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ABSTRACT: The contamination of groundwater by mercury (Hg) is a 9
serious global threat, and its removal is of great importance. Activated \)L
carbon (AC) is considered a very promising adsorbent to remove Hg
from water systems. However, specific functional groups can be added
to AC to enhance its adsorption efficiency. In this work, AC was
synthesized from palm shells and grafted with a copolymer of
acrylamide and methacrylic acid to produce a polyacrylate-modified
carbon (PAMC) composite. The synthesized adsorbent (PAMC) was
characterized by Fourier-transform infrared (FTIR) spectroscopy,
scanning electron microscopy (SEM), electron dispersive X-ray
(EDX) spectroscopy, and Brunauer—Emmett—Teller (BET) analysis.
PAMC was then evaluated for Hg removal from aqueous solutions, and
the adsorption efficiency was optimized under several parameters (pH,
contact time, and PAMC dosage). Kinetic, isotherm, and thermody-
namic investigations were performed to gain a further understanding of the adsorption properties. The adsorption data were best
fitted by pseudo-second-order and Redlich—Peterson models. Also, the thermodynamic investigation confirmed the spontaneity and
the endothermic nature of the Hg adsorption process over PAMC. The maximum adsorption capacity (q,,) of PAMC was found to
be 76.3 mg/g ,which is relatively higher than some activated carbon-based adsorbents. Therefore, PAMC offers a potential promise
for wastewater treatment due to its fast and high uptake removal capacity in addition to the cheap and environmentally friendly
activated carbon source.
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1. INTRODUCTION contaminated water is of great importance, and more attention
needs to be paid to it.

Several chemical and physical processes have been applied
for Hg removal from wastewaters, such as ion exchange,8
reverse osmosis,’” nanomembrane filtration,'*"! coagulation/
coprecipitation,> and adsorption using various adsorbents."
Nevertheless, most of these methods involve the use of either
high energy or large amounts of chemicals. On the other side,
the adsorption process is considered more effective for Hg
removal because it is highly efficient, cheap, and requires a
simple design.'*

Activated carbon (AC) has been considered as a very
promising adsorbent to remove Hg from water systems
because it is available, has a high adsorbability, and is simple
to be used with low secondary waste.'”'® In addition, AC is

Mercury (Hg) is one of the most poisonous elements. It is
found in various forms including inorganic/organic mercury
compounds and elemental/metallic mercury.' Hg forms are
toxic to living things with different toxicological properties.”
The organic mercury compounds are common and found in
different forms. Methyl mercury (CH;Hg), as the most
common organic mercury, is formed by natural processes
and micro-organisms. CH3;Hg is very toxic to the neurons of
animals and humans.” Although its solubility in lipid is low,
CH;Hg molecules can bind strongly to proteins and thus
accumulate in biological tissues.” In addition, when lakes,
rivers, and seas are contaminated with CH3;Hg, it can
accumulate in marine creatures and eventually in drinking
water. Also, in biological systems, Hg’* compounds can be
converted to CH;Hg at anaerobic conditions.>® Furthermore,

the contamination of groundwater with Hg is a serious global Received: January 13, 2022
threat to humans, animals, and the environment. The Accepted: March 31, 2022
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and 1.6 pug/kg/week, respectively, as reported by the
Environmental Protection Agency (EPA) and the World
Health Organization (WHO).” Hence, the removal of Hg from
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used for the removal of Hg because it contains well-oriented
nanoporous structural carbon atoms.'” Furthermore, low-cost
activated carbon derived from biomaterials has an added value.
The development of activated carbon from bioresources such
as palm trees takes different forms including physical
activation, pgfrolysis, chemical activation, or the use of chemical
reagents.'® "’ The use of reagents is preferable because shorter
times and low temperatures are needed.

Generally, an additional surface area can be created to
improve the AC adsorption capacity.”' Further improvement
of the adsorption capacity can be attained by the self-
assembled chemistry by which specific functional groups can
be added to the AC surface to be used for the removal of
specific contaminants.”* >

Therefore, some adsorbents containing modified AC have
been used for the removal of Hg from contaminated water.
These adsorbents include bromine-modified AC,*® thiol-
incorporated AC,”” polyethylenimine-modified AC,”® sulfur-
impregnated AC,” and phosphonium-based modified AC®
However, the synthesis of an environmental-friendly, cost-
effective, and highly selective adsorbent is targeted.

