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Highlights

e High surface area commercial adsorbent used for Cd(l11) and Pb(ll) sorption
e Kinetic profile indicated a rapid uptake within 30 minutes for both metals

¢ Kinetic modelling indicated pseudo-first order described Pb(l1l) and pseudo-second order
described Cd(ll) sorption

e Langmuir model gave better description of Cd(Il) and Pb(ll) ions sorption



Abstract

In this study, cadmium and lead ions removal from aqueous solutions using a commercial
activated carbon adsorbent (CGAC) were investigated under batch conditions. The adsorbent
was observed to have a coarse surface with crevices, high resistance to attrition, high surface
area and pore volume with bimodal pore size distribution which indicates that the material was
mesoporous. Sorption Kkinetics for Cd(Il) and Pb(ll) ions proceeded through a two-stage kinetic
profile- initial quick uptake occurring within 30 minutes followed by a gradual removal of the
two metal ions until 180 minutes with optimum uptake (Qeexp) Of 17.23 mgg™ and 16.84 mgg™
for Cd(11) and Pb(I1) ions respectively. Modelling of sorption kinetics indicates that the pseudo
first order (PFO) model described the sorption of Pb(I1) ion better than Cd(l1), while the reverse
was observed with respect to the pseudo second order (PSO) model. Intraparticle diffusion
modelling showed that intraparticle diffusion may not be the only mechanism that influenced the
rate of ions uptake. Isotherm modelling was carried out and the results indicated that the
Langmuir and Freundlich models described the uptake of Pb(ll) ion better than Cd(ll) ion. A
comparison of the two models indicated that the Langmuir isotherm is the better isotherm for the
description of Cd(Il) and Pb(ll) ions sorption by the adsorbent. The maximum loading capacity
(gmax) Obtained from the Langmuir isotherm was 27.3mgg™ and 20.3mgg™ for Cd(I1) and Pb(11)
ions respectively.

Keywords: Adsorption, commercial activated carbon, adsorbent, lead, cadmium, heavy metals,

kinetics, isotherm



1. Introduction

The advent of industrialization and the increasing rate of consumption in our society has brought
with it increased levels of industrial pollution resulting in a significant level of ecosystem
destruction with high pollutant concentrations such as heavy metals and organic compounds in
water resources raising global concern on the threat posed by industrial activities on the
environment (Park et al., 2006). A large proportion of water pollutants that affect our
environment results from industrial activities and their ever increasing nature have led to the
present state of our global environment. This is because of the huge chemical input associated
with these processes and the inefficient resource utilization of the input components leads to
huge generation of waste streams that require disposal into the environment. The low efficiency
of the treatment processes used in these industrial sites for the treatment of industrial effluents
further increases the pollutant load in treated discharged effluents. Thus, wastewater from these
industrial activities is mostly contaminated with organic and inorganic pollutants amongst which
are heavy metal ions, phosphates, sulphates, organic and hydrocarbon compounds. Some of
these compounds are known as priority pollutants in many waste streams such as those
originating from industrial activities relating to petroleum production, refining and
petrochemicals, pulp and paper manufacture, battery manufacture, tanneries, paint and pigment
industries, fertilizer, herbicide and pesticide industries as well as mining and metallurgical
plants (Pamukoglu and Kargi, 2007; Ho and Ofomaja, 2006; Bailey et al., 1999).

Amongst the list of pollutants that affect our environment, heavy metals are becoming more
prominent due to the diverse routes of its exposure, its toxic implications across time scales and
the level of industrial development in recent decades. The main source of input of heavy metals
into the environment has been from industrial activities which lead to challenges in their
reduction and remediation. Since these heavy metals possess diverse toxicity and are not
biodegradable, their toxic impact may develop over a long period of time as is the case in closed
mines or mining sites that have fallen into disrepair and abandoned. This may lead to a variety
of chemical speciation of these heavy metals in the soil, air and water environments and with
different routes of exposure their toxic implications are magnified over a long time due to their

long half-lives (Nurchi and Villaescusa, 2008).

Lead and cadmium are two common toxic heavy metals that man is increasingly being exposed
to due to their properties and wide applications in materials and technologies that define human

survival. For example lead metal is used in the construction and building industry as a



component of metal alloys and in the nuclear industry as a radiation shield. Lead is also
relevant in the electroplating industry, textile industry, metal processing and finishing, as solders
with tin (Sn), fusible alloys, storage batteries (lead-acid car battery), explosive materials,
photographic materials and fuel additives (Tong et al, 2000; ASTDR, 2007; Gergel and Gergel,
2007). Lead pigments are used in a variety of applications like chromate for road markings and
oxides for glass and chemicals. Cadmium is used for the manufacture of the following materials;
batteries; pigments; coatings and platings; stabilizers for plastics; nonferrous alloys and
photovoltaic devices (ASTDR, 2012). Cadmium is released into the environment in a variety of
ways such as tobacco smoking, mining, smelting and refining of non-ferrous metals; fossil fuel
combustion, incineration of municipal waste (especially cadmium-containing batteries and
plastics), metal plating industries, manufacture of phosphate fertilizers, recycling of cadmium-
plated steel scrap as well as electric and electronic waste (WHO, 2010, Xi et al., 2015; USEPA,
2016).

