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ABSTRACT

Multicomponent competitive adsorption of phenol, Pb(II), Cr(IIl), and Cd(II) were studied using
activated carbon produced from mangrove charcoal that was activated using potassium hydroxide
with a specific surface area of 784 m?/g. Effects of initial pH, adsorbent dosage, initial concentra-
tion variation, thermodynamic, and contact time were investigated. Results of the investigation
showed that the maximum removal efficiency in the multicomponent system was around 76%, 92%,
47%, and 31% of phenol, Pb, Cr(Ill), and Cd, respectively. Those values were obtained at pH 5,
adsorbent dosage of 2.5 g/L, contact time of 120 min, and an initial concentration of 50 mg/L for
phenol and 30 mg/L of each heavy metal. The highest achieved adsorption capacity obtained was
46, 32, 11, and 3.8 mg/g of phenol, Pb, Cr(Ill), and Cd, respectively. Moreover, the results showed
that the competition between phenol, Pb, and Cr(Ill) was fierce due to the similar adsorption
mechanism. Freundlich isotherm well-fitted phenol, while Cd data were well fitted by Redlich—
Peterson isotherm. On the other hand, Langmuir was found to well-fit results of Pb and Cr(III).
The pseudo-second-order was the best match for the four pollutants, which indicated that chemisorp-
tion was the adsorption mechanism. Intraparticle diffusion indicated that the diffusion happened
in the micro and macro levels for most of the pollutants, except for Cr(III), where it happened at
the macro levels only. The thermodynamic study concluded that the nature of multicomponent
adsorption was exothermic in nature, except for Cr(IlI), which was endothermic. Also, the highest
achieved removal efficiency from the thermodynamic study was 60%, 59%, 42%, and 13% of phenol,
Pb, Cr(Ill), and Cd, respectively at 30°C. Adsorption-desorption for the multicomponent system
showed that HCl was better for heavy metals desorption due to the addition of hydrogen ions,
while NaOH was better for phenol desorption due to interactions between phenol and NaOH.
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1. Introduction

Industrial wastewater effluents typically contain streams
of mixed organic and inorganic pollutants from the mining,
manufacturing, petrochemical, and agriculture industry
that continue to degrade water quality and contaminate
the surrounding environments. Heavy metals such as
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chromium, cadmium, and lead continue to pose adverse
effects on the health of both human beings and the envi-
ronment as their toxic degradation products contribute to
environmental load and harm [1,2]. Also, heavy metals bio-
accumulation in the soil has proved to negatively impact
the cultivated crops, where many studies have shown a
very concerning high level concentration of heavy metals
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in cultivated crops, especially in lands where wastewater
sludge was used as fertilizer [3,4]. Phenol and phenolic com-
pounds pollutants form organic and free radicals that are
highly reactive, which is responsible for its persistence in
the environment that may pose serious health implications
due to its possible carcinogenic properties [5]. Phenol and
phenolic compounds are considered very toxic and have
very low biodegradability [6].

Many different wastewater treatment techniques are
currently available that are able to remove organics and
metals. Several conventional wastewater treatment tech-
nologies were used for phenol and metals removal from
industrial wastewater. For instance, membrane-based tech-
nologies are currently widely used in removing organics
and inorganics; their removal efficiency depends mainly
on the type of membrane used (micro-filter, ultra-filter,
nano-filter, or reverse osmosis) [7]. However, membrane-
based technologies are considered expensive, have high
power consumption in the case of reverse osmosis (RO),
and require frequent maintenance. Furthermore, another
technology that is used is separation by steam distillation,
which is used to isolate temperature-sensitive materials
such as phenolic compounds, but it is considered an expen-
sive method and the removal efficiency is low [7]. Among
these remediation techniques, adsorption proves to be the
most efficient, ease in operation, and low operation and
maintenance cost method in the removal of pollutants [6].
Activated carbon which is produced from a variety of raw
materials including agricultural and municipal wastes is
becoming very popular to use as a low-cost biomass adsor-
bent. Much attention is given to activated carbon due to
its availability, reusability, and low cost [8], which can be
improved by methods such as chemical impregnation by
different activation agents. Potassium hydroxide (KOH) has
been widely used in chemical activation due to its ability
to produce activated carbon with high porosity and large
surface area [9]. Several studies have investigated the use
of KOH as an activating agent for biomass, which usually
produces activated carbon with high surface areas [10].

