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Abstract: Developing efficient adsorbent materials for water treatment is deemed as one of the key
solutions towards mitigating the contaminated water problem. Herein, several Hierarchical Porous
Carbons (HPCs) with large mesopore volumes (up to 3 cm3/g) and a wide range of BET surface
areas (747-1037 m?/g) were synthesized, and their heavy metal removal behaviors were investigated.
Specifically, simulated lead and cadmium aqueous solutions were used to investigate the HPCs
adsorption performance towards lead and cadmium removal. All the HPCs demonstrated high
affinities towards lead removal compared with cadmium. Additionally, a systematic investigation
was carried out to understand the structure—performance relationships for the HPCs. Interestingly,
varying the adsorbent pore structure leads to different adsorbent behavior for lead compared with
cadmium. The textural characteristics of the HPCs have a limited effect on the removal of cadmium
ions. Accordingly, to expedite cadmium removal from aqueous samples, factors other than textural
characteristics (i.e., surface chemistry) might enhance the removal process. Conversely, the removal
of lead ions can be significantly controlled by the HPCs pore structure. HPC1221 (with 17 nm
mesopore size, 2.8 cm3 /g pore volume, 907 m?/g) showed the maximum adsorption capacity value
of 12.32 mg/ g for Cd?* and 89 mg/g for Pb>* compared to other HPCs. The significant adsorption
parameters were evaluated using the response surface methodology (RSM) design. We believe that
the reported insights for the structure—performance relationships will be useful for better designing
highly efficient adsorbent materials.
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1. Introduction

The shortage and decline in clean water is a critical issue and a threat to many
communities in the developing world. The search for feasible solutions to provide and
secure sustainable access to clean water has become a priority, especially with a substantial
increase in water demands because of the expanding population and industrialization.
Hence, the water crisis has been viewed in the last few years as one of the major global risks.
Data from the world health organization WHO show that more than 2 billion people do not
have access to clean drinking water [1]. Unfortunately, less than 0.3% of fresh water on our
planet is accessible and the remainder is either salty water (around 98%) or non-accessible
freshwater [2]. To overcome this challenge, several water treatment approaches have been
developed and utilized for providing safe drinking water to people. The pollution of these
available water sources with heavy metals either through anthropogenic and/or man-made
activity has served to compound the water crisis problem [3].

Heavy metals are persistent environmental pollutants that are toxic, carcinogenic
and can bioaccumulate in living organisms. There are many types of heavy metals that
can be found in wastewater such as zinc, lead, copper, cadmium, nickel, chromium and
iron, all of which can cause risks for human health and the environment. For instance,
human exposure to cadmium at trace level is often associated with renal dysfunction,
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and mortality has been reported at elevated levels [4]. Cadmium has an affinity for
sulfhydryl groups of proteins for which it competes with Zn(II) in biological systems and
is known as a human carcinogen [5,6]. Furthermore, lead can impair the functionating of
the human blood, kidney, and brain. High concentrations of lead can result in kidney and
liver damage, cognitive impairment, anemia, and toxicity to the reproductive system [7].
Despite their toxic effect on humans and the environment, both lead and cadmium are used
in a wide range of applications [8-10]. For example, lead metals are used in the nuclear
industry as a radiation shield and as a component in metal alloys in the building industry.
Additionally, lead metal is used in the textile industry, metal processing, and finishing,
as solders with tin, storage batteries, and lead pigments. There are many ways in which
humans can be exposed to lead ions, such as lead dust from lead paints and lead ions
from lead pipes. Cadmium is used for the manufacturing of coatings, photovoltaic devices,
and batteries. The release of cadmium into the environment can occur through mining,
smelting, and the incineration of municipal waste [11]. The toxic effects of these two metals
have made the World Health Organization (WHO) set the maximum permissible level of
lead and cadmium in the discharged effluents into aquatic water to 0.01 and 0.003 mg L1,
respectively. Additionally, the US Environmental Protection Agency (USEPA) discharge
limit for lead and cadmium in effluents is 0.005 and 0.002 mg L1, respectively [11,12].
Considering this, several approaches have been proposed and utilized in mitigating
heavy metal pollution. The conventional and widely used approaches for heavy metal
removal include (i) chemical precipitation as sulfides, carbonates or hydroxides [13-16];
(ii) membrane-based processes [17,18]; (iii) electrochemical treatment technologies [19];
(vi) adsorption [20,21], etc. All these approaches and others have their limitations. For
instance, while the use of chemical precipitation is deemed as an efficient technique, sludge
production and sludge disposal can be considered the major disadvantages of this approach.
Moreover, membrane technology can offer high separation selectivity with low-pressure
requirements, but this approach suffers from membrane fouling during adsorption in
addition to low permeate flux and the production of large volume of rejected residuals.
Electrodialysis can also offer high separation selectivity. However, the high operational
cost due to the required energy and possible fouling are the main limitations to this ap-
proach [11]. On the other hand, the adsorption method is viewed as the most effective
approach for aqueous heavy metal removal [22]. Its fundamental principle relies on the
attachment of the target solute in the aqueous phase (the adsorbates) to the surface of the
adsorbent material. At the solution—adsorbent surface interface, the solute can attach to the
adsorbent surface either physically (physisorption) or chemically (chemisorption) depend-
ing on the surface properties of the adsorbent material. Hence, the surface properties of
the adsorbent, which include the textural and chemical characteristics (functional groups),
play a significant role in its application for aqueous pollutant removal. Up to now, a wide
range of materials such as zeolite [23-25], alumina and alumina composites [26,27], flash
ash [28-30], metal oxides [30], nanocomposites [31], carbon nanotubes [32], and activated
carbon [33—41] have been used as adsorbent materials for the heavy metal removal. Each
adsorbent has its own advantages and disadvantages. For example, despite the fact that
carbon nanotubes (CNTs) have a high adsorption capacity for heavy metals (especially func-
tionalized CNTs), the cost of CNTs has been a barrier to their commercial use. Additionally,
the release of CNTs into aquatic water can potentially lead to environmental and health
problems [42]. Notably, CNTs are not the only adsorbent materials with potential toxic
effects. Metal and metal oxide nanomaterials can also be toxic when released or leached
into the environment. Thus, several syntheses and functionalization approaches have been
utilized to reduce the toxicity of the utilized adsorbent materials [43]. Activated carbon
(AC) has been widely utilized for water treatment purposes, especially for heavy metal
removal due to its characteristic high surface properties. Compared with other adsorbent
materials, activated carbons often possess high surface area and porous structure that
can enhance the heavy metal uptake. The mechanism of heavy metal adsorption by ACs
has been ascribed to either electrostatic or non-electrostatic interactions. The electrostatic
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interactions rely on several factors, including the charge density of the surface of the carbon,
ionic strength of the electrolyte, and the chemical characteristics of the adsorbate. Hence,
the electrostatic integrations could be either attractive or repulsive. On the other hand,
non-electrostatic interactions such as hydrogen bonding, hydrophobic interactions, and
van der Waals forces are always attractive [44].