Due to their widespread use, these two metals can have toxic effects on humans as well as flora
and fauna. Human exposure to lead ions can be from lead dust which originates from the
degradation of lead paints and other routes including drinking contaminated water from lead
pipes. Due to accumulation of lead in the environment from anthropogenic sources, human
exposure to lead ions has become a problem in the society in both developing and developed
countries. Lead speciation also affects the rate of absorption as the human body is known to
absorb organic lead faster than inorganic lead. Lead is a heavy metal poison that affects the
functioning of the blood, liver, kidney and brain of the human being (Tong et al., 2000). It is
known as a large cation especially prone to react with sulfhydryl (-SH) groups in proteins in a
manner similar to cadmium ions. It acts by complexing with oxo-groups in enzymes affecting
virtually all steps in the process of heme-synthesis and porphyrin metabolism (ATSDR, 2010;
Greenwood and Earnshaw, 2006). At high concentrations lead is known to cause
encephalopathy, cognitive impairment, kidney and liver damage, anaemia and toxicity to the
reproductive system (Pagliuca and Mufti, 1990; O’Connell et al., 2008; Adekunle et al., 2014).
The USEPA discharge limit for lead in effluents is 0.005 mgL™, while the limit for discharged
effluents into aquatic water by the World Health Organisation (WHO) is 0.01 mgL’
!(Bhattacharjee et al., 2003; Ipeaiyeda and Onianwan, 2011; Gercel and Gergel, 2007).

Cadmium is an element with no known positive biological function on humans and is one of the
most serious environmental pollutants especially in the vicinity of smelters. It has a high affinity

for sulfhydryl (-SH) groups of proteins for which it competes with Zn(Il) in biological systems
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and is known as a human carcinogen (WHO, 2010). Due to its low-concentration-long-term
effect in drinking water, cadmium belongs to the chemicals list of endocrine disruptors and
priority control pollutants issued by USEPA (Waisberg et al., 2003; Huang et al., 2007). The
toxic implications of cadmium in the environment has made the US Environmental protection
Agency (USEPA) to set the level of cadmium in drinking water to 0.002 mgL™ and the World
Health Organisation (WHQO) maximum permissible limit for cadmium in drinking water is 0.003
mgL™ (USEPA, 2016; WHO, 2010; Rao et al., 2010; Xi et al., 2015; WHO, 2011).

Due to the toxic implications of these two metals, approaches that promote their removal from
aqueous effluents have been classified as priority in the last two decades and a number of
technologies have been explored (Dzul Erosa, et al., 2001). The use of adsorption has become
one of the techniques explored in recent years. A number of materials have been synthesised and
used for the adsorption of Cd(Il) and Pb(Il) ions such as amino propyl-modified mesoporous
carbon (Hamad et al., 2016); chemically modified polyacrylonitrile-based fiber (Deng et al.,
2016) and spherical mesoporous silica (Zhu et al., 2016; Li et al., 2016). In spite of these
advances in material synthesis for adsorption of pollutants such as heavy metals, the material at
the forefront of adsorption technology is still activated carbon. Activated carbon has gained
widespread use for the treatment of heavy metal ions and other pollutants because of its inherent
physical properties such as large surface area, porous structure, high adsorption capacity and
large reactive surface (Khah and Ansari, 2009; Shrestha et al., 2013; Arena et al., 2016). It is
widely used due to its exceptional high surface area (ranges from 500 to 5000 m?g™), well
developed microporosity and wide spectrum of surface functional groups. These properties of
activated carbon are generally controlled by the manufacturing process which depends on the
nature of raw materials, activating agents and conditions of activation (Rivera- Utilla et al.,
2011; Selomulya et al., 1999; Khah and Ansari, 2009).

Commercial activated carbon is often the preferred adsorbent for the removal of pollutants due
to its versatile nature for a wide variety of compounds; however its widespread use is often
restricted due to high associated cost. This has driven research into the use of inexpensive
alternative activated carbon precusors such as waste materials from agriculture, wood and
fisheries industry (Dias et al., 2007). This drive in research on low cost precusors for the
synthesis of activated carbon has led to an exponential increase in studies reporting the use of
these activated carbon adsorbents obtained from waste materials for the removal of both organic
and inorganic pollutants. This research platform also requires that studies on the use of the

commercial activated carbon for the removal of the target pollutants that are of interest in the
6



environment should also be undertaken to serve as a standard for comparing the low cost based
activated carbon adsorbents obtained from waste precursors. This will provide information that
is significant for the commercial exploitation of the synthesis of activated carbon adsorbents
from low cost precusors. In this regard, more studies have been reported in literature with focus
on the removal of organic pollutants such as dyes, phenols, volatile organic compounds than
heavy metal ions using commercial activated carbon (Dias et al., 2007; Ahmedna et al, 2000;
El-Shafey et al., 2016; Al-Lagtah et al., 2016). The increasing environmental and health
challenges posed by toxic heavy metal pollution as the advancement in industrialisation reaches
the shores of the developing economies requires that more investigations should be carried out
with respect to the use of commercial activated carbon adsorbents for those heavy metal ions

that are prevalent in these countries.

Hence, this study is designed to provide information on the use of a commercial activated
carbon adsorbent for the removal of two prominent heavy metals that are toxic and are prevalent
in developing economies as a result of their drive towards industrialisation. A commercially
manufactured activated carbon (Chemviron Carbon) was used as adsorbent for this study.
Characterisation of both physical and chemical properties of the commercial activated carbon
(CGAC) will be investigated to give insight on the material and this will be used to correlate
with the ions uptake in aqueous phase. In addition, Cd(Il) and Pb(ll) ions kinetic and
equilibrium sorption as well as the modelling of the transport of the two ions onto the surface of

the commercial activated carbon will be investigated.
2. Materials and methods

2.1 Chemicals and adsorbent

Standard stock solutions of 1000 mgL™ of the two metal ions were prepared by dissolving
appropriate amounts of analytical grade reagent [cadmium nitrate tetrahydrate-Cd (NO3),4H,0
(Sigma-Aldrich) (99% assay)] and [Pb(ll) nitrate-Pb)NO3), (Sigma-Aldrich) (99% assay)] in
deionised water using a 1000 mL volumetric flask (MBL Boro England). The stock solutions
were acidified to prevent hydrolysis by adding 5mL HNO3 and the volume was made up to the
1000 mL. The content of each volumetric flask was agitated in a Heidolph Unimax instrument
1010 shaker at 300 rpm for 3 h to ensure complete dissolution at room temperature (25 C). A
commercial activated carbon (granular, diameter > 425um) purchased from Chemviron Carbon
(sample F-400), which is an agglomerated coal based granular activated carbon was the

