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This work aims at the synthesis of a polymer of poly-trimesoyl chloride and polyethyleneimine grafted on

carbon fibers (PCF) derived from palm. The obtained PCF was characterized using Fourier-transform

infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and energy-dispersive X-ray

spectroscopy (EDX) for its structural properties. The obtained PCF was then evaluated for the removal of

mercury (Hg(II)) from aqueous solutions using batch adsorption studies at four different temperatures

(298, 308, 318, and 328 K). The experimental parameters such as initial concentration, pH, dosage, and

contact time were optimized on the mercury adsorption. The percentage removal was 100% with an

adsorbent dosage of 100 mg L�1 at a pH between 5 and 7 and temperature of 298 K and thus kinetic,

isotherm, and thermodynamic studies were performed under these conditions. By the Langmuir

adsorption isotherm, the maximum adsorption capacity of Hg(II) by PCF was 19.2 mg g�1. In addition,

results fit the pseudo-second-order model, with R
2 > 0.99, to describe the adsorption kinetic

mechanism. The adsorption process is spontaneous with an endothermic nature under the studied

conditions.

1. Introduction

Water pollution by heavymetals (HMs) is a global serious issue.1

Mercury is considered one of the most hazardous HMs. Due to

some of its distinguished physical properties, it is widely used

in a variety of industrial, agricultural, and medical applica-

tions.2,3 Therefore, mercury pollution in the aquatic system is

a result of different industrial activities including plastic,

rubber, pulp, paint, pharmaceutical, oil rening, textile, and

fertilizer processing.4 It may exist in the environment in

organic, inorganic, and/or elemental form.5,6

Mercury is volatile,7 persistent,8 and difficult to be ejected

outside the infected organism,9 and human beings have the

highest risk of exposure. Therefore, it is considered by the US

Environmental Protection Agency (EPA) as one of the top 13

elements with high risk and listed by the European Water

Framework Directive (EWFD) as one of the serious pollutants of

surface water. It can cause environmental and acute health

problems even at low concentrations.10

In the aquatic environment, mercury can form some salts and

is found asHg(II). According to the regulations of theWorldHealth

Organization (WHO) and the European Union, 1 and 5 parts per

million (ppm) are the maximum permissible limit of Hg(II) in

drinking water and wastewater, respectively.11,12 Methylmercury,

a more toxic compound, can be formed through the chemical or

biological transformation of Hg(II) in aqueous media.13 Therefore,

researchers are working hard to propose a feasible solution to

maintain the Hg(II) concentration below the allowable limits.

Different chemical and physical methods have been evalu-

ated to remove Hg(II) from aqueous solutions. These techniques

include adsorption, ion exchange, reverse osmosis, membrane

separation, liquid–liquid extraction, precipitation, electrode-

position, and precipitation.14,15 However, from the engineering

point of view, the cost and efficiency of the used technique

should be compromised.

The adsorption method is usually more preferable due to its

advantages over other methods including its low cost, adsorbent

reusability, environmental friendliness, and ease of operation.16

Different adsorbents have been synthesized for Hg(II) removal

from aqueous solutions. Clays,17 zeolites,18 and activated

carbons19 were used for a long time but with low adsorption

capacity. On the other hand, due to the excellent interaction

between Hg and the adsorbent surface, the thio/l-functionalized

adsorbents have been reported as very effective selective adsor-

bents to remove Hg(II) from polluted water.20–22 Behjati et al.

(2018)23 evaluated the adsorption performance of the di-

thiocarbamate nanocomposite impregnated with Fe3O4 to

remove mercury from polluted water. It was reported that the

adsorption capacity can be improved by controlling the pH values
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of the treated aqueous solutions. Iannazzo et al. (2017)24 reported

a highly efficient adsorption performance of the use of

dendrimer-functionalized carbon nanotubes to remove Hg(II)

from aqueous solutions and it was a result of the existence of the

phosphate group. Fang et al. (2010)25 evaluated the use of func-

tional mesoporous metal–organic frameworks for mercury

removal. Poor performance was reported and attributed to the

adsorbent instability in water. However, this challenge was

overcome by introducing a sulfur group to enhance mercury

uptake.26 Recently, Sun et al. (2018)27 studied the adsorption

capacity of a composite ofmetal–organic framework and polymer

and an ultra-high adsorption performance was observed and

attributed to the increase in the composite porosity.