Numerous studies have established factors that affect the
efficiency of chemically activated charcoal from waste mate-
rials in adsorbing organic and inorganic pollutants, where
physical characteristics, particularly surface area and pore
diameter of the KOH-activated mangrove charcoal, have
been found to be proportional to the KOH concentration
[11]. In aid to the optimization of the physical characteris-
tics of activated charcoal via chemical treatment, operating
parameters including pH, dosage, temperature, and con-
tact time have also been established and well-documented
to affect adsorption efficiency [12,13]. Pal et al. [14] inves-
tigated the removal of ethanol using activated carbon
derived from mangrove modified with KOH, where he
studied the adsorption under various temperatures. Ngugi
et al. [15] studied the removal of lead ions using unmod-
ified powdered mangrove roots, the study demonstrated
that the removal increased with the increase of pH and
adsorbent dosage. Furthermore, several studies have inves-
tigated the removal of lead using mangrove, most of these
papers attributed the adsorption of lead ions to the inter-
action with the carbonyl and hydroxyl functional groups
acting on the adsorbent surface [16]. Adsorption has been

widely used in removing heavy metals, Anwar et al. [17]
studied the adsorption of lead and cadmium using a
banana peel, his study concluded that pH, adsorbent con-
centration, and agitation speed were the important fac-
tor that affected the adsorption process. Fahim et al. [18]
investigated the removal of Cr(Ill) using activated carbon
derived from sugar industrial waste, the study reported
that the maximum adsorption capacity achieved was
at pH 5, because Cr(Ill) in strong acidic media appear as
Cr(III), while in pH 5 the dominant species were Cr(OH)*.

In this study, KOH-activated carbon derived from man-
grove charcoal was investigated for its adsorptive capacity
for removing simultaneously phenol, cadmium, chromi-
um(IIl), and lead together in one batch. Additionally, an
investigation of desorption efficiency was also employed
for the optimization of recovery methods and regeneration
potentiality. The study is a novel contribution to research
surrounding the feasibility of multicomponent adsorption
by KOH-activated mangrove charcoal with thermodynamic
and regeneration investigation, in order to model a real-
life problem, which is the removal of mixed organic and
inorganic pollutants from aqueous systems and to under-
stand the interaction between pollutants on the adsorption
process. Up to the knowledge of the authors, no research
has been done on the use of activated carbon derived from
mangrove charcoal to remove phenol, chromium(IIl), and
cadmium in a singular batch. Moreover, very few and lim-
ited studies have investigated the removal of lead using
activated mangrove charcoal. Furthermore, no research
has been conducted on the removal of multi-pollutant
together in one batch with thermodynamic and regenera-
tion studies.

2. Materials and methods
2.1. Materials

Commercial mangrove charcoal was collected, oven-
dried overnight at 105°C, washed to remove dirt, and
oven-dried again at the same temperature and duration.
Consequently, the dried mangrove charcoal was crushed
and sieved to 2 mm particle size before being stored in glass
containers. Chemical materials that were utilized in this
research were all of the analytical grades and include the
following; lead nitrate salt Pb(NO,), (299%) and cadmium
nitrate salt Cd(NQ,),4H,O (=98.5%) (VWR BDH Chemical
Ltd, US, Pennsylvania), chromium chloride CrCl, (=298%),
hydrochloric acid HCl (34%-37%), and sodium hydroxide
NaOH (98%) (Fischer, US, Massachusetts), phenol crystals
(299.9%) and potassium hydroxide pellets KOH (=85%)
(Sigma-Aldrich, US, Missouri).

2.2. Activated charcoal production

Dried mangrove charcoal was thoroughly mixed with
KOH pellets using a 3:1 (KOH: charcoal) ratio. Impregnated
charcoal samples were oven-dried at 110°C for 12 h to
remove excess moisture. The dried samples were inserted
in stainless steel pipes with two narrow port diameters.
The impregnated dried charcoal sample-packed stainless
steel tubes were then placed in a furnace (Nabertherm LT
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5/12, Germany) and heated to 600°C temperature with a
heating rate of 10°C/min for 1 h. After heating, the tubes
were taken out from the furnace after reaching the desired
holding time. Subsequently, and in order to remove resid-
uals, activated charcoal samples were cooled and washed
continuously with de-ionized water, till the pH of the rinse
water approached a pH value between 6.5 and 7.5. Finally,
wet activated charcoal samples were oven-dried at 105°C
for overnight and stored in glass containers.

2.3. Analytical techniques

Phenol quantification was carried out using UV-Vis
Spectrometer (Shimadzu, Japan), while heavy metals quanti-
fication was carried out using Atomic Absorption Spectroscopy,
AAS (PerkinElmer 700, USA) through the direct air-acetylene
flame method.

Egs. (1) and (2) were implemented to quantify the
removal and the adsorption capacity, respectively.

(c,-c)v
g =" 1)
mO
Removal efficiency (%) = % %100 )

0

where g, is the amount of pollutants adsorbed (mg) per
adsorbent (g); C, (mg/L) is the initial concentration of adsor-
bate; C, (mg/L) is the final concentration of adsorbate; V' (L)
is the volume of solution; M (g) is the mass of adsorbent.

2.4. Adsorption experiments

The adsorption experiments have been conducted in a
batch mode. Erlenmeyer flask with 200 mL capacity was
used and filled with 100 mL solution with certain concen-
trations of phenol, Pb, Cd, and Cr(IIl). The experiments
were conducted at room temperature almost 25°C, except
for the thermodynamic study. The samples were placed on
an orbital shaker with 250 rpm speed to ensure that solu-
tions were well-mixed with the adsorbent. The adsorption
isotherm models of Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich were used to fit the experimental
data obtained from the equilibrium experiments. Also, the
kinetic models pseudo-first-order, pseudo-second-order,
and intraparticle diffusion were used to fit the experi-
mental data obtained from the kinetic experiments, which
account for the physisorption, chemisorption, and diffu-
sion mechanisms, respectively, and are defined by linear

Egs. (7)~(9).