7



adsorbent used in this study. It was used as received without any further pre-treatment and
labelled as commercial activated carbon adsorbent (CGAC) for the sorption of Cd(1l) and Pb(Il)

ions.
2.2 Instruments and adsorbent characterisation

The surface morphology of the CGAC adsorbent before and after Cd(ll) and Pb(ll) ion
adsorption as well as their chemical composition were analysed by scanning electron
microscopy (SEM) and energy dispersive X-ray analysis (EDX). The equipment used for the
SEM and EDX analysis was a FEI Quanta 200 Environmental Scanning Electron Microscope.
The CGAC adsorbents were placed and pressed onto carbon tabs (9mm-Agar Scientific) and
mounted on a 0.5” SEM pin stubs (Agar Scientific) of length 6mm. The samples were
preconditioned for analysis by coating using an EMITECH K550X sputter gold coater and
coating was carried out for 15 minutes and thereafter analysed in the vacuum chamber. The
surface area and porosity of the CGAC adsorbent was determined using a Micromeritics Tristar
3000 Surface Area and Porosity Analyzer. The CGAC adsorbent was pre-conditioned by drying
in an oven for 24 h at 150 C after which it was weighed into the BET sample tube and
conditioned (degassed) for 2 hr at 200°C under nitrogen flow in order to eliminate moisture and
other gases on the adsorbent using the Micromeritics Flow prep 060 sample degas system.
Thereafter it was cooled under nitrogen flow for S5minutes in the cooling section of the Flow
prep system and when it had cooled it was then weighed again to determine the actual weight of
sample to be analysed prior to the analysis using the Micromeritics Tristar 3000 Surface Area
and Porosity Analyzer. The bulk density of the CGAC was determined using the procedure
reported by Lima and Marshall (2005). The adsorbent was dried for 24h at 100 °C before
analysis. A graduated 25mL glass cylinder was filled to a given volume with a known weight of
the adsorbent; the cylinder was capped and tapped to a constant minimum volume to compact
the adsorbent for 2 minutes. The bulk density (g cm™) was calculated as the ratio between the
weight of the adsorbent and the volume of the cylinder occupied. The gravimetric change with
temperature of the CGAC adsorbent was determined by a thermogravimetric analyzer (TGA
Q5000-TA instrument). A known mass of the sample was weighed onto a ceramic pan and
subjected to temperature profile analysis from 30°C to 590 C under nitrogen atmosphere to
monitor the thermal degradation at a heating rate of 10'C min™ for 60 minutes. The nitrogen

flow rate was at kept at 50 mL min™.



The acidic/basic character of each adsorbent in an aqueous system was estimated by pH
measurement of the suspensions according to the following methods using deionized water, 18.2
MQ cm™(Millipore). Preparation of CO,-free deionized water was carried out by boiling 200
mL of deionized water for 60 minutes and allowing the water to cool. Thereafter, the 0.5 g of the
CGAC adsorbent was weighed into 25 mL of the degassed water in a sealed conical flask and
constantly agitated for 24 h at room temperature (25°C). Subsequently, the pH of the CGAC
adsorbent mixture after 24 h was determined using an accumet™ pH-meter (Fisher-
Scientific). The measurement was carried out in triplicates and the average value taken as the pH
of the CGAC adsorbent mixture. The point of zero charge (pHpzc) of the CGAC adsorbent was
determined using the Malvern Zetasizer. The equipment used was a Zetasizer 3000 HSA by
Malvern Instruments. The samples were prepared by weighing 0.1 g of sample into 20 mL of
0.01 M NacCl solution at pH range of 2 — 12 and agitating it in a shaker for 24 h. After which it
was filtered and 10mL of each filtrate was taken out and put in a polypropylene bottle for
analysis. The Zetasizer syringe was first of all cleaned and the analysis cell purged with
deionized water using the syringe. The samples of each of the adsorbents at different pH were
inserted into the Zetasizer electrophoresis cell using a syringe and the sample inserted into a
3mL polystyrene curvette with a light path of 10 mm. The zeta potential at each pH was
measured and recorded. Three measurements were carried out and an average zeta potential for
each adsorbent suspension at the different pH values were recorded. Fourier transform infra-red
spectroscopy was used to evaluate the functional groups in the CGAC adsorbent before and after
Cd(I1) and Pb(ll) ion sorption. The infra-red spectra were collected using an attenuated total
reflectance FT-IR spectroscopy (ATR-FT-IR) in absorbance mode. The instrument used was the
Bruker- ALPHA FT-IR with platinum ATR probe. The spectra range was from 4000 — 400 cm™
and the spectra were collected using the FTIR-ATR spectrometer using a total average of 32 co-

added scans and a spectral resolution of 4 cm™ with background subtraction.

