinetic model can be given as:

9. ka4

t 1 +t 3)

The non-linearized expression for pseudo-second-order
can be given as:

K,qit
q,= 24 4)
1+K,q,t
As g, is the amount of adsorbed adsorbate at equilibrium,
g, is the amount of the adsorbed adsorbate at equilibrium

and k, is the rate constant associated with pseudo-second-
order kinetic model [15,16].

3.4.2. Intraparticle diffusion model
The equation of intraparticle diffusion model can be
expressed as:

g, =Kyt +C ()

diff
where k; is intraparticle diffusion rate constant (g/mg min)
and the intercept of the plot, ¢ stands for the boundary
layer effect or surface adsorption. It was observed that the
contribution of surface adsorption in rate determining step
is increased as the value of intercept becomes larger. When
the kinetic data was analyzed using the intraparticle dif-
fusion model, it was observed that the plot did not pass
through the origin indicating that intraparticle diffusion
was not the only rate-limiting step.

diff

is 0.103

4.019 0.95

It was also observed that the values of intraparticle dif-
fusion rates were lower for 4-nitrophenol than values for
surface adsorption (intercept, c). The trend in these results
would indicate that a higher amount of surface adsorption
occurred leading to a reduction in the rate of diffusion of
4-nitrophenol from the adsorbent external surface to the
internal surface

3.5. Adsorption isotherms
3.5.1. Linear isotherms

The Langmuir isotherm is usually applied to study the
monolayer adsorption by homogeneous surfaces.

According to this model adsorption occur on definite
number of sites which are indistinguishable but compara-
ble. All sites are equally susceptible for the adsorbate. The
expression for linear form can be given as:

1 1 1

=—+
qe qm KLqug

(6)

1
K= @

where C, is the concentration of adsorbate in solution at
equilibrium, g, refers to adsorbed adsorbate at equilibrium.
A solution (mg/L) and b stands for Langmuir isotherm con-
stant. A plot of C, against C/q, is shown in Fig. 4a and val-
ues of the parameters K, and g, is listed in Table 1. R, is a
dimensionless separation factor and can be given as [17].

1
R, = (1+K,C,) ®

where C, = maximum initial concentration of the adsorbate
(mg/L).

If R, > 1 adsorption is unfavorable, If R, =1, R, =0,
0 <R, > 1 then adsorption is linear, irreversible and favor-
able respectively. The value of R, 4-nitrophenol are 0.74,
0.632 and 0.55 for adsorption of 4-nitrophenol at tempera-
ture 10°C, 20°C and 45°C, respectively. Which reveals that
adsorption is favorable? The R? value are 0.97, 0.99 and 0.99
for the 4-nitrophenol adsorption by BC-PFP, , at temperature
25°C, 35°C and 45°C respectively. The R? value confirmed the
applicability of Langmuir isotherm for these temperatures.

According to Freundlich isotherm the adsorption occurs
in multilayer way. The linearized expression for Freundlich
isotherm can be given as [18]:

1
lnqezanf+glnCC )

where K, and n are Freundlich constant, the value of n pro-
vides information about heterogeneity.

The adsorbent surface. If the value of n is 2-10 then it
reveals the decent adsorption power of the adsorbent. If
it is 1-2 then it shows moderate adsorption and less than
one signifies reduced adsorption capability. The R?* value
for the Freundlich isotherm are 0.99, 0.98, and 0.92 for
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temperature 10°C, 20°C and 45°C, respectively. The values
of n are 1.59, 1.84 and 2.5 at temperature 10°C, 20°C and
45°C, respectively which shows that adsorption is more
advantageous at 45°C.