In this work, a novel composite of polyacrylate-modified
carbon (PAMC) was synthesized utilizing a low-cost AC
derived from a natural source (palm shells). PAMC was then
evaluated for the removal of Hg ions from aqueous solutions.
The experimental data of Hg removal were modeled using
several kinetic and isotherm models. Furthermore, a
thermodynamic study was performed at different temperatures.
As an additional advantage of the current work, the presence of
the polyacrylate in the system containing both amide and
carboxylic groups was studied, which thus has a pronounced
impact on adsorption.

2. MATERIALS AND METHODS

2.1. Materials. Activated carbon was derived from the
shells of palm trees. The collected shells were washed and
dried. Then, they were ground using a jaw crusher to obtain a
uniform microsize. The shells were cut into small pieces and
then sieved to an average particle size of 0.2—0.3 mm. Around
100 g of the shells was then thermally treated at 200 °C for 3 h
in a horizontal furnace. The heating rate was 5 °C/min under a
nitrogen carbonization atmosphere. The obtained carbon was
chemically treated with 2 M nitric acid (carbon/HNOj ratio
was 1 g/25 mL) under reflux at 90 °C for 6 h. The produced
carbon was then separated, washed, and dried.

For the synthesis of polymer-modified carbon, 10 g of
carbon was dispersed in 200 mL of deionized water in a flask.
The mixture was kept under sonication for complete
dispersion. After that, 10 g of acrylamide (CH,=CHC(O)-
NH,) was introduced under agitation. The system was
vigorously mixed. Then, 10 g of methacrylic acid (H,C=
C(CH;)COOH containing 250 ppm of monomethyl ether of
hydroquinone (MEHQ) as an inhibitor with 99% purity) was
slowly added under stirring. The system temperature was
maintained at 50 °C under nitrogen. Then, potassium
persulfate was introduced to initiate the polymerization. The
system was kept under stirring for 24 h. The product of
polyacrylate-modified carbon was separated, washed with
deionized water, and then dried in a suitable vacuum oven.

2.2. Characterization. Nicolet 6700 Fourier-transform
infrared (FTIR) spectrometer, manufactured by Thermo
Fisher Scientific Co., CA, USA, was used to determine the
functional groups on PAMC using the pellet formation
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method. In addition, a field emission scanning electron
microscope (SEM) equipped with energy-dispersive X-ray
(EDX) spectroscopy, manufactured by TESCAN, Kohouto-
vice, Czech Republic, was used for the characterization of the
PAMC surface morphology and elemental analysis. Further-
more, the surface area and the average pore size were measured
using a TriStar II PLUS, from Micromeritics Co., GA, USA.

2.3. Adsorption Experiments. For the batch adsorption
experiments, solutions of Hg(II) were made using an analytical
grade reagent (HgCl,), acquired from Sigma-Aldrich (MO,
USA), using distilled water as the solvent. The pH of the
prepared solutions was adjusted with the use of 0.1 M
solutions of NaOH and HCI to ensure the availability of metal
ions based on pH-induced chemical speciation.

All experimental tests were performed to evaluate the
adsorption efficiency of PAMC for the Hg removal from 20
mL aqueous solutions. Initially, the effect of the adsorption
parameters, including pH, PAMC dosage, and contact time,
was investigated, and the optimum values, resulting in the
highest removal %, were obtained. For this purpose, pH values
ranging between 3 and 7, and 0.01 and 0.2 g of PAMC were
used. For each experiment, the Hg concentration was
measured every 10 min until equilibrium was reached. Then,
using the obtained optimum values, kinetics and thermody-
namic tests were conducted using different Hg initial
concentrations (25—400 ppm) at various temperatures (298,
318, and 338 K).

Flasks containing the solutions with the PAMC adsorbent
were mixed using a laboratory shaker (WL-972, JWE
Electronic, Warsaw, Poland). The sampling was performed at
predetermined times, and the separation of the adsorbent from
the solution was performed using filters. The aliquots were
then analyzed to monitor the removal efficiency. Each
experiment was repeated three times, and the average values
of the measured concentrations were used in the calculations.
Also, the values of the standard deviation were reported.