2.4.1. Langmuir isotherm

The Langmuir isotherm defines the surface coverage of
adsorption and desorption in dynamic equilibrium using
linear Eq. (3), where C, is the equilibrium concentration in
a liquid phase, g, is the equilibrium concentration in a solid
phase, and g, and K, are Langmuir constants relating to
adsorption capacity [19].

g — L + & (3)
9. Kg, 4,

2.4.2. Freundlich isotherm

The Freundlich isotherm model defines the surface
heterogeneity and exponential distribution of active sites and
their energies using linear Eq. (4), where K, is the Freundlich
constant relating to adsorption capacity and 1/n is the
adsorption intensity [19].

loggq, =logK, +110gC8 4)
n

2.4.3. Redlich—Peterson isotherm

The Redlich—Peterson isotherm is a combination between
Langmuir and Freundlich isotherms. The model describes
the adsorption mechanism as a mix and it does not follow
an ideal monolayer system. The isotherm is represented by
Eq. (5), where A is Redlich-Peterson isotherm constant, and
B is constant [19].

lngzﬁlnCe—lnA (5)

e

2.4.4. Temkin isotherm

The Temkin isotherm model defines the effect of adsor-
bate interactions, assuming that the heat of adsorption
decreases with increased surface coverage. The isotherm is
represented by Eq. (6), where b is the heat of sorption, R is
the universal gas constant, and K, is the Temkin isotherm
constant [19].

q, :%IDKT +%IHCE (6)
RT
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2.4.5. Dubinin—Radushkevich isotherm

The Dubinin-Radushkevich (D-R) isotherm model
defines adsorption mechanism with Gaussian energy dis-
tribution on heterogeneous surfaces and is usually used to
differentiate the physical and chemical adsorption of metal
ions in varying temperatures. The isotherm is represented
by Eq. (7), where g, is theoretical adsorption capacity at
saturation, B, is the isotherm constant, T is the absolute
temperature in Kelvin, and E is the mean adsorption
energy [19].

Ing, =Ing, - ZBDRTIn(l + Clj
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2.4.6. Pseudo-first-order kinetic model

The pseudo-first-order model represents the physical
interaction adsorption mechanism, the following equation
represent the linearized form of pseudo-first-order:

Kt
2303

log(q, —q,)=1og(q,) = ®)

where ¢, is the equilibrium adsorption capacity, K, is the
pseudo-first-order constant rate, t is the time in minutes,
and g, adsorption capacity [20].

2.4.7. Pseudo-second-order kinetic model

The pseudo-second-order model represents the chemical
interaction adsorption mechanism, the following equation
represent the linearized form of pseudo-second-order:

t 1 t
L LB 9
9, Kg 4, ©

where g, is the equilibrium adsorption capacity, K, is the
pseudo-second-order constant rate, ¢ is the time in minutes,
and g, adsorption capacity [20].

2.4.8. Intraparticle diffusion kinetic model

The intraparticle diffusion model suggests that the

intraparticle diffusion will take place in the adsorption if
the plot of g, against the square root of time was linear, the
following equation represents the intraparticle diffusion
model:
g, =kt +C (10)
where g, is the adsorption capacity, k, is the intraparticle dif-
fusion constant, t is the tie in minutes, and C is the linear
intercept [20].

2.5. Regeneration

The regeneration investigation was performed accord-
ing to the following procedure: (1) exhausted activated
carbon (AC) samples were washed with de-ionized water
to remove excess pollutants, (2) AC samples were dried
to remove excess moisture, (3) dried AC samples were
placed in a conical flask with 5 N of NaOH or HCl and
placed on the shaker for desorption for 2 h, (4) obtained
AC samples were washed thoroughly with de-ionized
water to reach neutral pH, (5) washed AC samples were
dried and used for another cycle of adsorption. Because
of the careful procedure that was adopted, the adsorbent
weight loss was minimal and did not exceed 10%.

2.6. Thermodynamic

The effect of temperature on the adsorption process was
studied using the following technique: The flask was placed
inside a beaker and submerged in water to ensure adequate
heat distribution, then the beaker was placed on a magnetic
stirrer with a temperature and speed controlling function.

Also, a thermometer was placed inside the flask through-
out the experiment to make sure that the temperature was
constant.

3. Results and discussion
3.1. Multicomponent adsorption experiments
3.1.1. Effect of pH

The investigation of pH is very important since adsorp-
tion is heavily dependent on this parameter. The importance
of pH comes from its influence on the element behavior and
the ionization degree. In order to better understand the pH
effect, Visual MINTEQ 3.1 software was implemented to
understand the speciation of the adsorption components
together. Fig. 1 shows the speciation of phenol (50 mg/L), Pb
(30 mg/L), Cr (30 mg/L) and Cd (30 mg/L) at 25°C. Fig. la
clearly shows that phenol and Cd are very stable at pH values
ranging from 1 to 8, where phenol, at this pH range, appears
in the undissociated form. However, for Pb, the change occurs
between pH 6 and 7, where the Pb starts to precipitate in the
form of PbOH. Similar results were reported by Wang et al.
[21], who studied the Pb speciation. Finally, Cr is the most
unstable element in the diagram, where the transformation
starts at pH 3 when it reacts to form CrOH"™. Similar results
were reported by Liu et al. [22] who studied the adsorption
behaviors of Cr(IlT) and Cr(IV) onto kaolin.

