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Abstract: By considering the importance of water and its purity, herein, a powerful adsorbent has
been developed for the adsorption of two toxic contaminants that commonly exist in water, viz.,
divalent mercury and hexavalent chromium. The efficient adsorbent, CNTs–PLA–Pd, was prepared
by covalent grafting polylactic acid to carbon nanotubes and subsequent deposition of palladium
nanoparticles. The CNTs–PLA–Pd could adsorb Hg(II), and Cr(VI) entirely exists in water. The
adsorption rate for Hg(II) and Cr(VI) was rapid at initial stage, followed by gradual decrease, and
attained the equilibrium. The Hg(II) and Cr(VI) adsorption was perceived within 50 min and 80 min,
respectively with CNTs–PLA–Pd,. Further, experimental data for Hg(II) and Cr(VI) adsorption was
analyzed, and kinetic parameters were estimated using pseudo–first and second–order models. The
adsorption process of Hg(II) and Cr(VI) followed the pseudo–second–order kinetics, and the rate–
limiting step in the adsorption was chemisorption. The Weber−Morris intraparticle pore diffusion
model revealed that the Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd occurs through multiple
phases. The experimental equilibrium parameters for the Hg(II) and Cr(VI) adsorption were estimated
by Langmuir, Freundlich, and Temkin isotherms models. All three models were well suited and
demonstrated that Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd transpires through monolayer
molecular covering and chemisorption.

Keywords: carbon nanotubes; polylactic acid; palladium; mercury; chromium; adsorption

1. Introduction

Water is a fundamental need of humans for survival and mandatory for other pro-
cesses such as domestic, agriculture, and industry. Therefore, pure water is vital for a
healthy life. However, excessive industrialization and urbanization are causing water
pollution by releasing heavy metals containing effluents. Heavy metals are toxic, bio–
accumulative, and naturally non–degradable. Heavy metals’ ingestion at trace levels can
also lead to irreparable detrimental impacts such as neurological system disorder, cancer,
gastrointestinal disorder, muscular weakness, brain damage, shortness of breath, asthma,
hypotension, liver and thyroid damage, allergies, and bone defects [1,2]. The accumulation
of heavy metals in the body can cause carcinogenic, teratogenic, and mutagenic effects [3].
Therefore, exposure to heavy metals and their content effluents is not safe. Among dif-
ferent heavy metals, chromium, and mercury are top–priority hazardous because of their
acute and chronic detrimental outcomes, which are substantially harmful [1,2]. Chromium
is recognized as teratogenic, mutagenic, and carcinogenic [4,5]. It is likely to produce
genotoxic DNA effects in the nucleus of cells and can cause cancer, allergies, gastritis, and
organ damage [6,7]. Generally, chromium exists with two stable oxidation states, tri and
hexavalent, in water [8]. These species differ in physicochemical properties and chemical
and biochemical reactivity [8]. Out of both species, trivalent Cr(III) is a biologically essential
nutrient that plays a significant role in the metabolism process of glucose, protein, and

Toxics 2023, 11, 545. https://doi.org/10.3390/toxics11060545 https://www.mdpi.com/journal/toxics

https://doi.org/10.3390/toxics11060545
https://doi.org/10.3390/toxics11060545
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxics
https://www.mdpi.com
https://orcid.org/0000-0003-1256-7058
https://orcid.org/0000-0002-7833-9253
https://orcid.org/0000-0003-0284-7259
https://doi.org/10.3390/toxics11060545
https://www.mdpi.com/journal/toxics
https://www.mdpi.com/article/10.3390/toxics11060545?type=check_update&version=1


Toxics 2023, 11, 545 2 of 18

lipids by enhancing insulin activity [9]. However, hexavalent Cr(VI) is highly poisonous to
humans and other living organisms [10]. Generally, Cr(VI) is introduced to the environment
by effluents produced by industries like leather tanning, electroplating, metal finishing,
textile finishing, steel fabrication, wood preservation, pulp processing, paint, dyes, paper,
fertilizers, and photography [11]. Likewise, releasing Cr(VI) content effluents is perilous.