The attrition resistance of the CGAC adsorbent was determined using a modification of the wet
attrition test procedure (Lima and Marshall, 2005). Two grams (2 g) of each adsorbent was
weighed into a 20 mesh screen and 1 g of the amount retained on the mesh was weighed into a
250 mL Erlenmeyer flask. 100 mL deionized water was thereafter added to the flask and the
suspension stirred for 24 h at 25°C on a magnetic stirrer at 200 rpm using ¥2 inch magnetic stir
bars. After 24 h the suspension was poured into a 20 mesh screen and the retained adsorbent
dried in an oven of 100°C for 24 h. Thereafter, the dried CGAC adsorbent was weighed using a
Mettler Sauter RL 200 electric weighing balance (August Sauter GmbH, Switzerland). Three



replicates of each measurement was carried out and the average taken. The percentage attrition

was calculated for the CGAC adsorbent was determined based on eqn. 1 :

Initial wt.of adsorbent—Wt.of adsorbent retained (g)

Loss on Attr. (%) = x 100 (1)

Initial adsorbent weight(g)

2.3 Batch sorption experiments

The working solutions for individual sorption experiments were prepared by serial dilution of
aliquots of each stock solution. Batch sorption experiments for the equilibrium adsorption of
Cd(I1) and Pb(11) ions using the CGAC adsorbent was carried out by agitating known weight of
the CGAC adsorbent with 100 mL of adsorbate solutions of different initial concentrations (50,
100, 150, 200, 250, 300, 350, 400, 450 and 500mgL™). The pH 7 was used for the equilibrium,
kinetics and adsorption studies investigating the effect of adsorbent dose and the pH for each
experiment was modified using NaOH and HCI. The amount of adsorbent used was 2.0 g for the
equilibrium and kinetics studies. The effect of contact time on the sorption processes was
studied using 5 minutes to 180 minutes intervals. The reaction vessel for each adsorption
experiment was a 250 mL conical flask and the sorption was carried out at a laboratory
temperature of 25'C. Each conical flask with the adsorbate and adsorbent was agitated for a
specified contact time in a Heidolph MR 3001 magnetic stirrer with speed and temperature
controls at a speed of 200 rpm. At the end of each experiment, the resulting solution was
separated from the adsorbent using Whatman (541) filter paper (Whatman International,
England) and the filtrate analysed by taking out 5mL of each filtrate using a Volac high
precision micropipette (Poulten & Graf GmbH, Germany) and diluting it to 50mL with
deionized H,O. Thereafter, 10mL of the resulting metal ion solution was taken out using a
micropipette into a sample analysis tube for metal ion determination. The metal ion

concentrations of the adsorbate solution were determined using ICP-OES.

For the determination of metal ion loading after sorption, the amount of metal ion adsorbed at

time t was calculated using eqgn. 2.

__(ci-ctyv
m

qge ()
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Where C; (mgL™) is the metal ion concentration at time t, gt (mgg™) is the loading of the metal
ion at time t, C; is the initial metal ion concentration, m is the mass of the adsorbent and V is the

volume of the aqueous system.
2.3.1 Experimental quality evaluation

All adsorption experiments were carried out in triplicates to ensure reproducibility and accuracy
of results. The relative standard deviation was used as the error parameter for all analysis and
the value for each set of measurements was < 5%. Each experimental set was carried out using
blanks to ensure the elimination of errors associated with experimental conditions. For each
experimental analysis procedure, blanks were prepared using deionized water and the blank
samples were subjected to the same treatment process using the same type of experimental
vessel. In the analysis of Cd(Il) and Pb(ll) ions in solution, the blank samples were also
analysed first in the Inductively coupled plasma optical emission spectrometer (ICP-OES)-
Vista-MPX instrument prior to analysis of the standards and the samples. A calibration curve for
each set of measurements was prepared by the ICP-OES software using the standards prepared
for the Cd(I1) and Pb(ll) ions.

2.4 Theoretical models for fitting experimental data

2.4.1 Equilibrium isotherm models

Equilibrium modelling or adsorption isotherms have been studied to characterise the equilibrium
sorption in a number of gas liquid and liquid-solid systems. In a liquid—solid adsorption system,
the interaction between the adsorbent and the adsorbate is a dynamic process and the
quantification of the effect of the adsorbent on the adsorbate system is determined by the
amount of adsorbate that is removed by the adsorbent within specific conditions such as time,
temperature, pH and amount of adsorbent. Thus, to have an understanding of the equilibrium
description of the equilibrium relationship between these two phases that constitutes the
adsorption system. The description of this interaction is often represented by equilibrium
isotherm equations and these equations are used to characterise the relationship between the
amount of substance adsorbed on the adsorbent and the amount of adsorbate remaining in
solution (Athar et al., 2013; El-Ashtoukhy et al., 2008). The adsorption equilibrium data
indicates the relationship between the mass of the adsorbate sorbed per unit mass of adsorbent

(ge) and the adsorbate concentration for the solution at equilibrium C, (Sarada et al., 2014). Two
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equilibrium isotherm models were used to characterise the removal of Cd(ll) and ion from
aqueous solution using the CGAC adsorbent and these were the Langmuir and Freundlich

isotherms.
Langmuir Isotherm

The Langmuir isotherm is a common model that has been used for the description of
equilibrium sorption processes in literature. A basic assumption of the Langmuir isotherm is that
sorption takes place at specific sites, which are uniformly distributed across the surface of the
adsorbent (Langmuir, 1918; Basha et al., 2009; Asuquo and Martin, 2016). The model can be

written in its non-linear format as egn.3:

QmKLCe
:I — 3
e 1+KLCe ( )

Where g is the equilibrium metal ion concentration on the adsorbent (mgg™),
Ce is the equilibrium metal ion concentration in the solution (mgl™),
Om is the monolayer adsorption capacity of the adsorbent (mgg™) also known as gmax

K_ is the Langmuir adsorption constant (Img™) related with the free energy of adsorption (Sari et
al., 2008).