The influence of pH on the adsorption of the multicom-
ponent system was examined by changing the pH and fix-
ing the other parameters. Adsorbent dosage was fixed at
1.25 g/L, contact time at 2 h, and initial concentration was
fixed at 50 mg/L for phenol and 30 mg/L for the heavy met-
als. Fig. 2 shows that the effect of pH on the phenol removal
was insignificant, where the fluctuations were very small
and varied between 69% and 73%. This phenomenon is
attributed to the fact that phenol at pH ranges from 1 to
7 present in the undissociated form non-ionized state [23].
As shown in Fig. 1, diffusion adsorption will be favorable,
rather than charge interaction. According to Xie et al. [24]
who investigated the adsorption of phenol using commer-
cial AC, pH between 5 and 7 is the best pH range for phenol
adsorption due to the minimal electrostatic repulsion. The
effect of pH on the removal of Pb in the multicomponent
system can be seen in Fig. 2. The figure clearly shows that
adsorption of Pb was significantly influenced by pH values,
where Pb removal was found to increase from 16% to 73%
when the pH value was increased from 2 to 5. This could
be attributed to the reduced competition of hydrogen ions
at higher pH [25-27]. Moreover, it can be seen from Fig. 1c
that Pb at pH 5 was in the Pb form and in the transition
phase because at pH 6 it started to transform to PbOH.
Moreover, cadmium was slightly affected by pH variation,
where the removal was 2.2% at pH 2 and 8% at pH 5. This
could be attributed to the fact that Cd was still in a very
stable condition, based on the speciation diagram, and the
slight increase was due to the reduced competition from
hydrogen ions at pH 5. Similar findings were reported by
Al-Malack and Dauda [28] who investigated the removal of
Cd and phenol using activated sludge waste. They reported
that when the pH was increased, the removal of Cd was
found to increase due to the reduced hydrogen presence
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Fig. 1. Speciation diagram for the multicomponent system: (a) Cd, (b) Cr3, and (c) Pb.

at higher pH values. Arcibar-Orozco et al. [29], who stud-
ied the removal of Cd and phenol by adsorption, reported
that the presence of phenol decreased the intake of Cd due
to the steric hindrance for cations to adsorb specific oxy-
genated groups. Furthermore, the figure shows that Cr(III)
adsorption was strongly impacted by the change of pH,
where the removal increased by 24% when pH values were
increased from 2 to 5. Fig. 1 shows that Cr(Ill) speciation
changed rapidly with the pH change and at pH 5 chro-
mium was in cation Cr(IIT) and CrOH?* forms. The increase
in the removal was attributed to the preference of the AC
to adsorb Cr in the hydrolyzed form rather than unhy-
drolyzed form [22]. Mohamed et al. [30] who studied the
removal of Cd and Cr(IIl) using Padina gymnospora waste,
reported that the increase of pH had a positive impact on
the removal of Cr(IIl) because of the protonation assay of
the adsorbent surface at the acidic media. Moreover, Alemu
et al. [31] reported that the removal of Cr(Ill) increased
with the increase of pH, which was attributed to the Cr®

complexation in the aqueous solution that reduced the
repulsion of cations. Several studies have reported that
adding an organic compound to an aqueous solution that
contains heavy metals increases the removal efficiency
of the metals [32,33]. However, these findings contradict
with the obtained results shown in Fig. 2 that might be
attributed to the organic compound (phenol) in the current
experiment was in the undissociated form as shown in the
speciation diagram in Fig. 1, which might have prevented
the complexation between phenol and the heavy metals.
It can be concluded that the presence of phenol, Pb, Cd,
and Cr(IIl) in one system did not alter their behavior with
respect to pH variation.

3.1.2. Effect of adsorbent dosage

Effects of adsorbent dosage on the multicomponent
adsorption were investigated, where the investigated dos-
ages were 0.5, 1.25, 2, and 2.5 g/L. Batch experiments were
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conducted under the following conditions: pH value of
5 (optimum), initial concentration of 50 mg/L of phenol,
30 mg/L of heavy metals, and contact time of 120 min.