The linear expression for Temkin isotherm can be given
as [19]:

_RT

Q,= - In A, +¥lnce (10)

t t

3.5.2. Nonlinear isotherms

The nonlinear form of Langmuir isotherm can be
expressed as:

_ 1KCe

11
1+K,C, ah

9.

where K, is Langmuir constant, g, is the adsorption capacity.
The nonlinear model of Langmuir isotherm is given in Fig. 5

@) 0.5

In(qe-qt)

Time(min)

245

and values of g and K, are calculated in Table 2. The value
of chi-square for adsorption of nitrophenol are 10°C, 35°C,
and 45°C respectively. The nonlinear form of Freundlich
can be represented as q,= KC1/n.

Q. =K,.C' (12)

Table 1
Comparison of various adsorbents for adsorption of 4-nitro-
phenol

Adsorbent Capacity  Reference
Petiolar felt-sheath of palm (PFP) 18 Present study
Loofah fibers 265.4 [21]
Carrot dross 125 [22]
Activated jute stick char 39.38 [23]
Empty fruit bunches (EFB) 7.54 [24]
Mesocarp fibers (MF) 9.61 [24]
Corn husk 11.668 [25]
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Fig. 4. Linear form of (a) pseudo-first-order kinetic model and (b) pseudo-second-order kinetic model for the adsorption of

4-nitrophenol by PFP_ ..
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Fig. 5. Nonlinear form of pseudo-first-order and pseudo-second-order kinetic model for the adsorption of 4-nitrophenol by BC-PFP, ..
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Table 2

Parameters of pseudo-first-order and pseudo-second-order kinetic models for adsorption of 4-nitrophenol by BC-PFP,, ,

Pseudo-first-order kinetic model (linear kinetic model)

Pseudo-first-order kinetic model (nonlinear kinetic model)

k -0.032

1

q. 1.153
R 0.95
X -

0.360 = 0.805
4.88+0.17

0.567

Pseudo-second-order kinetic model (linear kinetic model)

Pseudo-second-order kinetic model (nonlinear model)

k, 0.040 0.14 +0.042
q, 5.40 5.05+0.103
R? 0.99 -
X - 0.28
Table 3 6
Parameters of the linear forms of Langmuir, Freundlich and Tem-
kin isotherm for the adsorption of 4-nitrophenol by BC-PFP,, 5 | /e/e/e/q/e/c/o
System 4-nitrophenol 10°C 20°C 45°C 6
4
Langmuir
Tonax (ME/8) 18 12.9 18 93
R, 0.74 0.632 0.55
R? 0.97 0.99 0.99 2
Freundlich
1 =
K, 7 0.98 2.8
n 1.59 1.84 2.5 0
2
R 0.99 0.98 0.92 0 5 10 15
Temkin /2
b 098 061 08 Fig. 6. Intraparticle diffusion model for the adsorption of
A 0.98 0.37 0.7 4-nitrophenol by BC-PFP_..
R? 0.98 0.96 0.96

where C, is superflutant concentration at equilibrium stage,
g, is the amount of dye adsorbed at equilibrium, # and K
are Freundlich factors and their values are given in Table 3.
The value of chi-square for the adsorption of nitro phenol
by BC-PFP,_, are 1.975 x 10%, 6.64 x 10 and 4.11 x 10
at 25°C, 35°C, and 45°C respectively.

The nonlinear form of Temkin
expressed as:

isotherm can be

qe = %11’1 utce

t

(13)

where R, T, b, and 4, represent general gas constant, absolute
temperature, heat of adsorption and equilibrium binding
constant correspond to maximum binding energy respec-
tively. The nonlinear form of Temkin isotherm is expressed
in Fig. 6. The value of R, T, b, and 4, constants are calculated
and given in Table 4. The value of chi-square for adsorp-
tion of nitrophenol by BC-PFP,_, are 8.7 x 10-%, 2.07 x 10%%
and 9.48 x 10" at 10°C, 20°C and 45°C.

The nonlinear form of Dubinin—Radushkevich can be
represented as:

9. =C, exp(-pe’) (14)

The nonlinear plot of DRK is given in Fig. 7. The value
of chi-square for the adsorption of nitrophenol by BC-PFP_
are 1.33 x 107°%, 9.035 + 10 and 2.45 x 10% at 10°C, 20°C,
and 45°C, respectively.