Another heavy metal that has a higher toxicity than chromium is mercury, which
is highly volatile and environmentally persistent [12]. In water, mercury exists in the
divalent oxidation state as Hg(II) and is significantly hazardous, non–degradable, and bio–
accumulative [13]. Hg(II) tends to accumulate in the body tissues, muscles, lipids, liver, and
other organs [14]. The accumulation of Hg(II) at the minute level in the body would induce
substantial damage to the central nervous, immune, and reproductive systems [13]. It can
also cause severe impairment to kidney, renal, lung, and liver function [15]. Hg(II) ions have
a high affinity to thiol moieties of enzymes and proteins and could break normal human
cells to cause fatal consequences that include organ dysfunction, chronic diseases, metabolic
disruption, breakdown of the chromosome, immune and nervous system damage, and may
cause death [14,16–20]. Moreover, Hg(II) ions have a high tendency to react with organic
and inorganic matter to generate a variety of harmful compounds [21]. The reaction of
mercury with organic matter can form the lethal methyl mercury (CH3Hg). The CH3Hg is
exceptionally venomous, has a high binding affinity to proteins, and can accumulate in body
tissues to lead to identical consequences like Hg(II) [21]. Hg(II) can enter the environment
through myriad anthropogenic sources such as volcanic explosions, weathering of rock,
erosion of natural deposits, geothermal processes, wild forest fires, and vaporization
from soil and water [14,22]. In addition, it can be introduced by industrial operations
like gold refineries, petroleum refineries, electroplating, leather tanning, metal finishing,
pharmaceutical industries, and runoff from landfills and croplands [14,23]. Nevertheless,
releasing Hg(II) is not innocuous.

Several functional materials have been developed to remove heavy metals from water
to prevent their consequences and promote water purification [14,21,24–31]. These ma-
terials promoted the removal of heavy metals from water by various techniques like
adsorption [32,33], ion exchange [34,35], membrane separation [36], coagulation [37],
chemical precipitation [38], extraction [39], dialysis [40], electrochemical separation [41]
and more. Among these, adsorption is the most effective, versatile, economically fea-
sible, environmentally sustainable, and technologically promising [1–3,7–10]. The ad-
ditional advantage of adsorption is its high selectivity and enrichment factor [42]. Be-
cause of its importance, several adsorbents such as activated carbon [1], biochar [1],
hydroxyapatite/Fe3O4/polydopamine [2], polyacrylonitrile–based porous carbon [3], vesic-
ular basalt rock [6], activated carbon [7], ferrihydrite [8], exopolysaccharides [9], chi-
tosan/bentonite composite [10], amine–incorporated UIO–66–NH2 [20], silica nanoparti-
cles [24], graphene oxide−MnFe2O4 Magnetic Nanohybrids [25], zinc oxide [26], ZnS [31],
and carbon nanotubes [43–45] were developed and verified their efficiency in removal of
several heavy metals. Compared to these, carbon nanotubes (CNTs) are fascinating due
to their unique physical, chemical, and mechanical properties [46,47]. CNTs possess the
interesting nanometric one–dimensional structure, high surface–to–volume ratio, high
accessible surface area, high aspect ratio, and higher physical and chemical stability [46,47].
These unique properties made CNTs a prospective candidate for adsorption. In addition,
the distinct open tubular architecture of CNTs having quantized π electron clouds facilitates
the adsorption process [48,49]. Beyond their excellent properties, the application of CNTs
in adsorption is hindered due to their hydrophobic nature and the tendency to entangle.
To come up with these limitations, functionalization is a suitable approach to transform
the hydrophobic CNTs into hydrophilic ones and prevent them from entanglement. It
could be attained by grafting the CNTs with a suitable polymer like polylactic acid (PLA).
PLA is a vital biopolymer that has crucial properties like non–toxicity, biocompatibility,
biodegradability, thermoplasticity, and exceptional mechanical properties required for
adsorption [50]. PLA is produced by condensation polymerization of lactic acid, which is
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derived by the fermentation of sugars from carbohydrate sources such as corn, sugarcane,
and tapioca [51]. By considering the importance of CNTs and PLA, herein, CNTs have been
functionalized by the covalent grafting of PLA chains. Further, the adsorption capability
of PLA–grafted CNTs was improved through the deposition of palladium nanoparticles.
Palladium is classically known for its catalytic properties; instead, it has been explored
as a potential adsorbent. The efficiency of produced CNTs–PLA–Pd was estimated by
the adsorption rate of two toxic pollutants, Hg(II) and Cr(VI), which commonly persist in
the water. The adsorption capability, its dynamics, and control mechanisms for the Hg(II)
and Cr(VI) adsorption over CNTs–PLA–Pd were evaluated using the pseudo–first and
second–order kinetic models. The Weber–Morris intraparticle pore diffusion model was
used to find the reaction pathways and the rate–controlling step of the adsorption process.
Further, the adsorption equilibrium was determined by fitting the experimental results
with Langmuir, Freundlich, and Temkin isotherm models.