Fig. 3a shows that the variation of the adsorbent dosage
highly influenced the removal efficiency of the pollutants
in the multicomponent system. Lead removal was found
to increase from 53% to 92% when the AC dosage was
increased from 0.5 to 2.5 g/L. Moreover, phenol intake was
found to increase from 42% to 76%, when the adsorbent
dosage was increased. It was noted that, for phenol, the
difference in the removal between 2 and 2.5 g/L was slight,
which might be attributed to the AC that had a higher affin-
ity towards Pb since Pb removal kept on increasing at the
same range. Chromium removal was also found to increase
from 17.6% to 46.6% when the adsorbent dosage was
increased, however, it reached a stability point between 2
and 2.5 g/L since the increase at that range was minimal.
Finally, cadmium intake was significantly affected by the
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increase of AC dosage, the removal was found to increase
from 5% to 32%. The increase in the removal, when the dos-
age was increased in the multicomponent system, was due
to the increase of the available site for adsorption and to
the higher contact chance between the AC and the pollut-
ant [34]. Fig. 3b shows the effect of increasing the adsor-
bent dosage on the adsorption capacity. It can be noted that
when the adsorbent dosage was increased, the adsorption
capacity was found to decrease. Phenol adsorption capac-
ity was found to decrease from 46 to 15.2 mg/g when the
adsorbent dosage was increased from 0.5 to 2.5 g/L. A sim-
ilar trend can be found with the other heavy metals, except
for cadmium where there was a slight increase when the
adsorbent dosage was increased, where the adsorption
capacity increased from 3 to 4 mg/g. This event might be
due to the unsaturation effect of adsorption sites that hap-
pens because of using high AC doses while fixing the ini-
tial concentration of the pollutants [35]. However, at lower
AC dosages, the chances of the adsorption sites being fully
saturated are higher due to the limited available sites.

3.1.3. Effect of contact time and heavy metal initial
concentration variation on phenol adsorption

The effect of the initial concentration of heavy met-
als on phenol removal was investigated by fixing the con-
centration of phenol and changing metal concentration.
Several parameters were fixed, namely, pH (5), adsorbent
dose (1.25 g/L), and phenol initial concentration (50 mg/L).
As mentioned before, initial experiment o phenol removal
in the presence of Pb, Cd, and Cr(Ill) in singular systems
with the same fixed parameters (pH, adsorbent dose, and
phenol concentration) were performed. The results can
be seen in the Supplementary Materials, where removal
efficiencies were 81%, 97%, 60%, and 47% for phenol, Pb,
Cr(IlI), and Cd, respectively. It is worth mentioning that the
Fourier-transform infrared spectroscopy results can also be
found in the Supplementary Materials.

q (mg/g)
[x%]
wn
1

Dosage g/L

Fig. 3. Effect of the adsorbent dosage variation on the adsorption of the multicomponent system (a) removal efficiency and

(b) adsorption capacity.
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Fig. 4 shows that the removal efficiency of phenol was
the highest when compared to the metals. When the heavy
metal concentrations were 30 and 50 mg/L, phenol removal
efficiency was not found to be significantly affected, when
compared to the singular adsorption experiments, where
the drop was around 10%. However, when heavy metals
concentrations were increased to 100 mg/L, the drop in phe-
nol adsorption was around to be 20%, where the removal
efficiency of phenol reached 50% that is considered a signif-
icant drop. This behavior might be due to the fact that the
increase in heavy metals concentrations resulted in fierce
competition for the limited sites on the AC surface. The
removal of Pb at the beginning of the adsorption experi-
ment was high and then started to decrease, which indi-
cates that Pb adsorption in this system was unstable due
to competition from phenol and Cr(IIl). From the results,
it can be noted that the decrease in Pb removal with time
accompanied an increase in phenol and Cr(IIl) removal
efficiencies, which might be attributed to the competition
between phenol and Pb on the interaction of the carbonyl
group on the AC surface. The removal of Cd was the lowest
among the other pollutants, which implies a low affinity
to the material. Karnib et al. [36] who studied the removal
of several heavy metals using activated carbon reported

M.F. Sabbagh, M.H. Al-Malack / Desalination and Water Treatment 242 (2021) 162-177

that the adsorption of the heavy metals decreased with the
increase of the heavy metal initial concentration, which was
due to the adsorption of heavy metals on the activated car-
bon that occurs on a specific site. Therefore, any increase
in the initial concentration without increasing the dosage
causes a decrease in the removal efficiency, which explains
the competition between lead and chromium. Furthermore,
Duan et al. [37] reported that the adsorption of heavy met-
als heavily depends on the type of utilized AC, and the
most common adsorption mechanisms of heavy metals
onto activated carbon were surface complexation, ionic
exchange, and electrostatic interaction.

3.1.4. Effect of initial concentration variation of
phenol with fixed heavy metal

The effect of phenol initial concentration variation on the
adsorption process was investigated, where heavy metals
initial concentrations were fixed at 50 mg/L. Fig. 5a shows
that when phenol concentration was lower than the con-
centration of heavy metals, the removal of phenol was low
when compared to results obtained when phenol concen-
tration was increased, as can be seen in Fig. 5b. This can be
attributed to the mass transfer phenomena and the presence
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Fig. 4. The effect of heavy metals initial concentration variation on the adsorption in multicomponent system.
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Fig. 5. The effect of phenol initial concentration variation on the adsorption in multicomponent system.

of some sites exchange between Pb and phenol. Fig. 5b shows
that when phenol concentration was increased to 75 mg/L,
the adsorption of phenol was more stable than the results
presented in Fig. 5a. Phenol removal with three heavy met-
als at an initial concentration of 75 mg/L was almost similar
to phenol removal that was presented in Fig. 4b. Similarly,
the removal of phenol presented in Fig. 5b was higher than
presented in Fig. 5a, which can be attributed to the higher
mass transfer rate. Moreover, when phenol concentration
was high, it facilitated contact with the AC surface. Similar
results were reported by Fu et al. [38], who investigated
the removal of phenol using activated carbon derived from
rice husk. They reported that the removal of phenol occurs
by diffusion, which explains the increase in the removal of
phenol when the initial concentration was increased.