Great efforts are being taken by many researchers to produce activated carbon ACs
from abundant low-cost carbonaceous raw and waste materials such as peanut shells,
straw, pistachio shells [45], and electronic-based materials [46]. Unfortunately, most of
the waste-based materials, in addition to the natural absorbent, often demonstrate several
drawbacks, including low contaminant removal capacity, lack of interaction specificity, and
environmental instability [47].

Up to now, there are several modifications and treatment strategies that have been
used to enhance the adsorption capacity of ACs. Some of the strategies include chemical
and physical surface modification approaches [48-50]. Interestingly, a chemical surface
modification that involves introducing weakly acidic surface groups has been found to
be highly effective in increasing the sorption capacity and selectivity of ACs for trace
heavy metal ions. A study has shown that surface modification of AC by increasing the
oxygen-containing group can enhance cadmium uptake by a factor of 13 as compared with
unmodified AC [51]. Similarly, Park et al. were able to show that surface modification of AC
with anionic surfactant led to negatively charged carbons, which enhanced its adsorption
capacities in proportion to the amount of surfactant introduced [52]. In addition, some
of these modifications can result in slow intraparticle diffusion and more complicated
regeneration procedures [51].

Besides the impact of chemical modifications on the adsorption capacity, pore matrices
and surface area can also impact the adsorption of heavy metals. High surface areas of
the activated carbons are the result of the abundant micropores within the carbon matrix,
which theoretically can provide many active sites for the targeted ions to be attached
and held. However, Brunauer, Emmett and Teller (BET) surface area does not always
demonstrate a positive correlation with the specific capacity of the carbon materials. This
has been associated with the fact that high values of BET surface area might have resulted
from large fractions of non-accessible micropores. Hence, a portion of the calculated BET
surface area will not be available for the ion adsorption process [53]. Reddy et al. compared
the adsorption capacity of two activated carbons with similar surface areas [54]. They
found that the activated carbon with a larger pore size demonstrated a higher adsorption
capacity, which was ascribed to easier diffusion of the targeted molecules into the pore.
Similarly, Tamai et al. found that the adsorbent’s pore size distribution was an important
factor for enhancing the adsorption performance [55].

Hierarchical porous carbons (HPCs) with multi levels of porosity have the potential
to overcome the mass transfer issues that are commonly encountered in high surface
area activated carbons with only a microporous structure. For many applications where
the electrolyte/surface interface is a significant aspect (i.e., batteries, supercapacitors,
and capacitive deionization technologies), hierarchical porous carbons have consistently
out-performed other types of carbon structures (including the activated carbons) [56-59].
Although HPC is viewed as a promising structure in many applications, most of the
reported synthesis procedures involve complicated steps and, most importantly, they
lack the control and fine-tuning of the carbon pore structure. Specifically, wide pore
size distribution and losing control of mesopore size resulted in limiting the possible
utilizations of HPC for understanding the structure—performance relationships in heavy
metal removal. The carbon synthesis procedure and the nature of the carbon precursors
contribute significantly to the adsorption process [60]. Thus, to understand the role of pore
structure during the adsorption process, it is important to compare the performance of the
different carbons that were synthesized by using the same precursor and under similar
synthesis conditions.
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In this work, hierarchical porous carbon HPCs with controllable pore (size and vol-
ume), high surface area, and high mesopore fraction will be synthesized via the ice-
templation approach using the same precursor and then used for aqueous heavy metals
adsorption. The synthesized HPCs are expected to excel in the removal of heavy metals
as they can provide easy pathways and open channels for the diffusion of the ions and
consequently utilize the available surfaces. To our knowledge, this is the first time that
tunable HPCs with a high fraction of mesopores and high surface area will be utilized
for heavy metal removal. Notably, such a tunable HPC synthesis approach allows for a
close and accurate investigation of the impact of textural characteristics on HPC removal
behavior of HPCs toward heavy metals.