2. Experimental Analysis
2.1. Materials

The CNTs and chemicals used were purchased from Millipore Sigma. Ultrapure water
obtained by the Milli–Q Plus system (Millipore) was used to prepare aqueous solutions.

2.2. Preparation of CNTs–PLA–Pd

The CNTs–PLA (10 mg) was prepared according to the reported procedure [52] and
dispersed in 7 mL DI water by sonication for 10 min. Then an aqueous solution of PdCl2
(5 mL, 0.01 mol L−1) was added, and the mixture was stirred at room temperature for 2 h.
A freshly prepared 5 mL aqueous solution of NaBH4 (0.05 mol L−1) was slowly added and
stirred at ambient conditions for 4 h. The resulting CNTs–PLA–Pd was centrifuged and
purified by washing with DI water. It was dried in a vacuum for 12 h at 40 ◦C.

2.3. Adsorption Experiments

The stock solution of Hg(II) and Cr(VI) with 1 g L−1 was prepared in DI water
using mercury(II) chloride (HgCl2) and potassium dichromate (K2Cr2O7), respectively.
Further, the stock solution was diluted to desired concentrations using DI water. The
kinetic adsorption experiments of Hg(II) and Cr(VI) were carried out to find the contact
time needed to reach equilibrium. In the typical experiment, 100 mg of CNTs–PLA–
Pd was dispersed into 500 mL of Hg(II) and Cr(VI) solution with a concentration of
0.5 mg L−1 having an initial pH of 5.7 and 5.1, respectively. It was allowed to stir at room
temperature, and an adequate quantity of samples was collected after the required contact
time. The adsorbent, CNTs–PLA–Pd was separated by centrifugation, and the concentration
of residual Hg(II) and Cr(VI) in the solution was estimated using the atomic absorption
spectrometer. The efficiency in Hg(II) and Cr(VI) adsorption as a function of time was
monitored for 120 min, and the adsorbed amount of Hg(II) and Cr(VI) by CNTs–PLA–Pd
was calculated using the following equation.

qt =
(C0 − Ct) V

M
(1)

where qt is the amount of pollutant adsorbed (mg/g) at time t; C0 is the initial concentration
of pollutant in solution (mg L−1), and Ct is the concentration of pollutant in solution
(mg L−1) at time t; V is the volume of the solution (L), and M is the amount of adsorbent (g).

Further, the efficiency of CNTs–PLA–Pd towards Hg(II) and Cr(VI) adsorption was
determined by:

Removal efficiency (%) =
(C0 − Ct) V

C0
× 100 (2)

For adsorption isotherms experiments, 10 mg of CNTs–PLA–Pd was added to 50 mL
Hg(II) and Cr(VI) solution and allowed to stir at room temperature for 24 h to attain equi-
librium. The concentration of Hg(II) and Cr(VI) solution was varied from 2 to 10 mg L−1
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to obtain the adsorption isotherms. After reaching the equilibrium, CNTs–PLA–Pd was
separated by centrifugation, and the concentration of Hg(II) and Cr(VI) in the solution was
estimated by the atomic absorption spectrometer. The Hg(II) and Cr(VI) adsorption rate at
equilibrium, qe (mg g−1), was evaluated by:

qe =
(C0 − Ce) V

M
(3)

where qe is the amount of Hg(II) and Cr(VI) adsorbed (mg/g) at equilibrium.

2.4. Characterization

The XRD of samples was obtained using the Scintag X–ray diffractometer, model
PAD X, equipped with a Cu Kα photon source (45 kV, 40 mA) at a scanning rate of
3◦/min. The ATR–FTIR spectra were perceived by Smith’s ChemID diamond attenuated
total reflection (DATR) spectrometer. The SEM images of samples were acquired with the
JEOL JXA–8900 microscope, and the X-ray photoelectron spectra (XPS) were acquired by
the Perkin Elmer PHI 5600 ci X-ray photoelectron spectrometer. The Hg(II) and Cr(VI) con-
centration was measured using a Varian SpectrAA 220FS atomic absorption spectrometer.