3.1.5. Adsorption equilibrium isotherms

The obtained experimental results from the multicom-
ponent adsorption were fitted using Langmuir, Freundlich,
Redlich—Peterson, Temkin, and D-R isotherms. Parameters of
the models can be found in Table 1, where the parameters
were obtained from Fig. 6.

It can be observed from Table 1 that Freundlich,
Langmuir, Redlich-Peterson, and Temkin isotherms well
fitted the results of phenol, based on the correlation coef-
ficient. However, the negative value of K, which is the
adsorption energy, indicates that the nature of the adsorp-
tion is endothermic, which contradicts the obtained results
in the thermodynamic study in section 3.3. Also, the cal-
culated g, obtained from the Langmuir model did not
match the maximum experimental q which was 30.24 mg/g.
For Pb, Langmuir, Redlich-Peterson, and D-R isotherms
well fitted the obtained results. Furthermore, Langmuir
isotherm gave a correlation coefficient of 0.99 and a cal-
culated g, of 20.7 mg/g, which is close to the experimen-
tal g, (19.92 mg/g). Also, the B obtained from the Redlich—
Peterson isotherm was 0.82 which indicates favorable
adsorption. Nevertheless, for the D-R isotherm, the correla-
tion coefficient obtained was 0.93 and the mean energy E

obtained was 35.3 J/mol that is less than 8 kJ/mol, which
indicates that the adsorption is physical adsorption that
contradicts the results obtained from the kinetic study.
In the case of Cr(Ill), based on the correlation coefficient,
Langmuir and Redlich-Peterson isotherm model well fit-
ted the data. Additionally, the calculated g, was close to
the g, experimental, which was 10.24 mg/g. Finally, the
five isotherms well fitted the data of Cd based on the cor-
relation coefficient. Though Langmuir did not accurately
predict the experimental g, and D-R isotherm gave an E
value less than 8 k]J/mol that indicated physical adsorption,
which contradicts the findings obtained from the kinetic
study. However, Temkin isotherm had a positive value
for the adsorption energy K,, which indicates exothermic
nature, which agrees with the finding in the thermody-
namic study. In conclusion Temkin and Redlich-Peterson
isotherm both well fitted the results of Cd in the multi-
component system. It is worth mentioning that there is a
lack of information in the published literature on isotherm
studies that have been conducted on the removal of phenol
in the presence of metals, particularly, Pb, Cd, and Cr(III).

3.1.6. Adsorption kinetics

Experimental data on adsorption kinetics for a multi-
component system has been fitted into pseudo-first and sec-
ond-order models and intraparticle diffusion. The kinetic
model is a very crucial indicator of the adsorption mecha-
nism and important data for large-scale uses. Egs. (8)—(10)
were used.

Fig. 7 shows the plot for pseudo-first and second-order
models and intraparticle diffusion, while Table 2 shows the
most important model parameters. As shown in Fig. 7a,
the pseudo-first-order model didn't fit the experimental
results, except for Cr(IIl), which has a correlation coeffi-
cient of 0.89, however, the calculated g, was higher than the
experimental g,. It can be noted from Fig. 7b that pseudo-
second-order model fitted well all the pollutant adsorp-
tion experimental results. Furthermore, from Table 2, all
the correlation coefficients were between 0.98 and 1, and
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Fig. 6. Adsorption isotherms (a) Freundlich, (b) Langmuir, (c) Redlich-Peterson, (d) Temkin, and (e) Dubinin—-Radushkevich.

the g, calculated was very close to the g, obtained by the
experimental analysis. Moreover, since pseudo-second-or-
der model well fitted all the obtained experimental data
for the four pollutants, which indicates that the adsorption

mechanism was chemisorption. However, it can be noted
that the adsorption in the multicomponent system was not
stable and did not reach equilibrium at a fast rate. The intra-
particle diffusion model gives an indicator of whether the
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Pollutant Freundlich model parameter Langmuir model parameter

n K; (mg/g) R q,, (mg/g) K; (L/mg) R
Phenol 1.59 1524 0.963 13.67 0.13 0.98
Pb 5.67 10.2 0.7 20.7 0.38 0.99
Cr 9.41 6.1 0.4 9.1 2.2 0.99
Cd 244 1.76 0.89 4.73 0.03 0.96

Redlich—Peterson model parameter

A (L/g) B (L/mg) R?
Phenol 152.69 1.63 0.99
Pb 10.23 0.82 0.98
Cr 6.1 0.89 0.98
Cd 1.76 0.59 0.94

Temkin model parameter Dubinin—-Radushkevich model parameter

B, K, (L/mg) R? B, (mol?/J?) ap (mg/g) E (J/mol) — (R?)
Phenol -15 95.28 0.98 0.0023 13 14.74-0.9
Pb 2.8 27.06 0.75 0.0065 21.78 8.77-0.93
Cr 0.89 687.4 0.37 0.0007 10.1 26.73-0.62
Cd 1.1 3.36 0.89 0.0031 3.95 12.7-0.85

diffusion occurred at the micro or macropores level [39].
Fig. 7c shows that the adsorption happened in two stages for
phenol cadmium and lead, which indicates that the adsorp-
tion happened in the micro and macropores, however, chro-
mium adsorption occurred at the first stage in macropores.