2. Experimental
Hierchcalcl Porous Carbons Synthesis

A series of HPCs were synthesized based on the previously reported procedure [61].
Optimum weight percentages of colloidal silica template/sucrose were mixed at room tem-
perature until the sucrose completely dissolved in the solution. To create the macropores,
the mixture solution was then frozen by thrusting it into liquid nitrogen and immediately
transferred to a freeze dryer (0.0014 mBar, room temperature) for more than 72 h. To create
mesopores, a silica-sucrose composite was carbonized at 1050 °C for 3 h (in a nitrogen
environment) before removing the silica particles. The etching step was carried out at 80 °C
in 3 M NaOH for at least 12 h. The carbon samples were denoted as follows: the last two
digits represent the hard template silica/sucrose ratio, where the rest digit/s is associated
with hard template silica size. For instance, HPC with silica/sucrose ratio 2/1 and 12 nm
average silica size was denoted HPC1221.

3. HPCs Characterization

An ASAP2020 instrument was used to characterize the HPCs surface area and pore
distribution using nitrogen adsorption and desorption isotherms under 77.3 K. Prior to
the measurements, all the samples were degassed at 473 K for at least 12 h. Transmis-
sion Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) images of the
synthesized HPCs were obtained to characterize the surface morphology of the samples.
EDXS was used to investigate the elemental compositions of HPCs. The carbon surface
was further analyzed by Raman spectroscopy (Renishaw InVia, excitation power of 10 mW
at 514 nm).

4. Heavy Metals Removal Experiment
Chemicals and Instrumentation

Cadmium nitrate (Cd(NO3),4H,0), Lead nitrate (Pb(NO3);), hydrochloric acid (HCI),
and sodium hydroxide (NaOH) were supplied by Sigma-Aldrich chemicals (St. Louis, MO,
USA) (>99% purity) and were used without further purification.

A standard stock solution of the metals was prepared according to the following
procedure: 1 g/L Cd?* stock solution was prepared by dissolving 2.744 g of cadmium
nitrate in 1 L of 0.5 M nitric acid (HNO3) solution. Similarly, a 1 g/L stock solution of Pb?*
was prepared by dissolving 1.6 g of lead nitrate in 1liter of 0.5 M nitric acid. The working
solutions were prepared by appropriate dilution of the stock solution using deionized
water. Sample pH adjustment was performed with 0.1 M HCl and NaOH solutions. Cd**
and Pb?* concentrations were measured using the Atomic Absorption Spectrometer (AAS).

The performance of the prepared HPCs for Cd?* and Pb?*" removal from aqueous
samples was evaluated through the various adsorption experiments conducted.

In the initial stage, the effect of adsorption time variation (adsorption kinetics) for
all the prepared HPCs was performed to evaluate the minimum time required for an
effective adsorption process. These experiments were used for screening the best HPC
sample, which was employed for subsequent adsorption experiments. For adsorption time
experiments, a 100 mL solution of 100 mg/L initial concentration of Cd?* and Pb?* in both
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single and binary solution systems was prepared. The prepared solution pH was kept at
5-6, and an adsorbent dosage of 1 g/L was utilized. During the adsorption experiments,
the HPC samples were contacted with the prepared solutions in an Erlenmeyer flask
and subsequently agitated with a rotary shaker. Samples were collected at different time
intervals (30-1440 min), filtered, and analyzed for their residual concentration of Cd?*
and Pb?*.

The removal capacity of HPC was evaluated using the following Equation (1):

Removal capacity = (V (Cy — Ct)/m) @)

where removal capacity is in (mg/g), V is the solution volume in (liter), and m is the
adsorbent mass (g).

Furthermore, on employing the best HPC sample realized for the kinetic experiments,
the effect of the significant adsorption factors that include initial concentration, pH, and
adsorbent dosage were all investigated. For this purpose, a central composite experimental
design (CCD) based on response surface methodology was considered. The chosen factors
for the design were designated as follows, A—Initial concentration, B—adsorbent dosage,
and C—pH. The experimental procedure adopted was similar to the one reported for
the kinetic study. In basic terms, it involves contacting different amounts of the HPC
with varying concentrations of the metals at different pH values in a 100 mL Erlenmeyer
flask. Moreover, the amount of HPC (dosage) and the concentration of the metals and the
prepared solution pH were based on the values provided by the CCD design.

In total, 20 experimental runs were carried out using the selected full-faced CCD
design created with the statistical software Design Expert V11. The responses to which
the effect of these factors was being studied are the removal capacity of HPC for Cd?* (Y1)
and Pb?* (Y2). Based on the chosen full-faced CCD, a total number of 20 experimental
runs were created using the statistical software Design Expert V11. The CCD design matrix
showing each of the factors and their corresponding levels is presented in Table 1. The
selected levels were based on the outcomes of the preliminary adsorption experiments
conducted. The obtained responses were fitted to the polynomial expression described in
Equation (2) below.

k k k-1 k
y:ﬁo+2ﬁixi+2ﬁﬁx,2+ZZﬁijxixj+s (2)
i=1 i=1

i=1j=2

where, Bo, Bi, Bii, Bij, represent the constant, linear, square and interaction coefficients,
respectively, while X;, and X; denote the factors considered, and y is the removal capacity
of HPCs for each of the contaminants. Analysis of variance tests were performed to
evaluate the adequacy of the fitted models and the significance of each of the factors on the
studied responses.