3. Results and Discussion

The ATR–FTIR spectrum of CNTs–COOH (Figure 1a) exhibited the bands at 612 and
1634 cm−1 corresponding to the A2u and E1u phonon modes of CNTs [53]. It showed
the band due to the O–H bonds at 3360 cm−1 and the band of C=O bonds of –COOH
groups existing over the surface of CNTs at 1698 cm−1 [54]. The band of the C=C was
found at 1559 cm−1 [54]. Compared to the spectra of CNTs–COOH and PLA (Figure 1b),
CNTs–PLA (Figure 1c) displayed important characteristic bands. In particular, the bands
that appeared at 734 and 864 cm−1 were due to C=O stretching, and the band at 1040 cm−1

was due to C–CH3 stretching [52,55]. The significant intensity band that appeared at
1080 cm−1 was due to C–O–C vibrations, and the absorption at 1126 cm−1 was owing to
CH3 vibrations [55]. The band of C–C–O with high frequency was established at 1179 cm−1,
and the band at 1262 cm−1 corresponds to C–H and C–O–C [52,55]. The doublet exists at
1355 and 1379 cm−1, and the singlet at 1449 cm−1 was assigned to CH3 vibrations. The
band for C=O stretching was positioned at 1744 cm−1 with high intensity. The CH and
CH3 vibrations band was displayed as a doublet at 2935 and 2988 cm−1, respectively. The
absorption of –OH stretching was situated at 3500 cm−1. The spectrum of CNTs–PLA–
Pd (Figure 1d) revealed the distinctive bands found in the spectrum of CNTs–PLA with
diminished intensity and minute shifting in their position. The powder XRD of CNTs–
PLA–Pd, presented in Figure 2, demonstrated the well–resolved reflection peaks at 26.4,
39.5, 45.8, 46.1, and 67.2◦. The peaks located at 26.4 and 45.8◦ were assigned to (0 0 2)
and (1 0 0) planes of CNTs, respectively [56]. The peaks situated at 39.5, 46.1, and 67.2◦

were due to the (1 1 1), (2 0 0), and (2 2 0) planes of Pd (JCPDS No. 89–4897). The FESEM
images of CNTs–PLA–Pd, illustrated in Figure 3, show the effective exfoliation of CNTs.
It was approached by the successful grafting of PLA chains to the surface of CNTs. The
repulsion between the polymeric chains of PLA caused the efficient exfoliation of CNTs.
The presence of individual CNT is observable in Figure 3a. However, it is perceptibly
visible in Figure 3b. The CNTs have a width of about 50–75 nm and a length of several µm.
Some CNTs have a distracting surface, which could be created by the harsh treatment of
pristine CNTs with a mixture of concentrated sulfuric and nitric acids applied before the
grafting of PLA. Furthermore, the existence of densely populated Pd nanoparticles over
the surface of PLA–grafted CNTs is evident in Figure 3. Nonetheless, Pd nanoparticles
have assembled and formed some clusters that led to the seeding of twinned or multiple–
twinned nanoparticles, which commonly occur in palladium [52,57–59]. The grafting of
PLA to CNTs has provided a suitable environment for depositing the Pd nanoparticles and
directed their strong adherence. The resilient anchoring of Pd nanoparticles to the surface
of PLA–grafted CNTs prevented them from detachment.
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The XPS survey spectrum of CNTs–PLA–Pd shown in Figure 4a revealed the presence
of C, O, and Pd. The high–resolution spectrum of C1s (Figure 4b) displayed a peak at
284.3 eV, divulging into four distinct peaks by Gaussian fitting. The peak at 284.3 eV was as-
signed to C–C bonds of sp2 hybridized carbon atoms of CNTs [60,61]. The peak at 286.7 eV
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was due to C–C bonds occurring in structurally defective sp3 hybridized carbon atoms
and C–O bonds of CNTs [60,61]. While the low–intensity peaks that appeared at 288.3 and
290.1 eV were owing to carbonyl, C=O, and carboxyl carbon O=C–O, respectively [60,61].
The spectrum of Pd 3d (Figure 4c) demonstrated the spin–orbit split doublet with a high–
energy band of Pd 3d3/2 at 340.6 eV and a low–energy band of Pd 3d5/2 at 335.3 eV [62,63].
The difference in the binding energy between Pd 3d3/2 and Pd 3d5/2 peaks was 5.3 eV,
which validates the occurrence of Pd in the zero–valent of the metallic state [60]. The
deconvoluted O 1 s peaks (Figure 4d) show several types of oxygen species. The peak
of lattice oxygen (O2