For the determination of the mercury concentration of the
solutions, calibration curves were established and carried out
with a mercury analyzer (model MA-3000, Nippon Instru-
ments North America). Then, the Hg removal % and
adsorption capacity were calculated as follows:

(G- C)
C

mercury removal (%) = X 100

(1)

(o]

adsorption capacity (q) = (C, — C,) X v
m (2)

where

C, is the Hg initial concentration (ppm),

C, is the Hg concentration at time ¢ (ppm),

Cyis the Hg concentration at the experiment end (ppm),
V is the solution volume (L), and

m is the mass of PAMC (mg).

2.4. Adsorption Kinetics. A kinetic investigation was
performed by fitting the experimental data of the adsorption of
Hg over PAMC using the following famous kinetic models:

(Lagergren first-order model*)

3)

In(q, — q) =Ingq, — k¢t

(pseudo-second-order model*?)

(4)
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Table 1. Equations of the Adsorption Isotherm Models

linear form eq
C 1 + C
= = e 6
q, Ky, 4, ©
1
Ing =InKz+ —InC, (7)
n
q=EInKT+E1nCe (8)
< by by
2
1
Ing, =Ingqy — Bp|RT 1n(1 + a) (9)
Ce
In—==pInC,—hA (10)

qe

model nonlinear form
q K. C,
Langmuir q, = 1+ K.,
Freundlich 9. = KFCel/n
RT
Temkin 9. = o In(K1C,)
T
2
Dubinin—Radushkevich _ ~Bp|RT 1“(”%]
q, = q, exp .
. — Ace
Redlich—Peterson 9. L+ B Ceﬂ
where:
e g. is the adsorption capacity at equilibrium (mg Hg/g
PAMC),
e g, is the adsorption capacities at time t (mg Hg/g
PAMC),
® k, is the rate constant of the Lagergren first-order kinetic

model (min~?),
e tis the time of the experiment (min), and
® k, is the rate constant of the pseudo-second-order
kinetic model (min™").
However, the adsorption mechanism and steps were
determined by the Weber—Morris (W-M) diffusion model®*”
expressed by eq S.

1/2

q, = kgt'*+ C (3)
where:
e ki is the intraparticle diffusion rate constant (mg Hg/g

PAMC-min'/?), and
e C is the plot’s intercept of the W-M model (mg Hg/g
PAMC).

2.5. Adsorption Isotherms. Adsorption isotherm models
are widely used to get more details about the process. Among
these models, Langmuir, Freundlich, Temkin, Dubinin—
Radushkevich (D-R), and Redlich—Peterson isotherm models
have been used. Equations of the used models are presented in
Table 1.where

C, is the equilibrium concentration of mercury (ppm),
e K is the affinity of the adsorption sites (1/ppm),

® g, is the maximum adsorption capacity (mg Hg/g
PAMC),

e Kjis the constant of the Freundlich isotherm model (mg
Hg/g PAMC),

e 1/n is a constant revealing the adsorption process
strength,

e R =0.008314 kJ/mol'K,

e T is the temperature of the solution (K),

e by is the constant of the Temkin isotherm model (kJ/
mol),

e K is the constant of the equilibrium binding (L/g),

e gy (mg/g) and By (mol’/kJ) are the D-R isotherm

model constants,

A (L/g) and B (L/mg)”: are constants of the Redlich-

Peterson isotherm, and
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e f is the exponent of the Redlich—Peterson isotherm
model. It is ranging between zero and one. It indicates
the adsorbent surface heterogeneity.

While Langmuir adsorption model is used to evaluate the
process on a homogeneous monolayer without interaction
between adsorbed ions,>* the Freundlich model evaluates
heterogeneous multilayer adsorption with the interaction
between adsorbed ions,® the Temkin model evaluates the
interaction between adsorbent and adsorbate,® and the D-R
model is used to obtain the average value of the adsorption free

energy (E) as shown in eq 11.
_ 1
2By (11)
In addition, on the basis of the Langmuir parameter (K)

and Hg initial concentration (C,), a valuable dimensionless
factor (R;) can be calculated as follows:

1
1+ K.C,

" (12)
However, the Redlich—Peterson (R-P) isotherm model is a
hybrid form of the Langmuir and Freundlich models.”” The
adsorption mechanism is assumed as a mix of both
mechanisms (i.e, does not follow a homogeneous monolayer
adsorption mechanism®). The Freundlich model is an
empirical formula for multilayer adsorption processes on
heterogeneous surfaces, while the R-P model is suitable to
describe the nonuniform adsorbent surfaces of physisorption
and chemisorption.