Table 1. Central Composite Design for the adsorption experiment.

Coded Level Values of Coded Levels
Factor
1 0 1
Initial Conc. (mg/L) (A) X1 10 55 100
Adsorbent Dosage (g/L) (B) X5 1 3 5
pH (O) X3 3 5 7

5. Results and Discussion

A series of hierarchical porous carbons with abundant mesopores and macropores
were fabricated via the ice-templation approach. SEM and TEM images in Figure 1a,b
depict an open foam-like structure with mesoporosity replicating the etched silica template.
The nitrogen isotherms as in Figure 1c exhibit IV type characteristics, indicating that the
HPCs possess mainly mesopores. Table 2 presents the textural characteristics of HPCs.
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Clearly, HPCs exhibit a broad range of BET-specific surface area up to 1100 m?/g, pore
volume up to 3 cm3/g, and controlled dominant average mesopore size.
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Figure 1. (a) Representative SEM image of HPC, (b) representative TEM image of HPC, (c) N,
adsorption-desorption isotherms, and (d) pore size distributions of all the synthesized HPCs.

Table 2. BET-specific surface areas and pore volumes of the synthesized HPCs obtained via nitrogen adsorption at 77.3 K.

BET Surface t-Plot Micropore Mesopore Surface Total Pore Mesopore Micropore Average Mesopore

Area [m? g-1] [m? g-1] Area [m? g-1] Volume [cm® g-1]  Volume [cm® g-1]  Volume [cm® g-1] Size [nm]
HPC412 747 100 647 1.1 11 0.05 6
HPC411 947 59 888 2.2 22 0.02 7
HPC1211 628 112 516 14 13 0.05 12
HPC1221 907 112 795 2.8 2.8 0.05 12
HPC2011 884 176 708 2 1.9 0.08 17
HPC2021 1037 72 965 3 29 0.03 17

The Barret-Joyner-Halenda (BJH) method was used to calculate the pore size and pore
size distribution. The BJH of the HPCs exhibits narrow pore size distribution with a single
dominant peak centered around a mesopore size that replicates the etched silica template
size. For instance, the pore size distribution of HPC1211, as in Figure 1d, illustrates a
dominant peak centered at around 12 nm, which resembles the hard template size [62].

Besides controlling the mesopore size, the pore volume was varied by controlling
the silica/sucrose ratio during the synthesis process. Interestingly, the adopted approach
allows for the synthesizing of different pore volumes while maintaining the average
mesopore size of the HPC. For instance, while maintaining a similar average mesopore
size, HPC1221 possesses a pore volume two times higher than HPC1211.



Sustainability 2021, 13, 5790

7 of 19

Raman spectra can be used to reveal information about the degree of graphitization.
All HPCs show two main peaks corresponding to D and G bands, as in Figure 2. The D
band, which is centered at around 1350 cm ™!, is related to the occurrence of structural
deformity in the carbon structure, and the G band (which is centered at around 1590 cm 1)

is related to sp? atoms stretching.

Carbon

type

Iyl

412
411
1211
1221
2011
2021

0.83746616
0.87949893
0.8248203
0.82151983
0.76533773
0.76533773

412

Intensity (a.u.)

Wavenumber (1/cm)

Figure 2. Raman spectra of HPCs.

The Raman intensity ratio (Ip/Ig) was used to estimate the degree of disorder for
HPCs (see the inset of Figure 2) where a larger ratio indicates the large fraction of defects
present in the HPCs. Doubling the pore volume for smaller mesopore HPCs (as in HPC412
and HPC411) leads to an increase in Raman ratio compared with larger mesopores (compare
HPC2011 vs. HPC2021).

XPS analyses were used to characterize the chemical composition of the HPCs surface.
The XPS spectra for nonetched HPC (HPC-5iO;) and all the synthesized HPCs are shown
in Figure 3. Post etching steps, the XPS spectra show a clear carbon C 1 s peak, a smaller
oxygen O 1 s peak, and a disappeared silicon peak. Thus, the results indicate that all the
hard template silica particles were successfully etched during the etching step.

Intensity (a.u)

Binding energy (eV)

Figure 3. XPS survey scans for (a) HPC-SiO, prior to silica etching and (b) all HPCs.

400

600

Intensity (a.u)

Binding energy (eV)
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5.1. Heavy Metal Removal Results

Results from adsorption time variation during Cd?* and Pb?* removal in both the
single and binary solute systems by the HPC samples are presented in Figure 4.
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Figure 4. Removal time study of single (a,b) and binary (c,d) solute systems for the removal of Pb%* (b,d) and Cd%* (a,c).

Figure 4a presents the effect of adsorption time on Cd?* removal by all the HPC
samples in the single solute system. As illustrated, all the HPC samples presented a
progressive increase in Cd?* uptake over the entire period investigated, with an appreciable
adsorbed amount of up to 22 mg/g. For all the HPC samples, HPC412 offered the highest
uptake amount for Cd?*, with an adsorbed amount of 22 mg/g after 180 min. On the other
hand, the rest of the HPCs demonstrate a negligible increase in the metal ion uptake, even
after a 24-h duration.