2−) was situated at 530.1 eV. The peaks for C=O and C–O functional
groups were located at 531.7 eV and 533.6 eV, respectively [64]. The peak at 535.5 eV is
likely due to the chemisorbed oxygen or adsorbed molecular H2O [64].
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The CNTs–PLA–Pd as adsorbent, its efficiency was revealed by evaluating the ad-
sorption rate of Hg(II), and Cr(VI) present in water. It is known that the adsorption rate
depends on the contact time between the adsorbent and adsorbate. So, the adsorption rate
of Hg(II) was measured as a function of contact time and compared with CNTs and PLA
(Figure 5). The CNTs–PLA–Pd was able to completely adsorb the Hg(II) within 50 min.
However, CNTs and PLA were able to adsorb 74 and 58% of Hg(II), respectively. Therefore,
the adsorption ability of CNTs and PLA was significantly improved after their blending
and deposition of Pd nanoparticles in CNTs–PLA–Pd. Also, the efficiency of CNTs–PLA–Pd
was estimated by the adsorption of Cr(VI) (Figure 6). The plot perceived for qt versus t is
shown in Figure S1. It represented that the adsorption rate of Hg(II) and Cr(VI) enhanced
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with contact time and finally red the equilibrium. Initially, the adsorption rate was high,
followed by gradual reduction and final attainment of equilibrium. Within the initial
30 min, about 96 and 78% of Hg(II) and Cr(VI), respectively, were adsorbed. The complete
adsorption of Hg(II) was accomplished in 50 min and Cr(VI) within 80 min. The rapid
adsorption that occurred initially for 30 min could be due to the abundant availability of
the active sites that exist over the surface of CNTs–PLA–Pd. With the progress of time, the
active sites are being saturated by adsorption of the high quantity of Hg(II) and Cr(VI)
ions and the repulsive forces transpire between solute molecules in the solid and bulk
phases [65]. The results were analyzed by Pseudo–first and second–order models. The
pseudo–first–order equation applied can be expressed as:

n(qe − qt)= lnqe − k1t (4)

where qe and qt are the quantity of Hg(II) and Cr(VI) (mg g−1) at equilibrium and particular
time t (min), respectively. k1 (min−1) is the pseudo–first–order rate constant. The slope of
the plot, ln(qe − qt) versus t, provides the value of k1, and the intercept gives the theoretical
value of qe.
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The pseudo–second–order equation used can be represented by:

t
qt

=
1

k2 q2
e
+

t
qe

(5)

where k2 [g (mg min)−1] is the second–order rate constant, which can be perceived by the
plot of t/qt against t. The slope is 1/qe, and the intercept is 1/k2 qe

2.
The pseudo–first and second–order plots obtained for Hg(II) adsorption and Cr(VI) are

shown in Figures 7 and 8, respectively and the kinetic parameters determined are presented
in Table 1. The correlation coefficient (R2) perceived for pseudo–first–order kinetics was
0.9850 and 0.9841 for Hg(II) and Cr(VI), respectively. For pseudo–second–order kinetics,
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it was 0.9991 and 0.9930 for Hg(II) and Cr(VI), respectively. The R2 value of pseudo–
second–order kinetics was higher than first–order kinetics. Besides, the value of qe (exp)
agreed with the value of qe (cal) estimated from pseudo–second–order kinetics rather than
the value determined by pseudo–first–order kinetics for both Hg(II) and Cr(VI) (Table 1).
Therefore, the Hg(II) and Cr(VI) adsorption could be better explained by pseudo–second–
order kinetics rather than first–order kinetics. Hence chemisorption is the rate–limiting
step in the Hg(II) and Cr(VI) adsorption over the surface of CNTs–PLA–Pd [66].
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Table 1. Parameters calculated for Hg(II) and Cr(VI) adsorption from adsorption kinetic models.

Adsorbate
qe (exp)
mg g−1

Pseudo–First Order Kinetic Model Pseudo–Second–Order Kinetic Model

qe (cal)
mg g−1 k1 (min−1) R2 qe (cal)

mg g−1
k2

(g mg−1 min−1) R2

Hg(II) 2.500 1.0040 0.1036 0.9850 2.5686 0.1542 0.9991
Cr(VI) 2.500 1.2270 0.0668 0.9841 2.8190 0.0290 0.9930

Further, reaction pathways and the rate–controlling step in the Hg(II) and Cr(VI)
adsorption were evaluated by the application of the Weber−Morris intraparticle pore
diffusion model using the following equation [67].

qt = kid t0.5 + c (6)

where kid (mg g−1min−1) is the intraparticle diffusion rate constant, which can be calculated
from the linear plot of qt versus t0.5 c (mg g−1) is the intraparticle diffusion constant,
estimated from the intercept, and is directly proportional to the boundary layer thickness.
It is assumed that the higher the intercept value, the more significant the contribution of
the surface adsorption in the rate–controlling step. If the regression of qt versus t0.5 plot
is linear and passes through the origin, intraparticle diffusion plays a significant role in
controlling the kinetics of the adsorption process. If it does not pass through the origin, in
that case, intraparticle diffusion is not the only rate–limiting step. Instead, it is contributed
by the boundary layer effect [68].