2.6. Adsorption Thermodynamics. In addition, a
thermodynamic study has been performed to address more
features of the adsorption process at different temperatures.
While the energy absorbed or evolved during the adsorption
process can be expressed by the change in enthalpy (AH),
process spontaneity and randomness can be obtained by
Gibbs’s free energy (AG) and entropy (AS), respectively.
Thermodynamic properties were obtained using the following
equations:

Kp = kS
Ce (13)
AS®°  AH°
In K, = -
P77 R RT (14)
AG° = AH® — TAS® (15)
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Figure 1. Fourier-transform infrared (FTIR) spectroscopy of the synthesized (a) activated carbon and (b) PAMC.

Figure 2. Images of scanning electron microscopy (SEM) of the synthesized (a) activated carbon and (b) PAMC.

where K, is the equilibrium constant at standard conditions

(L/mg).

3. RESULTS AND DISCUSSION

3.1. Characterization. FTIR analysis of the synthesized
activated carbon (AC) and PAMC is depicted in Figure 1. The
band located at about 1100 cm™! can be attributed to (—CO)
stretching, as well as (—OH) bending vibrations. The band at
around 1450 cm™" can be attributed to (CH,) bending.”” The
bands at around 2920 and 2850 cm™ are attributed to the
bonds of C—H in CH and CH,. The band at around 2300
cm™! is attributed to the C=N bonds formed as a result of the
treatment of carbon with nitric acid. After carbon modification,
the disappearance of some bands and the appearance of new
bands indicate the successful formation of the polymer chains
onto the carbon. The bands at 3400—3600 cm™ (v, NH,),

3190—3200 cm™! (v, NH,), and 1650—1690 cm™ (C=0)
are physical characteristics of the unit of acrylamide.”® The
bands observed at 1560 and 1400—1410 cm™ can be
attributed to the stretching of the acrylate carboxylate group.
The stretching vibrations of carboxylate of the acrylate unit
and CN from the acrylamide unit are superposed at 1400—
1410 cm™". The presence of a weak band at 1710 cm™" can be
attributed to the COOH group, while the bands at around
1650 cm™" can be attributed to the stretching of the C=0
group from the acrylamide part.*'

In addition, SEM images of the synthesized AC and PAMC
are shown in Figure 2. SEM images of AC (Figure 2a) show
the slide-like shape of AC. The AC surface is free of any
branches. Compared to unmodified AC, the SEM images of
the PAMC surface (Figure 2b) indicate the formation of
polymeric chains on the carbon surface. The PAMC surface is

https://doi.org/10.1021/acsomega.2c00274
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Figure S. Mercury(II) removal using PAMC at 298 K: (a) experimental data, (b) Lagergren first-order kinetic model, (c) pseudo-second-order

kinetic model, and (d) W-M diffusion model.

rougher with more active sites (polymer chains). The increase
in surface roughness is expected to change the surface
properties and substantially enhance its adsorption capacity
toward mercury.

Moreover, the EDX spectra of the AC and PAMC are
presented in Figure 3. As shown in Figure 3a, the main
elements of the prepared AC are carbon and oxygen, which is
an indication of the presence of the oxygen functional groups
on the carbon surface. There are some trace amounts of silica
and calcium from the source; however, these elements were
washed out when AC was functionalized with a polymer. On
the other hand, the main elements of the prepared PAMC
(Figure 3b) are carbon, oxygen, and nitrogen. The presence of
nitrogen is an indication of the formation of the amide groups.
The semiquantitative analysis of the elements is listed in the
inset tables in Figure 3. The presence of carboxylic and amide
groups on the carbon surface of PAMC forms an attractive
active site for mercury adsorption.