Polymeric materials and different activated carbons are among

the most effective sorbents used to remove Hg(II) from wastewater

samples. Adsorbents obtained from natural sources are more

desirable because of some environmental and economic concerns.

Therefore, activated carbons, obtained from palm28 and organic

sewage,11 have been tested. In addition, cross-linked poly(di-

thiocarbamate) and hybrid polymer composite were tested for

Hg(II) removal.29–31

Activated carbon bers (ACFs) are lighter and have a larger

surface area than activated carbons. Therefore, they are efficient

to be used for pollutant removal.32 However, the available

literature addressing the use of ACFs to remove Hg(II) from

wastewater is very limited. Wang et al. (2009)33 investigated the

Hg(II) removal efficiency using sulfur-modied activated carbon

bers and higher adsorption capacity was reported and attrib-

uted to the formation of new functional groups. Yao et al.

(2014)34 improved the adsorption capacity of Hg(II) by using

modied ACFs where sulfur was impregnated on the original

ACFs.

Thus, cost effective naturally produced adsorbents were highly

promising. However, modication of such adsorbent is required

to enhance their removal efficiency. In this work, poly-trimesoyl

chloride and polyethyleneimine graed on carbon bers (PCF),

derived from palm, was synthesized as a novel cost-effective

adsorbent for the mercury removal. The obtained PCF was

characterized using Fourier-transform infrared (FTIR) spectros-

copy, scanning electronmicroscopy (SEM), and energy-dispersive

X-ray (EDX) spectroscopy. The prepared PCF was then evaluated

for the removal of mercury from aqueous solutions using batch

adsorption studies. PCF showed good mercury removal that can

be ascribed due to its multifunctionality. The adsorption

kinetics, isotherms, and thermodynamics have been studied.

2. Experimental
2.1 Materials

Chemical reagents including; polyethyleneimine (purity 99%),

trimesoyl chloride (99% purity), ethanol (HPLC grade), dime-

thylformamide (DMF), methanol (HPLC grade), hexane (HPLC

grade), mercury(II) (1 g L�1 Hg in nitric acid; certied reference-

grade) were acquired from Sigma-Aldrich (St. Louis, MO, USA).

All other materials were used as received. Natural mat mesh

samples were locally collected from the surrounding date palm

tree stems.

2.2 Synthesis

The natural ber sample was washed with fresh water to remove

sand and dust. Then, the washed natural ber sample was

dried. Aer that, it was pulverized by a mortar and pestle and

sieved by a mesh sieve of 50 mm size to have a uniform size of

bers. The sample was then thermally treated in a muffle

furnace at 200 �C for 2 h under nitrogen atmosphere gas to

provide a low oxygen environment. Then, the sample was

allowed to cool. Then, it was washed with distilled water. The

obtained carbon ber was dried for 3 h at 100 �C.

For the synthesis of polymer-modied carbon ber, 10 g of

the obtained carbon ber was added in a round-bottom ask in

an anhydrous DMF and treated with SOCl2 (thionyl chloride) at

0 �C for 2 h under stirring. Then, the system was kept under

stirring for 2 days at 70 �C. The acylated carbon ber was

separated by centrifuge. Aer drying, it was added to 300 ml

distilled water and 50 ml ethanol. Aer that, 10 g of poly-

ethyleneimine was added under stirring. The system was stirred

for one day at 70 �C. It was then allowed to cool and ltered to

obtain polymer-modied carbon ber (PCF).