The nonlinear form of Redlich-Peterson can be repre-
sented as:

qf — KRfPCE

= 15
1+a, ,C$ (15)

The Redlich—Peterson chi-square value for the adsorption
of 4-nitrophenol by BC-PFP_, are 6.654 x 10, 1.6 x 10
and 54.635 at 10°C, 20°C, and 45°C, respectively. The
parameters for Redlich-Peterson are given in Table 4 and a
nonlinear plot for this graph is represented in Fig. 8.



Table 4

Nonlinear isotherms parameters for adsorption of 4-nitrophenol by BC-PFP_,

System 4-nitrophenol 10°C 20°C 45°C

Langmuir isotherm

KL 701.42 + 172 0.0011 £5.09 x 10 1,349.1 + 141

q, 0.00961 + 0.000 206 +1.56 x 10710 0.0009 +2.9 x 107%%
x> 5.07 x 107 1.26 x 107008 2.34 x 109
Freundlich isotherm

Kf 0.01 +0.006 0.011 + 0.0065 0.006 + 0.0026

n 2.043 +0.417 11.75 £ 0.306 2.73 +0.546

x> 1.975 x 10798 6.64 x 1079 4.11 x 108
Temkin isotherm

b 11,958 +1.32 x 10%% 1,648.4 +4.07 x 10°3 12,415+ 773

a 7,574 +1.85 x 10°% 6,518.1 +4.27 x 10°% 15,292 +2.91 x 10°%
x> 8.7 x 1070 2.07 x 10798 9.48 x 10
Dubinin-Radushkevich

q, 0.0022 + 0.0005 0.002 + 0.0006 0.0019 +0.000323
b 0.006 + 0.001 0.007 £ 0.0016 0.004 + 0.0007

x> 1.33 x 107008 9.035 + 10 2.45 x 10798

Redlich—Peterson

K 0.95+2.7 x 1077 0.329 +5.31 x 1007 0.473 £2 x 107"

a 0.55 + 5.41 = 10%” -1.064 + 3.69 x 1097 0.14 £ 8.07 x 107
g 0.872 £1.99 x 1.99 x 10-%° 1.299 +9.64 x 107 0.721 £7.8 x 107
X2 6.654 x 100 1.16 x 10% 2.37 x 107

Hill

qy 0.003 + 2.56x10-%% 5.33 £157 0.003 + 4.96x10-%%
ny, 0.55 + 4.87x107%" 0.568 £ 0.14 0.45 + 7.07x107%7
k, 0.18 +£4.27 x 10%7 463 +1.34 x 10 0.22 +5.06 x 1097
X2 1.67 x 10 6.64 x 10 3.18 x 108

Sips

k, 0.013 £ 6.9 x 10-%¢ 0.00066 + 0.0028 4.303 +3.34

a 244 +42 =10 -2.4644 +3.17 4,661 +3.73 x 10"
B 0.51 £5.37 x 107 0.242 +0.42 1.14 +0.095

X2 1.82 x 107 5.03 + 10~ 1.38 x 10

Toth

k, 0.001 + 10-%¢ 2,008 +7.82 x 10712 52 +2.84 x 107

a, 0.0029 +1.01 x 10-%¢ 1.17 +2.58 x 10-%¢ 1.018 3.5 x 10%
t 0.6948 + 5.25 x 10-% 0.017 + 3.36 x 109 0.004 + 0.00019

X2 3.005 x 100 2.05 x 1078 3.12 x 10-8
Fritz-Schlunder (4 parameter)