The plot of qt versus t0.5, shown in Figure 9, does not pass through the origin of the
coordinates (Figure S2). So, intraparticle diffusion is not the sole rate–limiting step in
the adsorption process of Hg(II) and Cr(VI). The intercept value obtained from Figure 9
was low (Table S1), and the intraparticle diffusion plot (Figure S2) revealed two straight
lines. It shows that the intraparticle diffusion was not only a rate–controlling step in the
Hg(II) and Cr(VI) adsorption; it was contributed by the boundary layer effect also [68,69].
The multilinearity of Figure 9 exhibits that the adsorption process of Hg(II) and Cr(VI)
transpires through multiple phases instead of a single [66]. Among these multilinear steps,
the initial phase occurred through the rapid adsorption of Hg(II) and Cr(VI) ions. The
second phase could be the diffusion of Hg(II) and Cr(VI) ions into the pores of CNTs–PLA–
Pd, and the third phase could be due to the equilibrium of adsorption that causes chemical
reaction/bonding [66].

To reveal the Hg(II) and Cr(VI) adsorption in detail, the experimental equilibrium
parameters were determined by three isotherm models viz., the Langmuir, the Freundlich,
and the Temkin models. The Langmuir model assumes that the adsorbed molecules form
a monolayer and that the adsorption can occur at a fixed number of adsorption sites and
all equivalent in adsorption abilities. Each molecule also has a constant enthalpy and
adsorption activation energy. In other words, all molecules have an equal affinity to entire
adsorption sites [70]. With the help of the Langmuir isotherm model, it is possible to find
the maximum adsorption capacity of the adsorbent using the linear form of the Langmuir
isotherm model represented by the following equation:

Ce

qe
=

Ce

qm
+

1
KL qm

(7)

where qe (mg g−1) is the amount of adsorbed Hg(II) and Cr(VI) per unit mass of CNTs–
PLA–Pd; Ce (mg L−1) is the concentration of Hg(II) and Cr(VI) at equilibrium; qm is the
maximum amount of the Hg(II) and Cr(VI) adsorbed per unit mass of CNTs–PLA–Pd to
form a complete monolayer on the surface–bound at high Ce. KL is the Langmuir adsorption
constant related to the free energy of adsorption. The linear fitting for the Langmuir plot of
specific adsorption (Ce/qe) versus the equilibrium concentration (Ce) obtained for Hg(II)
and Cr(VI) adsorption is shown in Figure 10. The parameters calculated by the Langmuir
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isotherm model are tabulated in Table 2. The maximum adsorption capacity (qm) calculated
for the Hg(II) and Cr(VI) adsorption was 263.2 and 196.1 mg g−1, respectively. The value
of KL for Hg(II) and Cr(VI) was 0.6041 and 0.2567 L mg−1, respectively.
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Table 2. Parameters calculated for Hg(II) and Cr(VI) adsorption from Langmuir, Freundlich, and
Temkin adsorption isotherms models.

Adsorbate

Langmuir Isotherm Freundlich Isotherm Temkin Isotherm

qm
(mg g−1)

KL
(L mg−1) R2

Lan
KF

(mg g−1) n R2
Fre A B R2

Tem

Hg(II) 263.2 0.6041 0.9980 145.7 6.685 0.9822 109.1 30.00 0.9959
Cr(VI) 196.1 0.2567 0.9880 130.5 7.966 0.9970 260.5 22.41 0.9970