2.3 Characterization

Characterization of PCF was performed using a Field Emission

Scanning Electron Microscope (FESEM) (TESCAN, LYRA 3)

equipped with energy-dispersive X-ray (EDX) spectroscopy for

surface morphology and elemental analysis. A Fourier transform

infrared with a spectrum was run on a Thermo Scientic Nicolet

6700 FTIR spectrometer to investigate the functional groups.

Sample pellets were prepared by mixing 1% PCF with KBr using

an Atlas™ automatic press and then transferring it into an FTIR

cell for analysis. A Micromeritics TriStar II PLUS was employed to

evaluate the textural properties such as pore size, surface area,

and pore volume. Sample degassing occurred at 200 �C under the

ow of nitrogen for 3 h to eliminate the impurities. Then, the BET

analysis was performed by TriStar II PLUS.

2.4 Adsorption studies

A series of experiments were carried out for estimating the rate

of adsorption of mercury onto the PCF surface (kinetics study).

The effect of pH has been examined at pH values ranging from 3

to 7 at an adsorbent concentration of 100 mg L�1. To evaluate

the temperature effect, the batch adsorption experiments were

performed at four different temperatures (298, 308, 318, and

328 K) at the adsorbent dosage and adsorbate concentration of

100 mg, and 100 mg L�1, respectively. The percentage removal

of mercury was estimated using eqn (1) while the adsorption

capacity was estimated using eqn (2):

Mercury removal ð%Þ ¼
�

Ci � Cf

�

Ci

� 100 (1)

Adsorption capacity ðqÞ ¼ ðCi � CtÞ �
V

m
(2)

where Ci and Cf refer to the initial and the nal concentrations

of mercury (mg L�1). Ct is the concentration of mercury at time t

(mg L�1). V is the volume (L) of the Hg solution and m refers to

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 380–389 | 381
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the PCF mass in mg. In parallel, blank experiments were

established onmercury solutions without adding PCF as control

experiments.

3. Results and discussion
3.1 Characterization

The morphological nature of PCF was evaluated using SEM and

EDX. Fig. 1 shows the SEM images with different magnications

which indicate the shape of PCF with lengthy granular. EDX

spectrum displays the elemental components of PCF including

nitrogen, carbon, and oxygen, Table 1. The dispersion of poly-

mer on the carbon ber (CF) was evaluated by nitrogen

mapping. The mapping of N element indicates the uniform

distribution of polymer on CF. It should be noted that N

element is from the polyethyleneimine. FTIR spectrum indi-

cates the formation of polyamide on CF, Fig. 2. FTIR of PCF

compared to IR of CF35 show the dominant absorption peaks of

Fig. 1 SEM images, EDX spectrum of PCF, and mapping image of N in PCF.
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the polymer on CF indicating amine groups (N–H2) contained in

3450 cm�1 while the C–H peaks can be observed at 2850 and

2920 cm�1. The peak of C–N appeared at around 1100–

1200 cm�1 while the carbonyl group peak can be observed at

1650 cm�1.36 The bands related to C]C aromatic from the PCF

can be observed at 1450 cm�1.37 The N2 adsorption–desorption

isotherm indicated a type II isotherm of PCF.38 The BET surface

area was found to be 187 m2 g�1, with a pore volume of 0.19 cm3

g�1 and a pore size of 64 Å.

3.2 Adsorption properties

3.2.1 Effect of pH. The adsorption of Hg(II) on the PCF is

affected by the aqueous solution pH since both adsorbate and

adsorbent are affected by the adsorption media basicity (or

acidity). Fig. 3 shows the mercury removal percentages at

different pH. While the removal% at pH¼ 3 was 70%, 60%, and

50% for Hg initial concentration of 20, 50, and 100 mg L�1,

respectively, it increases drastically with increasing the solution

basicity (increasing pH) to reach 99.5%, 92%, and 88% at pH of

5. Then, it almost remained constant at higher values of pH.

Generally, as the pH of the solution increases from 3 to 7, the

concentration of H+ ions, competing with Hg2+ for the available

adsorption sites on the surface of PCFs, is reduced, and thus

adsorption capacity increases. As a result, the solution pH was

maintained at 5 during the batch adsorption experiment.