Figure 4b shows the adsorption of Pb?* in the single solute system, where a progressive
increase in uptake up to 89 mg/g in 24 h was observed. For all the HPCs, HPC1221 showed
the highest uptake amount for Pb?*, with an adsorbed amount of 38 mg/g at 30 min,
which increased to 57 mg/g in 360 min and 89 mg/g after 24 h. Next, the HPC with
the second-highest uptake for Pb%* was HPC411, which presented a significant adsorbed
amount of 68 mg/g after 360 min. Furthermore, the rest of the HPC samples provided an
appreciable adsorbed amount of Pb?* that was much better than that of Cd?*. As a result,
the HPCs had a higher affinity for Pb?* than Cd?*.

Similarly, the influence of increasing pore volume for the HPC sample pairs was also
noted to be significant. As depicted, at 30 min of adsorption time, HPC2011 shows a Pb?*
uptake of 20 mg/g, while its counterpart with twice the pore volume (HPC2021) shows
an enhanced uptake of 37 mg/g. In the same vein, HPC1211 and HPC412 show a low
Pb2* uptake of 9.6 mg/g and 18 mg/g, respectively, after 30 min, while their counterpart
with twice the pore volume shows a slight increase in uptake of 38 mg/g and 27 mg/g,
respectively, for the same time interval. A similar trend can also be seen after a 24 h
mixing duration.
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The results of Cd?* and Pb?* adsorption from the binary solute system shown in
Figure 4c,d, indicates the occurrence of competition for HPCs” adsorption surface sites.

Furthermore, both the removal capacity (mg/g) and the removal rate (mg/g/min) are
two important parameters that determine the performance of adsorbent material during
the removal process [63]. While the removal capacity can be calculated by dividing the
metal ions removed (mg) by the amount of the adsorbent material in (g), the removal rate,
which is related to the kinetic of the removal process, can be calculated by diving the metal
ions’ capacity (mg/g) by the duration of the removal experiment (min). Combining both
parameters in a single plot can reveal and provide valuable information about the perfor-
mance and allow one to optimize the removal process. Thus, in this work, a comparison
between the performance of HPCs is presented by plotting the removal capacity (x-axis)
against their removal rate (y-axis). Furthermore, an enhanced removal performance is
manifested by the upper right shift in the diagram, where the adsorbent demonstrates a
high removal capacity and rate. Additionally, optimization of the adsorption results of the
HPCs can be achieved by multiplying the removal capacity by the removal rate.

Figure 5 illustrates a correlation between the removal capacity and removal rate
of HPCs in Pb?* removal experiments. For a specific mesopore size, doubling the pore
volume for all the HPCs leads to a higher metal capacity and removal rate. However, such
enhanced performance occurs to a different extent across the HPCs. A larger mesopore
size can demonstrate better performance as a result of increasing the pore volume. This
can be noticed by the upright shift of the plots.
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Figure 5. Removal rate vs. removal capacity of Pb?* in single (a—c) and binary (d—f) solute systems for all HPCs.

By comparing the performance of a series of HPCs in binary and single solutions,
generally, the removal capacity dropped (by different percentages) in the case of binary
solutions. This can be ascribed to possible competition between the metals to occupy the
available sites on the carbon material. Despite the drop in HPC removal capacity in a
binary solution, the removal rate enhanced, especially at the beginning of the adsorption
process. This was deduced from the upper shift of the curves for the binary solutions. For
instance, while the highest removal rate of HPC1221 in a single solution is 1.26 mg/g/min,
a binary solution demonstrates a higher value rate of 1.47 mg/g/min.
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A similar removal capacity of HPC1221 for Pb removal can be seen in the case of Cd?*
removal. The removal of a single heavy metal solution leads to higher removal capability
compared with a binary solution. However, the removal rates are higher in a single
compared with a binary solution. For example, the cadmium removal rates for HPC1221 in
binary and single solutions are 0.35 mg/g/min and 0.14 mg/g/min, respectively.

Interestingly, Figure 6 demonstrates that in both types of solutions (single and binary),
increasing the pore volume for the studied mesopore size does not result in a significant
effect in the removal of Cd?* compared with when Pb?* is used as a targeted heavy metal.
Notably, HPC412 with around 50% less pore volume possesses a higher Cd** removal
capability compared with HPC411.
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Figure 6. Removal rate vs. removal capacity of Cd** in single (a—c) and binary (d—f) solute systems for all HPCs.

Figure 7 shows the removal capacity of HPC1221 in a wide range of binary solution
concentrations (10-200 ppm). HPC1221 removal capacity positively correlated with the
solution concertation. At low concentration (i.e., 10 ppm), HPC1221 possesses comparable
capacity for the removal of lead and cadmium. HPC1221 shows more affinity toward lead
removal compared with cadmium. For instance, for the binary solution of (Pb-Cd) with
100 ppm concentration, the lead and cadmium removal capacity of HPC1221 is around
43 mg/g, 6.52 mg/g, respectively. This was further confirmed by comparing the HPC1221
capacity in a 100 ppm single solute solution. The HPC1221 still demonstrates a higher
capacity for lead (89 mg/g) compared with cadmium (12.3 mg/g). Interestingly, in the case
of a binary solution, the competition between different metals leads to a reduction in the
HPC1221 uptake for lead and cadmium by 51% and 47%, respectively.