The Freundlich isotherm is derived from the assumption that the adsorption sites
are distributed exponentially concerning the heat of adsorption [71]. It provides the
relationship between the equilibrium of liquid and solid phase capacity based on the
multilayer adsorption properties consisting of the heterogeneous surface of the adsorbent.
The Freundlich isotherm, which supports multilayer adsorption, agrees with the Langmuir
model over moderate ranges of concentrations but differs at low and high concentrations.
The linear form of the Freundlich isotherm used is denoted by the below equation:

ln qe = ln KF +
ln Ce

n
(8)

where qe (mg g−1) is the amount of Hg(II) and Cr(VI) adsorbed at equilibrium. KF and n
are Freundlich constants. KF symbolizes the affinity of the adsorbent, and n signifies the
adsorption intensity. Ce (mg L−1) is the concentration of Hg(II) and Cr(VI) at equilibrium.
The value of KF and n were evaluated by the slope and intercept of the Freundlich isotherm
plot shown in Figure 11, and the assessed values are presented in Table 2. The magnitude
of the exponent, 1/n, indicates the favorability of adsorption. If the value of n ranging from
1 to 10 indicates the favorable conditions for the process of adsorption [72]. For the Hg(II)
and Cr(VI) adsorption, the calculated value of n was 6.685 and 7.966, respectively. It reveals
that Hg(II) and Cr(VI) adsorption over CNTs–PLA–Pd occurs in favorable conditions.
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The Temkin isotherm model assumes that during adsorption, the heat of all molecules
decreases linearly with the increase in coverage of the adsorbent surface and that adsorption
is characterized by a uniform distribution of binding energies up to maximum binding
energy [73]. The Temkin isotherm model used is described by following equation:

qe = B lnA + B ln Ce (9)

where B = RT/KT, KT is the Temkin constant related to the heat of adsorption (J mol−1); A
is the Temkin isotherm constant (L g−1), R is the gas constant (8.314 J/mol K), and T the
absolute temperature (K). The Temkin isotherm fitting plot of qe versus ln Ce is shown in
Figure 12, and the evaluated parameters are listed in Table 2.
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All the tested Langmuir, Freundlich, and Temkin isotherm models have a better fit
for Hg(II) and Cr(VI) adsorption with a high value of R2. In particular, for adsorption of
Hg(II), R2

Lan, R2
Fre, and R2

Tem were 0.9980, 0.9822, and 0.9959, respectively. Similarly, for
adsorption of Cr(VI), R2

Lan, R2
Fre, and R2

Tem were 0.9880, 0.9970, and 0.9970, respectively.
Therefore, all three models are well–suited and validated with Hg(II) and Cr(VI) adsorption.
It indicates that the adsorption mechanism of Hg(II) and Cr(VI) was associated with the
basic assumption of all three isotherm models. In general, the Hg(II) and Cr(VI) adsorption
over CNTs–PLA–Pd occurred through monolayer molecular covering and chemisorption
together [74]. The maximum adsorption capacity (qm) of CNTs–PLA–Pd estimated for
Hg(II) and Cr(VI) adsorption was compared to the reported values for different adsorbents
and presented in Tables 3 and 4, respectively [75–83]. The stability of CNTs–PLA–Pd
was estimated by recovering and applying it in three subsequent cycles of adsorption of
Hg(II). The adsorption capability of recycled CNTs–PLA–Pd was not significantly reduced
in all four measured cycles. Therefore, CNTs–PLA–Pd is a sturdy adsorbent suitable for
repeated use.
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Table 3. Comparison of maximum adsorption capacity (qm) of CNTs–PLA–Pd estimated for Hg(II)
adsorption with reported value for different adsorbents.

Adsorbent Maximum Adsorption Capacity
qm (mg/g) pH Ref

RM–nZVI 94.58 5.0 [14]
UIO–66–NCS 250.0 5.0 [20]

UIO–66–IT 580.0 5.5 [20]
PAMC 76.3 6.0 [75]

CHAP–SH 282.7 4.5 [76]
M–PAL 203.4 4.0 [77]
ACM–5 191.9 5.8 [78]

MCS–4N 140.3 4.5 [79]
MCS–5N 109.7 4.5 [79]

CNTs–PLA–Pd 263.2 5.7 This work

Table 4. Comparison of maximum adsorption capacity (qm) of CNTs–PLA–Pd estimated for Cr(VI)
adsorption with reported value for different adsorbents.

Adsorbent Maximum Adsorption Capacity
qm (mg/g) pH Ref

BWAC 59.23 2.0 [7]
Chitosan/bentonite

composite 16.38 3.0 [10]

NH2–ASNs 34.0 2.0 [24]
NH2–MSNs 42.2 2.0 [24]
Fe3O4 NPs 56.61 5.0 [80]

Oil palm bagasse 115.45 2.0 [81]
Yam peels 50.12 2.0 [81]
Al–GNSC 13.458 4.0 [82]