3.2.2 Effect of contact time and initial concentration. As

shown in Fig. 4, the adsorption process of Hg(II) by PCFs needs

90 minutes to reach equilibrium. Therefore, all experiments

were conducted for more than 90 minutes. Regardless of the

mercury initial concentration, more than 35% of the mercury

was adsorbed within the rst 10 minutes indicating fast

removal of Hg over PCF may be due to the amine functional

groups. Then, the adsorption rate decreased till reaching

Table 1 Elemental EDX analysis of PCF

Element

Apparent

concentration k Ratio Wt%

C 38.50 0.38500 49.68

N 28.25 0.05029 32.52

O 7.13 0.02399 13.98
Si 3.14 0.02485 1.35

Cl 1.14 0.01000 0.50

K 0.55 0.00467 0.22

Ca 2.13 0.01903 0.87
Zn 1.67 0.01674 0.87

Total 100.00

Fig. 2 FTIR spectrum of PCF.

Fig. 3 Effect of pH on the removal of mercury from aqueous media

using PCF.

Fig. 4 Effect of contact time and initial concentration of adsorbate on

the removal of mercury from aqueous media using PCF.

Fig. 5 Effect of adsorbent dosage on the removal of mercury from

aqueous media using PCF.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 380–389 | 383
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equilibrium which can be attributed to the decrease in the

available adsorption sites on the PCF surface.

In addition, the effect of the initial concentration of Hg in an

aqueous solution on the adsorption process by 100 mg of PCF

was evaluated at 298 K using three different concentrations of

the adsorbate (20, 50, and 100mg L�1). As presented in Fig. 4, as

the mercury initial concentration increased, the adsorption

performance decreased. For a xed adsorbent concentration,

the available adsorption active sites decrease as the adsorbate

concentration increases. The fast removal of mercury from

aqueous solutions indicates the excellent performance of the

novel synthesized adsorbent.

3.2.3 Effect of adsorbent dosage. The effect of the PCF

dosage on the removal of mercury (50 mg L�1) was assessed by

changing the PCF mass from 10 to 200 mg within 120 minutes.

As shown in Fig. 5, as the adsorbent dosage increased the Hg

adsorption increased till reaching 99% at 100 mg of adsorbent

dosage. At low adsorbent dosage (below 100 mg), the rate of

adsorption increased signicantly as the dosage increased till

reaching equilibrium. This can be attributed to the large surface

area of the adsorbent and available active sites on the adsorbent

surface. At the adsorbent dosage of 100 mg, available adsorp-

tion active sites were sufficient for complete adsorption, and

thus further increase in the dosage will have the same

removal% (z100%). Therefore, kinetic, isotherm, and ther-

modynamic studies were conducted at 100 mg adsorbent

dosage.

3.2.4 Effect of temperature. The batch adsorption experi-

ments were performed at different temperatures at the adsor-

bent dosage and adsorbate concentration of 100 mg, and

100 mg L�1, respectively. The temperature effect on the

adsorption performance of the prepared adsorbent is shown in

Fig. 6. As the temperature increased the mercury removal%

increased indicating an endothermic process. However, it can

be noted that the material can still adsorb mercury in the range

of studied temperature with 86% at room temperature, 90% at

308 K and 92% at 318 K and 97% at 328 K. This indicates the

good efficiency of the PCF at wide range of temperatures.

3.3 Kinetic and isotherm studies

3.3.1 Kinetic models. The adsorption capacity plots at

a different initial concentration of mercury are shown in Fig. 7a.

Fig. 6 Effect of temperature on the removal of mercury from aqueous

media using PCF.

Fig. 7 Kinetic studies for the removal of mercury on PCF from aqueous solutions at 298 K; (a) capacity plots, (b) Lagergren's first order model; (c)

pseudo-second order model; (d) Weber's intraparticle diffusion model.
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A Lagergren rst-order model was tted to the experimental

results using eqn (3):39,40

ln(qe � qt) ¼ ln qe � k1t (3)

where qe is the adsorption capacity (mg g�1) at equilibrium, qt is

the adsorption capacity (mg g�1) at time t (min), and k1 is the

pseudo-rst order-rate constant (min�1). A plot of ln(qe � qt)

versus time is shown in Fig. 7b. Based on this plot, qe and k1
were estimated (Table 2). The increasing values for the coeffi-

cient of determination (R2) as the initial mercury concentration

increases indicates very good experimental data tting by the

Lagergren rst-order model.