Freundlich Isotherm

The Freundlich isotherm assumes a heterogeneous adsorption surface and active sites with
different energy based on multilayer adsorption. The model estimates the adsorption intensity of
the adsorbate on an adsorbent (Freundlich, 1906; Athar et al., 2013). The model in its non-linear

form is given as eqn. 4:
qde = Kp(Ce) 1/n 4)

Where K¢ is a constant relating to the adsorption capacity (mgg™)
C.is the concentration of metal ions at equilibrium (mgl™)

1/n is an empirical parameter relating to the adsorption intensity which varies with the
heterogeneity of the material (Sari et al., 2008; Asuquo and Martin, 2016).
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2.4.2 Kinetic models

The kinetics of metal ion sorption processes in a batch system is also used to determine the type
of processes that govern the mechanism of sorption. Kinetic data for metal ion sorption can be
used to determine the type of mechanism governing the process and also the potential rate
controlling step of the adsorption process. The mechanism of an adsorption process depends on
the physical and chemical characteristics of the adsorbent as well as the mass transfer process
from the adsorbate onto the adsorbent (Kumar et al., 2010; Kumar et al., 2014). Hence the
discrimination of an adsorption mechanism may often involve the use of kinetic models that
ascertain the mechanism governing the metal ion sorption based on shapes and fitting of kinetic
plots which have fundamental assumptions in their design that can be extrapolated to the system
under investigation. The information from the kinetic modelling can be used to interpret the type
of transport mechanism and the description of the sorption process can therefore be carried out
(Farooq et al., 2011; Kakalanga et al, 2012; Perez-Marin et al., 2007). In this study, two
adsorption reaction kinetic models {pseudo-first order (PFO) and pseudo-second order (PSO)}
and one adsorption diffusion model (intraparticle diffusion) were applied to investigate the
kinetics of Cd(1l) and Pb(ll) ion adsorption onto the CGAC adsorbent.

Pseudo first order model

In 1898, Lagergren presented the first order rate equation for the adsorption of ocalic acid and
malonic acid onto charcoal to explain the kinetics of adsorption on solid surfaces. In order to
distinguish the Kkinetic processes based on concentration of solution and adsorption capacity of
solid, this Lagergren equation is called the pseudo-first order equation (Lagergren, 1898; Ho,
2004a) was the first rate equation developed for sorption in liquid/solid systems and it is based
on solid capacity (Ho, et al., 2004). It is one of the most widely used rate equations reported in
adsorption kinetic literature. Assuming that in a solid liquid adsorption system, the adsorption
rate was proportional to the number of effective adsorption sites and then the rate of adsorption

would be expressed as egn (5):
dqe _ _
. K1(qe — q¢) ®)
t

where ge and q; are the sorption capacities, at equilibrium and at time t, respectively (mg.g™),

while Kj is the rate constant of the pseudo-first order sorption (Imin™). After integration and
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applying boundary conditionst=0to t =t and g; = 0 to g; = qy, the integrated form of eqn (6) is

expressed as:

ky
2.303

log (g — q¢) = log(qe) — (6)

Equation 7 is the linear form of the equation and the most common form of the pseudo first
order (PFO) equation reported in literature for the description of sorption. Xuan et al., (2006)
used the linear pseudo first order equation to describe the kinetics of Pb(Il) biosorption onto pre-
treated chemically modified orange peel. Ho et al., (2004) has also reported on the sorption of
Pb(I1) from aqueous solutions using tree fern adsorbent in which the linear form of the PFO
equation was used. However, a number of studies have reported that the linear form of the PFO
equation may lead to error propagation in the results due to the transformation of the PFO
equation which is in a non-linear form to a linear form thereby implicitly altering the error
structure in the determination of the model parameters (Ho, 2004b; Lin and Wang, 2009). The
non-linear form of the PFO is given as eqn (7) as:

qr = q.(1 —e*1) @)

The non-linear form of the PFO will be used to model the kinetics of sorption of Cd(Il) onto the
CGAC adsorbent used in this study and eqgn.7 represents the reversible interaction between the
adsorbate and adsorbent and is used for the prediction of the physisorption of the adsorbates
onto the adsorbents in the system under consideration.

Pseudo second order model

The reaction kinetics of adsorption is the basis of the adsorption reaction models used in kinetic
modelling and one of the most commonly used reaction models for the description of the
kinetics of adsorption is the pseudo-second order model proposed by Y.S. Ho in Ho, (2006).
This model was proposed in an attempt to present the equation that represents the adsorption of
divalent metals onto sphagnum moss peat during agitation. An assumption was made that the
process may be second-order and that sorption depends on the adsorption capacity of the
adsorbent which is associated with the number of available active sites. This pseudo second
order kinetics is presumed to proceed via chemisorption which involves valence forces through
the sharing or exchange of electrons between the peat and the divalent metal ion as covalent

forces (Ho, 2006). In the work of Ho (2006), the adsorbent used was peat which has a number of

14



polar functional groups and these include ketones, phenolic acids and aldehydes. These
chemical species on the surface of the peat are active sites that can be interact via chemical
bonding. These groups are therefore the sites for the cation exchange capacity of the peat. Based
on the above process and according to Coleman et al, (1956), the peat—copper reaction may be
represented in two different forms as shown in the egns. 8 & 9:

2P + Cu*t e CubP, (8)

2HP + Cu?* e CuP, + 2H* 9)

where P~ and HP are polar sites on the peat surface.