Cu (I)–MOF 96.0 6.0 [83]
CNTs–PLA–Pd 263.2 5.7 This work

4. Conclusions

In conclusion, an efficient adsorbent, CNTs–PLA–Pd, was successfully produced by
covalent grafting of PLA to CNTs and subsequent deposition of Pd nanoparticles. Thus,
developed CNTs–PLA–Pd could remove Hg(II) and Cr(VI) entirely from the water within
50 min and 80 min, respectively. The initial rate for Hg(II) and Cr(VI) adsorption over
CNTs–PLA–Pd was rapid, gradually reducing, and finally attained equilibrium. The
analysis of experimental results revealed that the Hg(II) and Cr(VI) adsorption occurs
through pseudo–second–order kinetics. It is identified that the chemisorption was the rate–
limiting step in the adsorption process. The Weber−Morris intraparticle pore diffusion
model exhibited that the adsorption of Hg(II) and Cr(VI) over CNTs–PLA–Pd occurs
through multiple phases. The qm value for Hg(II) and Cr(VI) adsorption was 263.2 and
196.1 mg g−1, respectively, and the KL value was 0.6041 and 0.2567 L mg−1 for Hg(II) and
Cr(VI) adsorption, respectively. The KF value estimated for Hg(II) and Cr(VI) adsorption
was 145.7 and 130.5 mg g−1, respectively, while the value of n was 6.685 and 7.966 for Hg(II)
and Cr(VI) adsorption, respectively. The Langmuir, Freundlich, and Temkin models showed
that the Hg(II) and Cr(VI) adsorption transpires with monolayer molecular covering and
chemisorption.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/toxics11060545/s1, Table S1: Parameters calculated from the intra-particle
diffusion plot provided in Figure S2; Figure S1: The plot perceived qt as a function of time for Hg(II)
and Cr(VI) adsorption over CNTs–PLA–Pd; Figure S2: The Intraparticle diffusion model for Hg(II)
and Cr(VI) adsorption over CNTs–PLA–Pd.

https://www.mdpi.com/article/10.3390/toxics11060545/s1
https://www.mdpi.com/article/10.3390/toxics11060545/s1


Toxics 2023, 11, 545 15 of 18

Author Contributions: G.M.N.: data curation, writing original draft, review, and editing funding
acquisition. E.A.J.: investigation, data curation. R.L.R.: writing, review, and editing, M.D.K.: writing,
review, and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the U.S.-Egypt Science and Technology Joint Fund from
the National Academy of Sciences and the departmental grant (L-0002-20181021) from the Welch
Foundation, Texas, United States.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author (GMN) acknowledges the financial support from the National
Academy of Sciences and the Welch Foundation, Texas, United States.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khurshid, H.; Mustafa, M.R.U.; Isa, M.H. Adsorption of chromium, copper, lead and mercury ions from aqueous solution

using bio and nano adsorbents: A review of recent trends in the application of AC, BC, nZVI and MXene. Environ. Res. 2022,
212, 113138. [CrossRef] [PubMed]

2. Foroutan, R.; Peighambardoust, S.J.; Ahmadi, A.; Akbari, A.; Farjadfard, S.; Ramavandi, B. Adsorption mercury, cobalt, and nickel
with a reclaimable and magnetic composite of hydroxyapatite/Fe3O4/polydopamine. J. Environ. Chem. Eng. 2021, 9, 105709.
[CrossRef]

3. Feng, B.; Shen, W.; Shi, L.; Qu, S. Adsorption of hexavalent chromium by polyacrylonitrile–based porous carbon from aqueous
solution. R. Soc. Open Sci. 2018, 5, 171662. [CrossRef]

4. Raghunathan, V.K.; Tettey, J.N.A.; Ellis, E.M.; Grant, M.H. Comparative chronic in vitro toxicity of hexavalent chromium to
osteoblasts and monocytes. J. Biomed. Mater. Res. A 2009, 88 Pt A, 543–550. [CrossRef]

5. Cohen, M.D.; Kargacin, B.; Klein, C.B.; Costa, M. Mechanisms of chromium carcinogenicity and toxicity. Crit. Rev. Toxicol. 1993,
23, 255–281. [CrossRef] [PubMed]

6. Alemu, A.; Lemma, B.; Gabbiye, N. Adsorption of chromium (III) from aqueous solution using vesicular basalt rock. Cogent
Environ. Sci. 2019, 5, 1650416. [CrossRef]

7. Dula, T.; Siraj, K.; Kitte, S.A. Adsorption of hexavalent chromium from aqueous solution using chemically activated carbon
prepared from locally available waste of bamboo (Oxytenanthera abyssinica). SRN Environ. Chem. 2014, 2014, 438245. [CrossRef]
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