3.2. Scanning electron microscopy and energy-dispersive X-ray
spectroscopy of loaded activated charcoal

Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) was conducted on
the activated charcoal after adsorption to prove that the
adsorption occurred on the AC surface, where Fig. 8 shows
the SEM/EDS results after the multicomponent adsorp-
tion. It can be observed, from the EDS table, the presence
of phenol in the form of C and O and Pb and Cr(IIl) can
be also found. Cadmium could not be identified due to
the low removal compared to the other elements. In sum-
mary, surface spot elemental constituents EDS analysis con-
firmed the transfer of phenol, Cr(Ill), and Pb from aqueous
solutions to the activated charcoal surface.

3.3. Thermodynamic

The effect of temperature on the adsorption of phe-
nol and heavy metals in the multicomponent system was
investigated at the following different temperatures (30°C,
45°C, and 60°C). The conditions were fixed as the follow-
ing: pH of 5, phenol concentration of 50 mg/L, heavy metals
concentration of 30 mg/L, and adsorbent dosage of 1.25 g/L.

It can be observed in Fig. 9a that there was a very slight
change in the removal after increasing the temperature from
25°C to 30°C, when compared to the results presented in

Fig. 4. However, Fig. 9b clearly shows the reduction in the
removal of phenol and lead from 68% at a temperature of
30°C to 60%, when the temperature was increased to 45°C,
however, there was an increase of about 8% in the case of
chromium. Finally, it can be observed from Fig. 9c that when
the temperature was increased to 60°C, the removal of phe-
nol and Pb dropped again with lead reduction was the most
significant. These results indicate that the adsorption exper-
iment was exothermic, which means that any increase in
the temperature accompanies a decrease in the adsorption
capability.

The following equations were used to determine free
energy (AG°®), enthalpy (AH®), and entropy (AS®):
AG =-RTInK, (11)
where R = 8.314 J/mol K, K = temperature in Kelvin,
K, = equilibrium constant.

Ce
L=¢

e

(12)

where C_ (mg/L) is the concentration of the pollutant on
the activated carbon at the equilibrium and C, (mg/L) is the
concentration of the pollutant in the solution at the equilib-
rium. Enthalpy (AH), free energy (AG), and entropy (AS)
were calculated using the following relationship:

e (22

Table 3 shows the calculated free energy, entropy, and
enthalpy, where free energy has been calculated from

(13)
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Table 2
Kinetic parameters
Pollutant Pseudo-first-order Pseudo-second-order Intraparticle diffusion
K, (1/min) g, (mg/g) Expgq,(mg/g) R* K, (g/mgmin) g, (mg/g) Expgq, (mg/g) R* R* Kk (mg/gmin®)
Phenol 0.0007 15.95 25.84 0.49 0.009 26.04 25.84 0.99 0.66 0.23
Pb 0.0007 11.39 25.76 0.5 0.032 259 25.76 1 0.31 0.13
Cr 0.0007 33.39 11.76 0.89 0.004 11.86 11.76 098 096 0.44
Cd 0.00002 37.39 2.64 0.04 0.1 2.66 2.64 0.98 0.13 0.04

Eq. (10), while enthalpy and entropy have been determined
from the plot in Fig. 9d. It was observed from Table 3 that
the free energy results for phenol and Pb at 30°C were neg-
ative, which indicates that the adsorption was spontaneous;
however, the negativity decreased when the temperature
was increased, which indicates that the adsorption con-
dition became unfavorable [40]. However, for Cr(IlI) and
Cd, the free energy was positive and decreased when the
temperature was increased, which indicates a favorable

condition since it is decreasing. Regarding enthalpy, for
phenol, Pb, and Cd it was negative, which indicates that
the adsorption was exothermic [40], however, for Cr(III),
the enthalpy was positive, which indicates an endother-
mic reaction. The entropy value indicates the organization
of the adsorbate in the solid-solution [40,41]. In the case
of phenol, Pb, and Cd, the entropy where negative, which
indicates that the adsorption is becoming less random,
however, for Cr(Ill), the entropy is positive, which indicates
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an increase in the randomness during the adsorption of
Cr(II). Overall, the adsorption reaction was exothermic,
which does not favor high-temperature conditions.