A 0.090 + 8.82 x 1007 0.012 +6.33 0.005 + 3.87 x 10-9%
o 0.762 + 4.88 x 107 0.557 +15.3 0.13 £1.16 x 107
B 465 + 64 x 101 0.11 £ 563 0.32 +404 x 107
B 1.140 £ 1.67 x 1077 0.05+98.11 0.32 +8.14 x 107
X2 5.93 x 100 6.65 x 100 3.47 x 10008
Fritz-Schlunder (5 parameter)

q 0131 024+-1 0.005 + 4.36 x 10-%¢
k, 0.815+1 0.19+-1 0.043 +5.62 x 10-%¢
k, 1,918.6+1 423+1 0.057 +2.14 x 1070
m, 0.798 +1 -031+1 0.081 x 1.44 = 107%0¢
m, 1.385+1 -0.88+1 0.48 +£7.84 x 10
X2 0.13+1 6.65 x 100 2.59 x 10-08
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Fig. 7. Linear form of Langmuir, Freundlich and Temkin isotherm for adsorption of 4-nitrophenol by BC-PFP,_ ..

Sips isotherm is a combined form of both Freundlich
and Langmuir isotherm. This isotherm is beneficial in case
of heterogeneous surfaces. The expression of a nonlinear
form of Sips isotherm is given as g, = k. C#/1 + a CF. At low
concentration, Sips isotherm approaches to Freundlich iso-
therm and at high concentration, it follows Langmuir iso-
therm. The details of Sips parameters are given in Table 4.

The manifestation for nonlinear form of Hill can be given
as [20]:

QE _ qHCcH (16)

- n,
k,+C*

The plot for the Hill model is given in Fig. 9 and calcu-
lated constants are shown in Table 4.

The Toth isotherm is another revised from of Langmuir
isotherm which is useful for the analysis of heteroge-
neous surfaces including both low and high boundary of

adsorbate concentration. The expression for nonlinear form
of Toth isotherm can be stated as:

kTCe
(at +C, )1/2

e

17)

The description of Toth parameters is provided in Table 4.

3.6. Adsorption thermodynamics

The numerical values of thermodynamic parameters,
that is, Gibbs free energy (AG®), entropy (AS°) and enthalpy
(AH®) for the adsorption of 4-nitrophenol were obtained
with the help of van't Hoff equation and the related results
are provided in Table 5. The graphical explanation for InK_
vs. 1/T for 4-nitrophenol is given in Fig. 10. The value of
Gibbs free energy is negative for the adsorption of 4-nitro-
phenol by BC-PFP,, which characterizes the rise in Gibbs
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Fig. 8. Nonlinear plots of Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich isotherms for the adsorption of nitrophenol by

BC-PFP,, at 10°C (a), 20°C (b), and 45°C (c).

free energy with increase in temperature. The value of AH°®
is negative which represents the adsorption of 4-nitrophe-
nol on BC-PFP, , is an exothermic process. The value of AS®
is positive which proposes escalation in randomness at the
interface during adsorption process.

4. Conclusion

This article explores the worth of the biochar (BC-PFP, )
for the adsorptive removal of 4-nitrophenol. The kinetic

studies revealed that the value of R? for second-order
kinetic is greater than pseudo-first-order kinetic models.
The percentage removal of 4-nitrophenol was amplified
with intensification in contact time and maximum adsorp-
tion attained in 1 h. The optimal biosorbent dosage for the
removal of 4-nitrophenol was 2.5 g/L. Thermodynamic
parameters showed that adsorption of 4-nitrophenol by
BC-PFP,,, was exothermic and spontaneous process. The
present research is highly efficient for the practicable syn-
thesis of cost-effective, porous carbon based materials for the
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Fig. 10. The plot of 1/T vs. InK for the adsorption of 4-nitrophenol by BC-PFP,..



S. Mubarik et al. / Desalination and Water Treatment 250 (2022) 240-251

Table 5
Thermodynamic parameters for adsorption of 4-nitrophenol by
BC-PFP,,
AH® (KJ/mol) AS° (J/mol/K) —-AG® (k]J/mol)
298 308 318
-3.74 4431 16.91 17.35 17.79

elimination of organic pollutants from industrial/domestic
effluents, which is crucial from environmental viewpoint.
From this study it was concluded that the BC-PFP,, can be
effectively used for the treatment of waste water.
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