In addition, the experimental data were tted by the pseudo-

second-order kinetic model using eqn (4), and the resulting plot

is shown in Fig. 7c:41,42

t

qt
¼ 1

k2qe2
þ t

qe
(4)

The values of qe and k2 (second-order rate constant in min�1)

were determined from the intercept and slope and presented in

Table 2. The consistently high values for R2, ranging from 0.994

to 0.995 across all initial mercury concentrations tested, is

a strong indication that the pseudo-second-order model ts well

the experimental data.

A Weber–Morris intraparticle diffusion model was tted to

the experimental data using eqn (5):43,44

qt ¼ kidt
1/2 + C (5)

where kid is the intraparticle diffusion rate constant (mg g�1

min�1/2) and C is the intercept (mg g�1). The plot of qt versus t
1/2

Table 2 Kinetic parameters for the adsorption of mercury over PCF at 298 K

Ci

(mg L�1)

qe, exp

(mg g�1)

Lagergren rst-order Pseudo-second-order Weber–Morris intraparticle diffusion

k1
(min�1)

qe, cal

(mg g�1) R2
k2
(g mg�1 min�1)

qe, cal

(mg g�1) R2
Kid

(mg g�1 min�1/2)

C

(mg g�1) R2

20 4.0 0.0457 3.60 0.9862 0.0140 4.6 0.994 0.29 1.41 0.922

50 10.0 0.0339 8.57 0.9882 0.0049 11.4 0.995 0.73 3.00 0.967

100 17.6 0.0311 16.96 0.9890 0.0020 21.2 0.995 1.55 2.82 0.987

Fig. 8 Kinetic studies for the removal of mercury on PCF from aqueous solutions containing 100 mg L�1 mercury at different temperatures; (a)

capacity plots, (b) Lagergren's first order model; (c) pseudo-second order model; (d) Weber's intraparticle diffusion model.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 380–389 | 385
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(Fig. 7d) has two linear regions. The second region represents

the intraparticle diffusion. It has high R2 values, which indicate

that intraparticle diffusion is the rate-limiting step.

Also, the kinetics was investigated at four different temper-

atures (298, 308, 318, and 328 K). The adsorption rate was

analyzed by examining the above-mentioned kinetic models

(Lagergren rst order, pseudo-second-order, and Weber–Morris

intraparticle diffusion). As expected, as the temperature

increased the adsorption capacity increased as mentioned

earlier (Fig. 8a). As shown in Fig. 8b and c, although the

Lagergren rst-order model showed a good linear tting of the

experimental data (R2
$ 0.9619), the data were better tted by

the pseudo second-order model (R2
$ 0.9939). Furthermore, the

Weber–Morris intraparticle diffusion model was used to eval-

uate the diffusion mechanism according to the available

experimental data. As presented in Fig. 8d, the experimental

data were linearly tted well in two zones. While the rst one

represents the boundary layer diffusion of Hg molecules to the

external surface of PCF, the second one represents the diffusion

through the adsorbent pores (intraparticle diffusion). All kinetic

parameters of the three models at different temperatures are

presented in Table 3.

3.3.2 Isotherm models. The Langmuir, Freundlich, and

Temkin adsorption isotherm models have tted to the experi-

mental data for Hg(II) removal at equilibrium (Fig. 9a, b, and c,

respectively). These isotherm models provide insights on the

physiochemical adsorption process and they are used for eval-

uating adsorption capacity. The Langmuir isothermmodel (eqn

(6)) is used to determine if the adsorption process forms

a homogeneous monolayer surface. It may also be utilized to

classify the adsorption process as either physical or chemical.45

Ce

qe
¼ 1

KLqm
þ Ce

qm
(6)

where KL is the affinity of adsorption sites (L mg�1), qm is the

theoretical monolayer sorption capacity (mg g�1), Ce is the

concentration of mercury at equilibrium (mg L�1), and qe is the

amount of mercury adsorbed per one gram of PCF at equilib-

rium (mg g�1). The plot of Ce/qe as a function of Ce is shown in

Fig. 9a with the parameters listed in Table 4. The slope of this

Table 3 Kinetic parameters for the adsorption of mercury over PCF from aqueous solutions containing 100 mg L�1 mercury at different

temperatures

T (K)

qe, exp

(mg g�1)