Furthermore, Brunauer—Emmett—Teller (BET) analysis
revealed that the surface area of the prepared PAMC was
348 m?*/ g, which is considered high for the adsorption of
mercury ions. The average pore size diameter of the PAMC
was 5.3 nm, and the total pore volume was 0.91 cms/g.
However, the functionality of the developed PAMC adsorbent
plays a key role in adsorption efficiency. For comparison, the
surface area of carbon before modification was measured and
found to be 372 m?/ g, the average pore size diameter was 5.8
nm, and the total pore volume was 1.1 cm®/g.

3.2. Adsorption Study. In this work, the adsorption
parameters including acidity of the solution (pH), initial

14825

concentrations of the adsorbate (Hg), contact time, and
dosage of the adsorbent (PAMC) were initially optimized.

3.2.1. Effect of Adsorbent Dosage. Generally, the adsorbent
has a limited number of active sites, and thus the adsorbent
dosage must be optimized. For this purpose, different PAMC
dosages were examined to treat a 20 mL aqueous solution with
a 200 ppm initial concentration of Hg at ambient conditions.
As shown in Figure 4a, the removal % of Hg increased as the
PAMC dosage increased. For instance, a sharp increase in the
removal % was observed when the mass dosage of the
adsorbent was doubled (increased from 0.01 to 0.02 g). This
can be credited to the increase in the PAMC surface area and
the available active sites.*”

For comparison, the synthesized AC was evaluated for the
Hg2+ removal as well. As shown in Figure 4a, while 0.2 g of
PAMC was sufficient to achieve a 100% removal of Hg**, only
78% was achieved using AC. At different adsorbent dosages,
PAMC showed better performance, and the Hg removal % was
improved by 28—64% when compared to that of the AC
adsorbent. Although the surface area of the AC before
modification was slightly higher than that after modification
(PAMC), the reported results affirm the key role of the
functionality of the developed PAMC in the adsorption
efficiency, and the presence of polymer chains provides more
sites for adsorption.

3.2.2. Effect of Solution Acidity (pH). The effect of the
aqueous solution pH on the Hg removal by PAMC was tested
at ambient conditions (298 K, and 1 atm). PAMC dosage of
0.1 g and Hg initial concentrations of 50, 100, and 200 ppm
were used. As shown in Figure 4b, as pH increased, the Hg
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Table 2. Kinetic Parameters for the Mercury Adsorption over PAMC at 298 K

Lagergren first-order

pseudo-second-order W-M intraparticle diffusion

C (ppm) g, exp (mg/g) k; (min™') g, cal (mg/g) R* k, g/mgmin g, cal (mg/g) R? Ky mg/g~minl/2 C (mg/g) R*
50 9.98 0.0606 9.50 0.9734 0.0079 11.21 0.9919 0.4284 6.1325 0.9453
100 19.2 0.0475 18.08 0.9845 0.0025 22.78 0.9825 1.0577 9.3962 0.9818
200 37.2 0.0508 47.53 0.9307 0.0010 45.25 0.9906 3.7082 4.0497 0.9901
300 54.6 0.0581 70.95 0.991 0.0010 62.89 0.991 4.5812 13.848 0.9909
400 68.8 0.0497 94.34 0.9551 0.000S5 83.33 0.9551 5.7367 14.934 0.9578
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Figure 6. Hg(II) removal on PAMC from water solutions (Hg conc. = 200 ppm); (a) adsorption capacity plots, (b) Lagergren first-order kinetic
model; (c) pseudo-second-order kinetic model; (d) W-M diffusion model.

removal % increased until reaching the maximum (99%, 96.5%,
and 93% for the 50, 100, and 200 ppm solutions, respectively)
at pH = 6. Then, the removal % remained almost constant at
pH > 6. This finding can be attributed to the available sites for
Hg adsorption on the PAMC surface. As the pH of the
solution increases, the H" concentration decreases. Thus, the
number of the available sites for adsorption increases, and the
Hg removal % increases.”” On the basis of the reported results,
the aqueous solution was maintained at pH = 6 during the
kinetic, isotherm, and thermodynamic experimental tests.
3.2.3. Effect of Contact Time. Figure 4c shows the contact
time effect on the adsorption efficiency. Mercury removal %
increased with time, and within 10 min the Hg removal %
reached 62%, 52%, and 35% for the solutions with 50, 100, and
200 ppm of Hg concentration, respectively. This indicates the
fast removal of Hg by the PAMC composite, which can be
credited to the formation of polymeric chains on the carbon
surface as confirmed by the SEM images (Figure 2). Additional
to the aromatic rings, PAMC has several functional groups on
the carbons that allow 7—7 conjugation and stacking
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interactions with Hg ions. Then, the removal % increased
but at a lower rate until equilibrium was reached. An
equilibrium state was obtained at around 90 min, and thus
each batch experiment continued for more than 90 min.