Here the rate of the second order reaction may be dependent on the amount of the divalent metal
ions on the surface of the peat at time “t” and the amount of the divalent metal ions adsorbed at
equilibrium, the assumption is also may that the adsorption follows the Langmuir equation (Ho
and McKay, 2000; Ho, 2006; Qiu et al., 2009). Hence, the rate expressions for the adsorption
according to Ho and McKay, (2000) can be described by egns. (10) and (11) as:

L = K[(P)o — (PE]? (10)
or
LoDt = K[(HP)o — (HP)t]? (11)

dt

Where (P); and (HP); are the number of active sites occupied on the peat at time t, and (P)o and
(HP)o are the number of equilibrium sites available on the peat. Therefore the driving force (Qe-
) is proportional to the available fraction of active sites. Thus from the above, the kinetic rate
equation can be written as follows (Ho and McKay, 2000; Ho and Chiang, 2001; Ho, 2006):

d
L = K,(qe — qt)? (12)

dt
Where g and g; are the sorption capacities at equilibrium and at time t, respectively (mg g )
and K constant is the rate constant of the pseudo-second order sorption (g mg™ min™). For the
boundary conditions t=0to t =tand g:= 0 to g; = q, the integrated form of eqn. (12) becomes
(Ho and McKay, 2000):
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1 1
qe—qt _— q_e + Kzt (13)

This is the integrated rate law for a pseudo-second order reaction. Egn. (13) can be rearranged to

obtain:

t
qe -1 __t (14)
k2q%  de

Eqgn (14) has the linear form:

t 1 1
E_quez—l_q_et (15)

Where h (mg-g*-min™) can be regarded as initial sorption rate as qi/t—0, hence:
h = K,.qe? (16)

Equation (16) can be written as:
1,1
Py + E t a7

Equation (17) is the linear form of the pseudo second order equation (PSO) that is commonly
reported in literature. This linear form causes distortion in the error structure when used to plot
the PSO model leads to differences in model data between the non-linear and linear techniques
in modelling the pseudo second order equation (Ho, 2004b; El-Khaiary et al., 2010). Hence, the
better option is the use of the non-linear method as the pseudo second order equation is a non-
linear equation and the numerical optimization used to determine parameters will provide a
more accurate representation of the model and the parameters within it than a linearization plot
which often leads to propagation of errors in a model, (El-Khaiary et al., 2010). This non-linear
approach will be applied for the modelling of the sorption kinetics of Cd(Il) and Pb(Il) ions
sorption onto the CGAC adsorbent and the non-linear PSO equation that will be used for the
kinetic modelling is given by Lin and Wang, (2009) in egn. 18 as :

K,.qe?t

At = o oo (18)

1+ Kpqet
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Thus, equation (18) will be used to model the non-linear pseudo second order kinetics for the
sorption reported in this work and it assumes a stronger interaction between the adsorbate and
adsorbent based on the chemisorption of the adsorbates onto the adsorbents in the system under
consideration. One advantage of using the pseudo second order equation for the modelling of
adsorption Kinetics is that there is no need to know the equilibrium capacity from the
experiments, as this value, the pseudo second order rate constant and the initial adsorption rate
can be calculated from the model (Ho, 2006).

Intraparticle diffusion kinetic modelling

Diffusion mass transport models have been applied to sorption systems and their role in
pollutant sorption is extremely important. Generally, the adsorption process description using

these diffusion models are usually based on one or more of the following, mechanistic steps:

¢ Diffusion of the solute from the solution to the film surrounding the particle.
e Diffusion from the film to the particle surface (external diffusion),
e Diffusion from the film to the internal sites (surface or pore diffusion)

e Metal ion uptake which can involve several mechanisms (adsorption and complexation)

The Weber and Morris intraparticle diffusion model is based on the assumption that the
adsorption process may be controlled either by one of the following steps such as; film
diffusion, pore diffusion, surface diffusion and adsorption onto the adsorbent pore surface or a
combination of more than one step (Weber and Morris, 1963; Fierro et al., 2008). These regimes
can be obtained in a stirred batch system, wherein the diffusive mass transfer can be related by
an apparent diffusion co-efficient, which fits into an experimental sorption rate data (Fierro et
al., 2008). The intraparticle diffusion model assumes that in batch adsorption process, the
adsorbate diffuse into the interior of the adsorbent and this process is dependent on the square

root of time (t*°

) rather than time (t), where the intercept (C) is related to the boundary layer
(Azarudeen et al., 2015; Qiu et al., 2009; Gurses et al., 2014; Alkan et al., 2007). The

relationship for the model is given as follows:
q: = Kigt'/? + C (19)

Where g is the amount of ions adsorbed at time t(mgg™), Kig is the intraparticle diffusion

-1/2

constant(mgg*min™?) and C is the constant related to the thickness of the boundary layer
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(Ahmadi et al., 2015). A plot of gt vs t2 gives a straight line if intraparticle diffusion is the rate

limiting step in the adsorption.
2.4.3 Data Analysis and Error Functions

The experimental equilibrium and kinetic data for the sorption of Cd(Il) and Pb(ll) ions onto the
CGAC adsorbent were modelled using the equilibrium and kinetic models described in this
study. To determine the model which best describes the sorption a number of fitting parameters
were used to correlate the experimental data based on the magnitude of the correlation
coefficient for the regression, that is the model which gives an r® value closest to unity is
deemed the best fit (Gimbert et al., 2008; Hossain et al., 2013). The fitting of these models with
experimental data have been reported in a number of studies using a linearization of the different
equilibrium and kinetic models for the sorption of various adsorbates onto different adsorbents
(Ibrahim et al., 2010; Gurses et al. 2014; Kumar et al., 2014). However, this approach has been
observed to be limited as it has an inherent bias resulting from the linearization approach as such
data transformations implicitly alters the error structure and may result in a violation of the error
equality of variance and normality hypotheses for standard least squares (Myers, 1990;
Ratkowski, 1990; Gimbert et al., 2008; Wong et al., 2004). The use of non-linear optimization
has been reported as a better approach for determination of model fitting to experimental data
and the determination of isotherm parameter values as it most commonly uses algorithms for the
determination of the parameters (Gimbert et al., 2008; Wong et al., 2004; Osmari et al., 2013;
Cassol et al., 2014; El-Khaiary, 2008). The utilization of the non-linear approach requires the
definition of error function to enable the optimization process to determine and evaluate the
fitting of the models to the experimental data (Gimbert et al., 2008). For the characterisation of
the equilibrium and kinetic models for the sorption of Cd(Il) and Pb(ll) ions using the CGAC
adsorbent, three different error parameters and the coefficient of determination(r’) were

determined using the solver add-in in Microsoft excel 2010 software.
These error functions are:

1- The Chi-square test (%)

(qe’exp.n_qe'model.n.)2
(qe'exp.n )

x2 = Yn-a( (20)

2-The root mean square error (RMSE)
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RMSE = /m%pml(qm —qe)’ (21)

3- The coefficient of determination (r%)

2 _ Y.(qemodel—4€,av.) 2
2(9emodel—9€.av.)2+ X(q€model— € exp.)2

(22)

Where: ge, model 1S the equilibrium capacity obtained from the isotherm model

0e,exp. IS the equilibrium capacity obtained from experiment

Qe, av IS the average e, exp-

ge and gm are the measured and model amount of cadmium(ll) ion adsorbed at time t
respectively

m is the number of data points evaluated

p is the number of parameters in the regression model

Whereby the smaller the values of the error parameters (RMSE and y%) and the higher the r
value indicates a better fitting of model with the experimental data (Basha et al., 2009).

3. Results and discussions

3.1 Adsorbent characterisation

The commercial activated carbon (CGAC) adsorbent was characterised to determine its surface
area and porosity, surface morphology, chemical composition, functional groups present, loss on
attrition, pH and pHpzc based on the methodology reported in the experimental section of this
work. Some of the results obtained from this characterisation are presented in Table 1. The
surface area of the CGAC adsorbent and the pore size distribution obtained from the
characterisation is presented in Fig. 1. Fig. 1 and results from Table 1 indicates that the activated
carbon has a very high BET surface area of 4273 m? g™*. This was expected of a commercial
prepared activated carbon. The pore size of an adsorbent is an important parameter in the
characterisation of porous materials as it gives information on the structural heterogeneity of a

porous material.
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Figure 1: N, adsorption-desorption isotherm (a) and pore size distribution (b) of CGAC

From this analysis, it was observed that the average pore diameter of the CGAC adsorbent was
4.48 nm, with a total pore volume of 2.66 cm®g™. The CGAC adsorbent was observed to exhibit

a narrow bimodal pore size distribution between 3-12nm, while a wider distribution is observed
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from 15-52nm as can be observed in Fig. 1. The BET surface area of the CGAC adsorbent was
higher than what has been reported for some commercial activated carbon in literature. Al-
Lagtah et al., (2016) has reported on the characterisation of two commercial activated carbons,
CAC1-commercially known as DARCO 12X20 and CAC2-commercially known as NORIT
GAC 1240W. According to the study, the BET surface area of these two adsorbents were; 643
m? g™ (CAC1) and 902 m?g™* (CAC2).The total pore volume for the CGAC adsorbent was also
observed to be higher than what has been reported by Al-Lagtah et al., (2016) for the two
commercial activated carbons, these were; 0.53 cm® g™ for CAC1 and 0.64 cm® g™ for CAC2.
Similarly, the average pore size of the CGAC adsorbent was higher than what was reported for
the CAC1 and CAC2 adsorbents which were 1.64 and 1.50 nm respectively (Al-Lagtah et al.,
2016). Mailler et al., (2016) has also reported on the BET surface area and pore characteristics
of some commercial activated carbon adsorbents used in the adsorption of micropollutants in
wastewater. In their study, the BET surface area of the activated carbons were all observed to be
lower than that of the CGAC adsorbents and these were; PB170-DaCarb (957 m? g*), WP 235-
Chemviron (909 m? g™), W35-Norit (768 m? g*) and PC1000-DaCarb (458 m? g%). The pore
volumes of these adsorbents were; 0.50 cm® g*(PB170),0.48 cm® gt (WP235),0.49 cm® ¢
(W35) and 0.24cm®g™(PC1000) and these were all lower than that of the CGAC adsorbent.

Table 1: Characteristics of CGAC adsorbent

Parameter Value
BET surface area (m*g™) 4273
Total Pore volume (cm®g™) 2.66
Micropore volume (cm®g™) 2.04
Mesopore volume (cm®g™) 0.62
Micropore area (m2 g 3697
Percent of micropores (%) 76.64
Percent of mesopores (%) 23.35
BJH desorption average pore diameter (nm) 4.48
Bulk density(g cm™) 0.69
Loss on attrition (%) 4.10
pH 7.80
pHpzc 7.20
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The adsorption process in porous materials such as activated carbon type materials takes place
in the pores of the adsorbent. The size of the pores in an adsorbent affects the type of transport
mechanism or activity that takes place on the adsorbent surface. The classifications of these
pores are as follows (Sing, 1982):

1. Micropores (pore size < 2 nm),
2. Mesopores (2 nm < pore size < 50 nm),

3. Macropores (pore size > 50 nm)

Based on the N, adsorption-desorption isotherm which indicates a type 1V adsorption isotherm
and the pore size (4.88nm), the CGAC adsorbent can be classified as a mesoporous adsorbent.
The shape of the CGAC adsorbent N, adsorption-desorption isotherm (Fig. 1) can also be used
to determine what type of hysteresis is present during N, adsorption-desorption. From Fig. 1, it
was observed that the curve indicates the presence of H1 type hysteresis loop which is often
present in adsorbents with narrow distribution of pore sizes (Naumov, 2009).