Lagergren rst-order Pseudo-second-order Weber–Morris intraparticle diffusion

k1
(min�1)

qe, cal

(mg g�1) R2
k2
(g mg�1 min�1)

qe, cal

(mg g�1) R2
Kid

(mg g�1 min�1/2)

C

(mg g�1) R2

298 17.6 0.0360 17.63 0.9619 0.002 21.19 0.9939 1.4114 3.9369 0.9697

308 18.2 0.0370 17.65 0.9654 0.003 21.01 0.9959 1.4114 4.6371 0.9712
318 18.6 0.0454 17.71 0.9768 0.003 21.14 0.9988 1.0940 8.3584 0.9959

328 19.4 0.0521 18.15 0.9886 0.004 21.74 0.9988 1.1068 9.4911 0.9968

Fig. 9 Isotherm models for the mercury removal on PCF from aqueous media; (a) Langmuir; (b) Freundlich; (c) Temkin isotherm models; (d)

Dubinin–Radushkevich isotherm model.
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plot gives 1/qm and the Langmuir constant KL is obtained from

the intercept.

The separation factor, RL, is a dimensionless equilibrium

factor calculated according to eqn (7):44

RL ¼ 1

1þ KLC0

(7)

where C0 is the initial concentration of mercury (mg L�1).

Adsorption is considered unfavorable if RL > 1, linear if RL ¼ 1,

favorable if 0 < RL < 1, and irreversible if RL ¼ 0.46 In this study,

RL was found to be between 0.01 and 0.04, which indicates

adsorption is favorable. Furthermore, reversible adsorption (RL

s 0) indicates that the adsorption process is physical.

The Freundlich adsorption isotherm model appraises

adsorption characteristics on heterogeneous surfaces. In other

words, the Freundlich model species if adsorption is likely to

form multilayers. The Freundlich adsorption isotherm may be

expressed with the following equation:47

ln qe ¼ ln KF þ 1

n
ln Ce (8)

where KF is the Freundlich isotherm constant (mg g�1) indi-

cating removal capacity, the term 1/n species the adsorption

intensity, n is a constant, Ce is the concentration of mercury at

equilibrium (mg L�1), and qe is the amount of mercury adsor-

bed per one gram of PCF at equilibrium (mg g�1). The

Freundlich adsorption isotherm model was tted to the exper-

imental data and the plot is shown in Fig. 9b. Based on the 1/n

value of 0.315 and the corresponding value of n is 3.17 (Table 4),

mercury adsorption onto PCF favorable on heterogeneous

surfaces and forms multilayers of adsorbed mercury on the

PCF.

In addition, the Temkin adsorption isotherm model reects

the interaction between the mercury(II) and the PCF, which

assumes a linear decline in the adsorption energy. The Temkin

model may be expressed by the following equation:48

qe ¼
RT

bT
ln KT þ RT

bT
ln Ce (9)

where bT is a constant that denes the adsorption heat (kJ

mol�1), KT is the equilibrium binding constant (L g�1), R is the

universal gas constant (expressed in kJ mol�1 K�1) and T is the

solution temperature in Kelvin. A plot of qe as a function of ln Ce

provides the isotherm constant, as shown in Fig. 9c. The data

indicates that the equilibrium-binding constant KT was equal to

32.98 L g�1, which corresponds to the maximum binding energy

(Table 4).