Figure 8 depicts the textural characteristics and the heavy metal removal capacity
relationship for a series of HPCs. Figure 8a—c illustrates that the variation in textural
characteristics leads to the different behavior of HPCs toward the removal of lead ions.
Clearly, there is no general trend that correlates any of the textural characteristics and
lead removal capacity of the HPCs. The results presented in Figure 8a—c indicate that a
single textural characteristic of HPCs alone will not be a determinant factor in improving
HPCs’ performance. Lee and Park have found that heavy metal removal capacities do not
positively correlate with surface area [64]. Accordingly, high surface area carbon could
have a relatively lower adsorption capacity than that of lower surface area carbon. Addi-
tionally, although the majority of the pore volume of the activated carbon fibers (ACC) are
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micropores, these micropores in the ACC are directly accessible for ions compared with
ACs [51]. Reddy et al. compared the adsorption capacity of two activated carbons with
similar surface areas [54]. They found that the activated carbon with a larger pore size
demonstrated higher adsorption capacity, which was ascribed to easier diffusion of the
targeted molecules into the pore. Similarly, Tamai et al. found that the adsorbent’s pore size
distribution is an important factor for enhancing the adsorption performance [55]. There-
fore, optimizing the pore size, volume, and surface area in a porous carbon material is a
key factor for enhancing the HPC’s performance as an adsorbent material for lead removal.
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Figure 7. Removal capacity vs. initial concentration of HPC1221 in single and binary solute systems.
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Figure 8. Removal capacity vs. (a,d) surface area, (b,e) pore volume, (c,f) average mesopore size of HPCs for Pb?* (a—c) and
Cd?* (d-f) in a single solute system.
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In Figure 8d—f, all HPCs show a lower capacity for cadmium compared with lead.
Therefore, the lead has more driving force to be attracted to the HPCs’ surfaces.

Notably, regardless of the wide variations in pore size, pore volume, and surface of
the HPCs, all the HPCs demonstrate comparable cadmium removal. Thus, the textural
characteristics of porous carbon have a negligible impact on the removal of cadmium ions.
Hence, increasing the cadmium removal factors other than textural characteristics (i.e.,
surface chemistry) might result in a significant impact on enhancing the removal process.

5.2. Statistical Analysis and Response Surface Modelling

Since HPC1221 presented the best combination of removal capacity and removal rate
for Cd?* and Pb?*, it was utilized for the subsequent experiments and statistical analysis.
Table S1 presents the results of the CCD design matrix, showing the factor combinations and
the corresponding actual experimental response and predicted response based on the fitted
model. While employing the statistical design expert software, the actual experimental
responses (Cd?* and Pb?* adsorbed amount) were fitted to a polynomial expression based
on the coded values (A—initial Concentration, B—adsorbent dosage and C—pH), as shown
in Equations (3) and (4).

Evaluation of the normality of the responses was carried out through the standard
probability plots of the residuals displayed in Figure 9a,b. As illustrated, the experimental
responses were approximately normally distributed based on these plots depicting a nearly
straight line. In Figure 9¢c,d, the plots of predicted values (based on a fitted model) vs. the
actual response values for Cd?* and Pb?* are provided. These plots indicate the existence
of a good correlation between the actual and predicted response data.
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Figure 9. (a,b) Normal probability plots of the residuals and (c,d) plots of actual vs. predicted values
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The validity of the fitted models and the significance of the factors were evaluated
through the Analysis of Variance Test (ANOVA). Parameters from the ANOVA test that
include probability value (p-value), lack fit test value, correlation coefficient (R?), adjusted
R?, and predicted R? were used in validating the statistical relevance and adequacy of the
fitted models.

Fitted Models in Terms of Coded Factors

Ln(Cd?*) =2.01 +0.418 x A + 0.174 x B+ 0.064 x C + —0.094 x AB + —0.317 x AC — 0.083 x BC + 0.550 x A? 3)
+0.0218 x B% +0.038 x CZ +0.156 x ABC + 0.374 x A2C + 0.153 x AB?

Ln(Pb%+) = 2.767+ 0.804 x A +0.450 x B — 0.016 x C +0.206 x AB — 0.023 x AC — 0.035 x BC — 0.361 x A2 @
+0.137 x B2 4+ 0.043 x C2 +0.188 x ABC + 0.17839 x AZC + 0.136 x AB?

Tables S2 and S3 show the results of the ANOVA test of factor significance. The
significance level of each of the factors and their interaction were assessed based on the
corresponding p-values at a 95% confidence interval. p-value > 0.05 signifies the statistical
insignificance of the factor to the response, while p-values < 0.05 indicate the significance of
the parameter to the response [65]. As illustrated for the two responses, all the individual
factors, A—Initial concentration and B—adsorbent dosage and C—pH, were found to be
statistically significant (p-values < 0.05). An exception to this was factor C-pH in the case
of Pb?*, which was insignificant as its p-value > 0.05. This signifies that for the prepared
HPC1221 adsorbent, pH variation has no impact on its uptake of Pb?*.