3.2.4. Effect of Hg Initial Concentrations. Figure 4c also
presents the effect of the initial concentrations of the adsorbate
(Hg) on the adsorption process efficiency at 298 K using 0.1 g
of PAMC. Typically, the Hg concentration in wastewater
ranges between 10 and 1000 ppm. Therefore, six solutions with
different initial Hg concentrations (25, 50, 100, 200, 300, and
400 ppm) were used. Generally, the lower the initial
concentration, the higher the removal %, and this is obvious
because of the limited adsorption sites on the PAMC surface.
For the solution with 25 ppm of Hg initial concentration,
equilibrium was reached within 30 min, which is much lower
than the equilibrium time of other solutions with higher
concentrations. Therefore, adsorption experiments with an Hg
initial concentration of <25 ppm were not used in the kinetic
and isotherm studies.
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Table 3. Kinetic Parameters of the Adsorption of Hg over PAMC from Water Solutions”

Lagergren first-order

pseudo-second-order W-M intraparticle diffusion

T (K) g exp (mg/g) Kk (min™') g, cal (mg/g) R? k, g/mgmin  gq,, cal (mg/g) R? Ky mg/g.minl/2 C (mg/g) R*
298 37.2 0.0508 47.53 0.9307 0.001 45.25 0.9906 3.7082 4.0497 0.9901
318 384 0.0519 49.77 0.9422 0.001 48.31 0.9938 3.7588 5.013 0.9823
338 39.6 0.0523 45.41 0.9684 0.002 46.51 0.9946 1.6798 24.008 0.9484

“Hg conc. = 200 ppm.

3.3. Adsorption Kinetics. Figure Sa shows the Hg
adsorption capacity of PAMC at different initial concen-
trations. As shown in Figure Sa, the adsorption capacity
increased as the time increased for all Hg concentrations.
However, the adsorption rate, which is the slope of the tangent
at any point, decreased with time. In addition, as the Hg
concentration increased, equilibrium was reached more
quickly. This finding can be attributed to the available active
sites compared to the available Hg ions (i, for the same
adsorbent surface area, higher concentrations require more
time to reach equilibrium).

By plotting the kinetic eqs 3 and 4 using experimental data
(Figure Sa), linear relationships were obtained (Figure Sb,c),
and kinetic parameters were calculated and presented in Table
2. However, the performance of the kinetic models was
compared based on the values of the coeflicient of
determination (R?). Larger values of R imply the greater
suitability of the model to describe the Hg adsorption process
well. As shown in Table 2, the R? values ranged between
0.9307, and 0.991 for the Lagergren first-order kinetic model
and between 0.9551 and 0.9919 for the pseudo-second-order
model. This finding is a good indication of the appropriateness
of the adsorption experimental data at 298 K to be best fitted
by the pseudo-second-order model, which showed consistently
higher values across all Hg initial concentrations.

In addition, the plot of the M-W intraparticle diffusion
model (eq S) has two regions as shown in Figure 5d. While the
first one represents the diffusion of adsorbate (Hg) to the
surface of the adsorbent (PAMC) through the boundary layer
(boundary-layer diffusion), the second one represents the
intraparticle diffusion. Therefore, data of the second region
were linearly fitted, and the fitting parameters are presented in
Table 2. The values of R* (0.9453 < R? < 0.9909) reveal that
this step (intraparticle diffusion) is the limiting one. Also, as
shown in Figure 5d, the step transition for each concentration
occurred at different adsorption times. Step transition was
observed earlier at low concentrations. Initially, the boundary-
layer diffusion dominates because of the availability of a large
number of active sites on the PAMC surface. Then, the
intraparticle diffusion step starts, and the diffusion rate
increases as the Hg concentration increases. This is confirmed
by the obtained K4 values (Table 2) because the number of
occupied active sites increases as the Hg concentration
increases.