Furthermore, the adsorption free energy (E) was calculated

using the Dubinin–Radushkevich isotherm model expressed as

follows:

ln qe ¼ ln qD � BD

�

RT ln

�

1þ 1

Ce

��2

(10)

E ¼ 1
ffiffiffiffiffiffiffiffiffi

2BD

p (11)

where qD, and BD are the model constants obtained from the

data linear tting as shown in Fig. 9d. The obtained E value

3.75 kJ mol�1 (<8 kJ mol�1) which indicates that the adsorption

process is physical.49

3.3.3 Adsorption thermodynamic. More adsorption char-

acteristics such as spontaneity, the heat evolved/absorbed, and

randomness can be obtained from the thermodynamic evalua-

tion of the equilibrium data at different temperatures. There-

fore, the change in the standard Gibbs's free energy (DG�),

entropy (DS�), and enthalpy (DH�) were calculated. The enthalpy

and entropy change can be determined from the slope and

intercept of the plot of ln KD against 1/T using the van't Hoff

linear (eqn (12)) as shown in Fig. 10.

Table 4 Isotherm parameters using models of Langmuir, Freundlich, and Temkin for the adsorption of mercury(II)

Langmuir Freundlich Temkin Dubinin–Radushkevich

qm
(mg g�1)

KL

(L mg�1) RL R2 1/n n

KF

(mg g�1) R2
KT

(L g�1)

bT
(kJ mol�1) R2

qD
(mg g�1)

BD
(mol2 kJ�1)

E

(kJ mol�1) R2

19.2 1.18 0.01–0.04 0.994 0.315 3.17 8.43 0.998 32.98 0.86 0.975 13.9 0.0356 3.75 0.877

Fig. 10 van't Hoff plot of the mercury adsorption process at different

temperatures.

Table 5 Thermodynamic parameters of the mercury adsorption on

PCF

Temperature,

K DG�, kJ mol�1
DH�, kJ mol�1

DS�,
J mol�1 K�1

298 �0.66 38.07 130
308 �1.96

318 �3.26

328 �4.56

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 380–389 | 387
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ln KD ¼ DS�

R
� DH�

R T
(12)

KD ¼ qe

Ce

(13)

DG� ¼ DH� � TDS� (14)

where KD is the standard thermodynamic equilibrium constant

expressed in (L mg�1). The obtained thermodynamic parame-

ters are presented in Table 5.

The negative values of the free energy (DG�) indicate the

spontaneity of the adsorption process of mercury by PCF. In

addition, the positive value of DH� implies that the adsorption

process is endothermic and thus energetically favorable at

higher temperatures and this is proved by the decrease of the

DG� values as the temperature increases. However, the positive

value of DS� indicates an increase in the randomness at the

solution and solid interface (possible structure change) during

the adsorption process.

3.4 Comparison with literature

A comparison of the maximum adsorption capacity of mercury

by PCF and other different adsorbent materials is presented in

Table 6. The synthesized adsorbent in this study showed

a better adsorption performance than most of the others.

According to the superior nding, the PCF can be used as

a promising adsorbent to remove Hg(II) from contaminated

drinking and wastewater streams.

4. Conclusions

This study reports the successful synthesis of a polymer graed on

carbon bers (PCF) from natural and inexpensive resources (palm

agricultural waste). Characterization of PCF indicated the

successful formation of polymer on the carbon ber with

functional groups of amines and carbonyl groups on the PCF with

a surface area of 187 g m�2. The novel synthesized composite was

evaluated as an adsorbent to remove mercury(II) from contami-

nated aqueous solutions. Batch adsorption studies were conduct-

ed at four different temperatures (298, 308, 318, 328 K) and the

effect of different parameters (pH, contact time, adsorbent dosage,

initial adsorbate concentration, and temperature) was investi-

gated. Kinetic studies revealed the superior performance of the

pseudo second-order model to t the experimental data. However,

isotherm investigations depicted that the maximum adsorption

capacity of Hg(II) over the PCF adsorbent was 19.2mg g�1, which is

better than many of the available adsorbents, and the Freundlich

model described well the adsorption isotherm. Furthermore,

thermodynamic evaluation conrmed the spontaneity and the

endothermic nature of the adsorption process. These ndings

prove that the PCF is a promising adsorbent to remove mercury

from contaminated drinking/wastewater streams at wide range of

temperatures. The PCF has many advantages over other available

adsorbents including, but it is limited to, cost-effective source of

carbon ber and fast removal of Hg.
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