The p-values for the models were also less than 0.05 (p-value < 0.0001), which signifies
their statistical significance. The obtained R? and adjusted R? values for all the models
(Table 3) were close to unity (1). In addition, a good agreement between the adjusted R?
and the predicted R? for all the models was also observed (this occurs when their difference
is less than 0.2). There was an adequate precision value, a measure of signal to noise ratio,
with a value of 4 indicating an adequate signal for a model with a good predictive capability.
The adequate precision values for all the models were greater than 4. In summary, all the
above analyses were able to substantiate the adequacy of the models and indicate their
good predictive capability for the experiment responses.

Table 3. Fit statistics of the fitted models.

Response Transformation ~ Std Devember ~ Mean C.V% R? Adj. R? Predicted R”Z  Adequate Precision
Cd* Natural Log 0.0336 1.76 1.90 0.9989 0.9971 0.8721 24.0034
Pb?* Natural Log 0.0525 2.68 1.96 0.9983 0.9955 0.7482 17.0026

6. Effect of the Factors on the Removal of Cd?* and Pb?*

Figure 10 depicts the simultaneous effect of the factors” AB and AC interactions on the
adsorbed amount of Cd?* and Pb2*. In Figure 10a,b, an increased uptake of Cd?* can be
observed as A and B were increased simultaneously, followed by a slight decrease in uptake,
which is noted after the optimum condition was achieved. The optimum conditions of the
two factors were found to lie around higher values of A (6090 mg/L) and B (4-5 g/L). In
the case of factor C, its increase led to a significant Cd?* uptake as factor B was increased
simultaneously. The optimum range for factor B, as shown in the figure, was found to be
around pH 6-7.
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Figure 10. Simultaneous effect of the factors on CdZ* (a,b) and Pb?* (c,d) removal by HPC1221.
Factor A: initial concentration, factor B: adsorbent dosage, and factor C: pH.

As for the influence of AB and BC interactions on Pb%* removal shown in Figure 10c,d,
an enhanced Pb2* uptake was noted at higher values of A and B, while at lower values
of these factors, a lower Pb?* uptake was observed. As for factor C, its increase did not
present any profound impact on Pb?* uptake, as shown in Figure 10. This suggests that,
irrespective of the pH values, the uptake amount of Pb?* is shown to be dependent on the
concentration and the adsorbent dosage. The optimum conditions for the factors of Pb%*
uptake were found to be at high values of A (90-100 mg/L) and B (5 mg/L). Based on the
chemical speciation of cadmium and lead, it is averred that the major species of the two
metals that will dominate at the pH range investigated are the ionic Cd** and Pb%* [66-68].
Formation of the hydroxide species of the metals can occur at pH 6-7. However, it should
be noted that these species are in the early stage of formation, and their concentration will
be quite low compared with their ionic counterparts. Hence, the higher adsorbed amount
of the two metals noted at around pH 7 in this study is likely because of the combined
adsorption and precipitation process.

Based on these findings, it can be explained that the increase in factor A and B
values, which led to the high uptake of Cd?* and Pb?*, can be ascribed to increased solute
concentration and the availability of numerous surface binding sites in these conditions.
Additionally, the high uptake noted at high C values (pH 6-7) for Cd** suggests the possible
occurrence of precipitation via hydroxide formation by the metal along with adsorption,
which resulted in an increased uptake rate by the HPC. On the other hand, irrespective of
the pH values, the uptake amount of Pb?* is shown to be dependent on the concentration
and the adsorbent dosage.
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7. Adsorption Isotherm

The adsorption behavior of Cd** and Pb?* uptake by HPC1221 was evaluated
through the modelling of the adsorption isotherm data. The obtained data were mod-
elled using the conventional Langmuir and Freundlich isotherm models provided in
Equations (5) and (6), respectively.

1 1 1 1

=4 _ 5
e qm KLqm Ce ©)

Ing, = %lan + InKg (6)

Here, g, denotes the amount (mg/g) of Cd** and Pb?** per unit mass of the AC
at the equilibrium concentration C, (mg/L). g, is the maximum quantity of Cd** and
Pb?* per mass of adsorbent (mg/g). K is the Langmuir constant (L/mg) related to the

adsorption energy. Kr is the Freundlich constant (mg/g)(L/mg) %, and # is the Freundlich
constant. The Langmuir isotherm model works on a theoretical assumption that describes
the uptake of an adsorbate by the adsorbent according to a monolayer coverage mechanism
over the homogenous surface sites without interaction between the adsorbed molecules,
while the Freundlich isotherm model is an empirical relation that describes a multilayer
adsorbate uptake onto the heterogeneous surface sites of the adsorbent with the occurrence
of adsorbate molecules interaction.

The results of the fitted models plot are displayed in Figure 10, while the computed
parameters are shown in Table S4. From the obtained R? values, Cd?* adsorption is found
to fit better with the Langmuir model when compared with the Freundlich model with R
values of 0.9844 and 0.9450, respectively. As for Pb?*, it was observed to be more suited to
the Freundlich model because its R? value of 0.9930 was greater than that of the Langmuir
model (R%: 0.8562). The computed Langmuir maximum adsorption capacity (HPC1221)
of 10.02 mg/g for Cd** and 70.92 mg/g for Pb>* were found to be close to the actual
experimental maximum adsorption capacity value of 12.32 mg/g for Cd** and 89 mg/g
for Pb?*. Table S5 shows a comparison of the surface properties and maximum adsorption
capacities of different carbon adsorbents for Cd** and Pb?* uptake. The reported adsorption
capacities of the two metals were found to be better or comparable to those reported for
pristine nonfunctionalized carbons. Notably, HPC1221 demonstrated a larger adsorption
capacity for lead compared with other reported studies. On the other hand, HPC1221
possesses a moderate adsorption capacity for cadmium compared with other reported
nonfunctionalized carbon materials.