Furthermore, the adsorption kinetic study was conducted at
different temperatures (298, 318, and 338 K), and results were
fitted by the above-mentioned models (eqs 3—5) as shown in
Figure 6. By the linear fitting of the adsorption experimental
data, the kinetic parameters of all models were obtained and
are presented in Table 3. As shown in Figure 6a, as the
temperature increased, the adsorption capacity increased as
well, which indicates the endothermic nature of the adsorption
process. In addition, according to the values of R? the
adsorption data of Hg over the PAMC adsorbent was best
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fitted by the pseudo-second-order kinetic model (0.9906 < R*
< 0.9946) (Figure 6b,c). The good linear fitting of the second
region of the plot of eq S (Figure 6d) indicates the slowness of
the interparticle diffusion and thus is the limiting step.

3.4. Adsorption Isotherms. To find the most appropriate
isotherm model, the experimerntal data were fitted with the
Langmuir, Freundlich, Temkin, Dubinin—Radushkevich, and
Redlich—Peterson models. Figure 7 illustrates the nonlinear
adsorption isotherms of Hg over PAMC.

70 1
60 -
50 A
o0
» k
B o404
) :
= ;i
30 4
20
10 ®  Experimental Data — — —Langmuir Model
— - — Freundlich Model — - =Temkin Model
--------- R-D Model Redlich-Peterson Model
0 - T T T T T |
0 10 20 30 40 50 60
Ce, mg/L

Figure 7. Nonlinear isotherms of Hg adsorption using 0.1 g of PAMC
at 298 K, pH = 6, and a contact time of 90 min.

As shown in Figure 7, a sharp initial slope was observed for
all models, except the Temkin model, which indicates a high
adsorption efficiency at a low concentration of adsorbate (Hg)
where sufficient adsorption active sites on the PAMC surface
for Hg ion are available. However, the slope decreased as the
Hg concentration increased. In addition, the equilibrium
adsorption data were best fitted by the Redlich—Peterson
model compared with other models. The same finding was
confirmed by the linear fitting of the equilibrium adsorption
data as shown in Figure 8. Although data were fitted well by
the Langmuir (R* = 0.9431) and Freundlich (R* = 0.9326)
isotherm models, they were best fitted by the R-P model (R* =
0.9861). Thus, the R-P model is recommended to be used to
describe the equilibrium isotherm. Parameters of all five
isotherm models are presented in Table 4.

In addition, since the R-P model is a hybrid of the Langmuir
and Freundlich models, the value of f can determine the
predominant mechanism. When the value of f is approaching
unity, the Langmuir adsorption mechanism dominates. There-
fore, on the basis of the reported value of  (0.6938) and the
high value of R* (0.9861), it can be concluded that both
mechanisms may exist during the entire adsorption process,
which is confirmed by the fitting performance of both models
as shown in Figures 7 and 8.

On the basis of the obtained value of Rj, the adsorption
process is favorable (0 < Ry < 1).*” In addition, since the value
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Figure 8. Isotherm study for Hg removal by PAMC from water solutions.

(a) Langmuir isotherm model; (b) Freundlich isotherm model; (c)

Temkin isotherm model; (d) D—R isotherm model; (e) Redlich-Peterson isotherm model.

Table 4. Isotherm Parameters of the Hg Adsorption on PAMC

Langmuir model

Freundlich model

Temkin model

4m (mg/g) Ky (L/mg) R, R 1/n n Ky (mg/g) R Kr (L/g) by (KJ/mol) R
76.3 0.11 0.07 0.9431 0.3062 3.27 17.58 0.9326 13.16 0.29 0.7888
Dubinin — Radushkevich model Redlich-Peterson model
qp (mg/g) By, (mol’/KJ) E (IJ/mol) S A (L/mg) B B (1/mg)" R
68.68 21.416 0.15 0.9736 17.58 0.6938 0.8 0.9861

of R;, does not equal zero but has a very low value (R, = 0.07),
physical and chemical adsorption of Hg on PAMC may exist
during the adsorption process. Moreover, the maximum
adsorption capacity of mercury on PAMC is 76.3 mg Hg/g
PAMC, which is a very promising result for PAMC to be used
in water treatment applications. Also, the E value is 0.15 kJ/
mol (<8 kJ/mol), which indicates a physical adsorption
process as well.**

3.5. Adsorption Thermodynamics. Batch adsorption
tests were conducted at 298, 318, and 338 K to assess the effect
of temperature on the adsorption process of Hg over PAMC,
and the adsorbent thermal stability and usability. The results
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are presented in Figure 9. As the temperature increased, the
Hg removal % increased, which implies that the adsorption
process is endothermic.