3.4. Regeneration

Chemical regeneration study has been done on the
exhausted AC samples to examine the feasibility of the
multiple reuses of the exhausted AC. Sodium hydrox-
ide (NaOH) and hydrochloric acid (HCl) have been used
due to their ability to weaken Van Der Waals’s force [42]. The
regeneration batch experiments were conducted at optimum
conditions. The results of the removal efficiency of the ini-
tial run and three cycles can be found in Table 4. The recov-
ery efficiency after three cycles was 81.4%, 29.7%, 47.8%,
and 39% for phenol, Cr(IIl), Cd, and Pb, respectively, using
NaOH. For HC], the recovery efficiency was 59.5%, 58.6%,
79.4%, and 63.8% for phenol, Cr(Ill), Cd, and Pb, respec-
tively. It can be observed from the adsorption-desorption
cycle of the multicomponent system that using HCI was
overall more effective than the use of NaOH on desorbing
phenol with three metals. The use of NaOH obtained better
results with phenol desorption because of the interaction
between phenol and sodium that tends to dissociate phe-
nol and create sodium salts, which assists in the desorption
from the AC surface [24,43]. Rinkus et al. [44], who inves-
tigated the regeneration of phenol and Pb simultaneously
using NaOH, reported that the regeneration performance
was strongly affected by the NaOH concentration. In con-
trast, NaOH was weak in desorbing heavy metals and HCl
obtained better results in removing metals from the AC sur-
face. The HCl is a strong acid and that is why it eases the
removal of metals from the AC surface by reducing the pH
that causes an increase in the hydrogen ions that tend to
compete with the adsorbed metal ions [45]. Anirudhan and
Sreekumari [46], who investigated the desorption of heavy

Table 3
Thermodynamic parameters

metals using HCI reported similar results. They reported
that the hydrogen ions created by adding HCI contributed
effectively in removing heavy metal ions attached to the
activated carbon.

4. Conclusions

Mangrove charcoal activated using KOH was utilized
in the batch adsorption experiments of phenol, Pb, Cr(IlI),
and Cd in a multicomponent system. The results showed
that the system was heavily influenced by the pH through
the adsorption process, except for phenol, where the effect
was minimal. Adsorbent dosage was also an important
parameter, where the increase in the AC dosage caused an
increase in the removal efficiency. The adsorption in the
multicomponent system was unstable for phenol and Pb
due to the competition on the AC surface and the interac-
tion with the carbonyl group. The AC showed fluctuated
affinity towards phenol and Pb based on the different oper-
ational parameters, sometimes the phenol removal was
higher, and sometimes Pb removal was higher. However, in
general, the affinity was highest for phenol > Pb > Cr > Cd.
Adsorption isotherms showed that Freundlich isotherm
fitted phenol and Cd, Langmuir fitted Pb and Cr(III), and
Redlich—Peterson fitted Cd. Pseudo-second-order well-fit-
ted data, which indicates that the adsorption is chemisorp-
tion. Intraparticle diffusion showed that the adsorption of
phenol, Pb, and Cd occurred at two stages, while Cr(III)
occurred at the macro level only in the multicomponent
adsorption. The thermodynamic study showed that the
adsorption was exothermic in nature. Finally, the regen-
eration study showed that it is very difficult to chemically
regenerate the AC in a multicomponent system, because
alkali treatment was good for phenol desorption and weak
for heavy metals desorption, while acid treatment was good
for heavy metal desorption and bad for phenol, however,

Pollutant AG (J/mol) AH AS
30°C 45°C 60°C (kI/mol) (J/K mol)
Phenol -1,761.27 -831.67 —-443.92 -15.16 —44.48
Pb -1,708.4 —745.17 1,316.24 -32.08 -99.68
Cr 1,784.01 889.58 592.88 13.91 40.33
Cd 4,436.17 4,948.76 5,182.2 -3.15 25.16
Table 4
Desorption data
NaOH Multicomponent HCl Multicomponent
Pollutant Phenol % Cr % Cd % Pb % Pollutant Phenol % Cr % Cd % Pb %
Initial 69.7 31.3 14 73.3 Initial 69.2 30.7 18 71
Cyclel 69.5 22.3 9.6 68 Cyclel 54.3 26 17.3 62.3
Cycle 2 67 21.3 7.2 443 Cycle 2 48.6 19.7 l6.1 47.6
Cycle 3 56.8 9.3 6.7 28.6 Cycle 3 41.2 18 14.3 453
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the overall results showed that HCl was better for the mul-
ticomponent system desorption.
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The Fourier-transform infrared spectroscopy in Figure S2

and Tables S1, 52 and the porosity analysis data of the
used activated carbon can be found.

Table 52
Surface and porosity data

Band and peak position Functional groups/compounds Parameter KOH activated carbon
459.94-400 Aryl disulfides S-S Surface area (m?/g) 784.29
1,101.84 Secondary alcohol stretch C-O Brunauer-Emmett-Teller surface 716.85
1,556 Carbonyl group area (m?%/g)
1,614.42 Olefinic Micropore area (m?/g) 546.52
2,358.04 c=C External area (m?/g) 170.33
2,851-2,921.32 C-H stretching methyl and Pore volume (cm?/g) 0.45

methylene group, or aliphatic group Micropore volume (cm®/g) 0.32
3,442.95-3,700 OH stretching bond, N-H amine Pore size (nm) 2.5
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Fig. S1. Adsorption of phenol, Pb, Cr, and Cd in a singular adsorption system.
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Fig. S2. Fourier-transform infrared spectroscopy for KOH-activated carbon.