Based on these findings, it was averred that Cd?** uptake by HPC1221 was due to the
monolayer physical adsorption process, while Pb?* uptake was based on the multi-layer
physisorption process. Monolayer adsorption implies that once the accessible surface
binding sites of the adsorbent are occupied, solute adsorption will no longer take place.
Thus, the lower uptake rate of Cd?* reported in this study was likely due to the monolayer
coverage, which subsequently impeded the aqueous Cd?* uptake after the surface sites
were exhausted. Furthermore, for Pb>* adsorption, its suitable description by the multilayer
isotherm model suggests that even after the surface sites were exhausted, the adsorbed
Pb?* interacted with the aqueous Pb?* to aid their uptake in a multilayer fashion. This
explanation is also in support of the higher adsorbed capacity noted for Pb** in this study.
Hence, varying the textural characteristics of the HPCs is significant for Pb?* removal
compared with Cd**

The carbon synthesis procedure and the nature of the carbon precursors contribute
significantly to the adsorption process [60]. Some studies employed different types of
carbons with varied synthesis precursors and conditions, leaving many other variables
such as the degree of the graphitization and the surface chemistry untested. Song et al.
have investigated the adsorption properties of lead with four different carbon-based
adsorbents and a wide range of surface areas (131.6-1014.4 m?/g) [69]. Although the rice-
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husk-activated carbon had roughly 45 percent more surface area and micropore volume
than saw-dust-activated carbon, both carbons had similar lead capacity (see Table S5).
Furthermore, the tire-activated carbon with a 131.6 m?/g surface area and a 0.029 cm®/g
micropore volume demonstrated a 62 percent higher lead capacity than acrylic-fiber-
activated carbon with approximately six times the surface area and ten times the micropore
volume. It is necessary to examine a wide range of mesopore sizes in order to understand
the influence of mesopore size and volume. Table S5 shows that many of the reported
studies investigated lower mesopore sizes (up to 5 nm), which may restrict the validity
of their observations. Besides this, some of the reported studies in Table S5 showed a
bimodal or trimodal (instead of unimodal) pore size distribution [70]. Notably, the lack of
control over mesopore size can make it difficult to find and understand the correlations
between the pore size and removal performance of the adsorbent materials. To better
assess the role of the textural characteristics, it is important to evaluate the HPCs that were
synthesized under the same conditions and using the same precursors. The employed
synthesis approach in this work allows for the synthesis of a wide range of HPCs, and
the fine-tuning of the carbon mesopore size and mesopore volume eliminates other effects
that might arise from different synthesis conditions and utilization of different precursors.
Thus, the findings in this study aided in the investigation of the relationships between
textural characteristics and adsorbent materials” removal performance.

8. Conclusions

A series of finely tuned hierarchical porous carbons HPCs were synthesized and
evaluated against the removal of lead and cadmium from an aqueous solution to deter-
mine the key design parameters for the adsorbent material. Interestingly, cadmium and
lead responses vary in their dependence on the textural characteristics of HPCs. All the
HPC samples presented a progressive increase in Cd?* and Pb?* uptake over the entire
investigated period (24 h). This work demonstrated the effectiveness of optimizing the
pore size, pore-volume, and surface area for enhancing HPC lead removal. All the HPCs
with doubled pore volumes and similar dominant mesopore sizes resulted in enhanced
lead uptakes (up to 300%). On the other hand, variations in the textural characteristics of
HPCs have a negligible impact on the removal of cadmium. Factors other than textural
characteristics (i.e., surface chemistry) might be significant in enhancing the removal per-
formance of the adsorbents. Notably, all the HPCs demonstrated high affinities toward
lead removal compared with cadmium. Hence, all the HPCs showed a lower removal
capacity toward cadmium compared with lead. HPC1221 showed the maximum Cd?* and
Pb?* adsorption capacity of 12.32 and 89 mg/g, respectively. Hence, the results suggested
that HPC1221 possessed an optimum combination of textural characteristics (with 17 nm
mesopore size, 2.8 cm®/g pore volume, and 907 m? /g surface area) of HPC as an adsorbent
material for lead and cadmium removal. In a binary solution, the competition between
different metals lowered the HPC1221 uptake of lead and cadmium by 51% and 47%,
respectively. Notably, the highest removal rates of HPC1221 are higher in the case of the
binary solution (Cd?* 0.35, Pb** 1.47 mg/g/min) compared with the single solution (Cd?*
0.14, Pb?* 1.26 mg/g/min). In conclusion, defining key material parameters and designing
an intelligent carbon porous structure can pave the way for high performing adsorbents
for heavy metal removal.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/su13115790/s1. Table S1: CCD matrix of the experiment showing the factor combination
and the responses.Table S2: ANOVA result for Cd?* adsorption. Table S3: ANOVA result for Pb%*
adsorption., Figure S1: Figure 1. Langmuir and Freundlich isotherm plot for Cd?* (a,b), and Pb%*
(c,d) adsorption, Table S4: Isotherm parameters, Table S5: Comparison of adsorption capacities of
some non-functionalized carbon adsorbents for Cd** and Pb**
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