While AH® and AS° were obtained from the linear plot of
eq 14, AG® was then calculated using eq 15. The obtained
values are presented in Table 5.

Results, presented in Table 5, imply that the adsorption
process of mercury on PAMC is endothermic (positive AH®),
spontaneous (negative AG®, and positive AS°), and with a
slight increase in randomness (positive AS°). In addition, as
the temperature increases, the AG® value decreases, and thus
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298 —2.05 41.63 0.15 carbon-based adsorbent materials,**™>' PAMC showed an
318 —4.99 excellent Hg adsorption capacity, and this can be attributed to
338 —7.92 the formation of polymeric chains over the carbon surface and

the adsorption process is energetically favorable at high
temperatures.

3.6. Proposed Adsorption Mechanism. On the basis of
the characterization results, reported in section 3.1, and the
reported adsorption results, the following adsorption mecha-
nism (see Figure 10) can be proposed. Although morphology
plays an important role in adsorption, there are other
significant factors including the presence of functional groups
on the surface of PAMC. The possible complexation reactions
on the surface of PAMC can be between the mercury ions and
the carboxylic and amide groups. Mercury ions bind to the
active sites on the PAMC surface through the carboxylic and
amine groups. This is due to the presence of nonbonding
electrons on oxygen and nitrogen atoms, which makes them
polar with partially negative charges with good affinity to
attract positive mercury ions. Thus, these groups are effective
chelating functional groups for the removal of mercury ions
from aqueous solutions because of their strong affinity toward
mercury.”” In addition, the mercury ions can form metal-z
interactions with the benzene rings on the activated carbon.

3.7. Comparison with the Literature. The maximum
adsorption capacities (Qn,) of Hg by PAMC and some other
adsorbents are listed in Table 6. Compared to other activated

thus the available functional groups. In addition, when
compared to some adsorbents with only amine groups such
as polyethylenimine-modified AC** and polymer carbon
fiber,"”” PAMC showed better performance due to the presence
of the combined carboxylic and amine groups which have a
strong affinity toward mercury.”> Furthermore, PAMC has
some aromatic rings in addition to different functional groups
which easily allow 77—z conjugation and 7—7 stacking
interactions with the Hg ions.

4. CONCLUSIONS

Palm shell-based activated carbon was initially produced, and a
novel composite of polyacrylate-modified carbon (PAMC) was
then successfully synthesized. PAMC was evaluated for the
removal of Hg(II) from aqueous solutions. On the basis of the
reported results, the following conclusions can be drawn:

e PAMC has a relatively high surface area, pore size, and
pore volume. Also, characterization results confirmed the
formation of polymeric chains and the availability of
carboxylic and amide functional groups on the PAMC
surface, to which the high adsorption performance was
attributed.

The experimental results showed that the Hg adsorption
capacity of PAMC increased with pH, PAMC dosage,

Hg™

Hg™

Figure 10. Proposed mechanism for the removal of Hg(II) by PAMC.
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and contact time. However, the optimum values were
used for the kinetic, isotherm, and thermodynamic
investigations.

e While the adsorption kinetics of Hg over PAMC
followed a pseudo-second-order model, the adsorption
isotherm was well described by the Redlich—Peterson
model.

e Thermodynamic results confirmed the endothermic
nature and spontaneity of the adsorption process of
Hg over PAMC.

e Furthermore, results confirmed that PAMC is a highly
effective adsorbent for the Hg removal from aqueous
solutions with a maximum adsorption capacity of 76.3
mg Hg/g PAMC, which is much higher than many
activated carbon-based adsorbents.

In this work, cheap, and environmentally friendly activated
carbon has been utilized to produce PAMC, and this advantage
must be added to the relatively high and fast adsorption
capacity of PAMC. These promising results will lead to more
research and applications of PAMC for wastewater remedia-
tion. However, more investigations are recommended to study
the stability and reusability of PAMC under industrial
conditions.
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