The total pore volume of an adsorbent is also used as a measure of adsorption loading since its
measurement is based on the amount of adsorbate (liquid nitrogen) adsorbed (Tsai et al., 2001).
The pore volume of an adsorbent is used to give characteristic information on the ability of the
material to adsorb molecules which can be extrapolated to liquid systems. Hence its utilisation
as a parameter in the characterisation of carbon based adsorbents used in aqueous systems. The
high pore volume of the CGAC adsorbent indicates that it has substantial pores to adsorb
adsorbates. The bulk density of an activated carbon adsorbent is a characteristic that is
determined by the nature of the precursor and the degree of treatment the precursor was
subjected to for the manufacture of the adsorbent (Acharya et al., 2009). It is used to determine
the volume capacity of an activated carbon, which in turn can be used to determine the working
capacity of an adsorber (Al-Lagtah et al., 2016). The bulk density of the CGAC adsorbent was
0.69 g cm™ which is typical for granular activated carbons (Harsh and Rodriguez-Reinoso,
2006). This value was observed to be higher than those reported by Mailler et al., (2016) for
some commercial activated carbon adsorbents which were; 0.30g cm™ (PB170),0.38g cm™
(WP235),0.33g cm™ (W35) and 0.54g cm™ (PC1000) and these adsorbents were obtained from
wood, coal, peat and coconut precursors respectively. Similarly, the bulk density of the CGAC
adsorbent was higher than those of the CAC1 and CAC2 adsorbents reported by Al-Lagtah et
al., (2016) which were 0.38 g cm™ and 0.49 g cm™ respectively (Al-Lagtah et al., 2016).
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The characteristic of attrition resistance of adsorbents is important in the utilisation of
adsorbents as it gives information on what type of reactor system can be most suited for an
adsorbent. Adsorbents that have high resistance to attrition (low losses) such as the commercial
activated carbon used in this study which had losses of 4.1% due to attrition (Table 1) can be
used in agitated reactor systems where there is mixing. This gives this adsorbent considerable
advantage over some other adsorbents that have high losses associated with attrition as this will
make the material susceptible to the production of fine particles which can cause blockage in

reactors.

3.1.1 pH and pHpzc of adsorbent

The zeta potential is a parameter that accounts for most surface phenomena such as
agglomeration and deposition of particles as well as their stability (Alkan et al., 2009). When an
adsorbent is immersed into an aqueous system in a powdered or granular form and subjected to
agitation as is the process in batch adsorption studies, the interaction of the adsorbent surface
with the species in the aqueous solution or system depends on many factors which are governed
by the type and number of species, pH of the aqueous system and the nature and type of
potential or charge on the adsorbent surface. The zeta potential can be used to estimate the
effects of the particle charge on adsorption and aggregation behaviour of ions with respect to the
adsorbent. From the determination of the zeta potential of an adsorbent-aqueous system which is
always carried out with respect to the aqueous system pH, a characteristic parameter can be
obtained by plotting the zeta potentials at different pH as a function of pH. This plot indicates
that as the pH of a solution moves from acidic to basic, a point is reached where the adsorbent-
aqueous system has a pH at which there is an inflection from a positive surface (associated with
positive zeta potential) to a negative surface (associated with a negative zeta potential). This
point of inflection on the pH has a potential of zero and is described as the pH at which the point
has a zero charge (pHpzc) and here the surface acidic (or basic) functional groups no longer
contribute to the pH value of the aqueous system (Nomanbhany and Palanisamy, 2005). This
pHpzc value is an important parameter as it gives information on the pH that can be used for
adsorption of cations and anions; due to the understanding of the regions within the pH window

that is dominated with basic or acidic functional groups (Fernandez et al., 2015).

The results of the pH (7.8) and pHpzc (7.2) of the CGAC adsorbent are presented in Table 1.The
results of the pH and pH point of zero charge (pHpzc) of the CGAC adsorbent indicates that the
material is basic in nature and since the ions of interest for sorption studies are cations {Cd(ll)

and Pb(I1)}the value of pH of 7 was chosen for use in adsorption studies for Cd(1l) and Pb(ll)
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ion sorption. It can also be observed that the value of the pH of the adsorbent mixture can be
closely associated with the pHpzc. The results for the pH and pHpzc of the CGAC adsorbent is
similar to that observed by Al-Lagtah et al., (2016) for two commercial activated carbon
adsorbents- CAC1 and CAC2, which had values of pH (4.9 and 9.1) and pHpzc (4.8 and 9.0)
respectively. Similarly, from these values, it can also be observed that the value of the pH can be

closely associated with the pHpzc as observed by Al-Lagtah et al., (2016).

3.1.2 Adsorbent Morphology

The morphology of the CGAC adsorbent before and after adsorption of Cd(l1) and Pb(ll) ions
was determined using a scanning electron microscope. SEM micrographs enable the direct
observation of changes to surface microstructures of carbons (Goel et al., 2005). The SEM
images of the commercial activated carbon (CGAC) with different magnifications before and
after sorption of Cd(ll) and Pb(ll) ions are shown in Fig. 2-4. From the results, the surface of

the CGAC is observed to have morphologies that are uneven and heterogeneous which may

have important effect on the adsorption process (Ge et al., 2016).
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Figure 2: SEM micrograph of commercial activated carbon CGAC

The surface of the CGAC adsorbent was rough and coarse with irregular crevices with different
dimensions that may indicate the presence of macro and meso pores which are probable sites for
metal ion transport and sorption. A similar observation with respect to the presence of these
cavities on the CGAC adsorbent has also been reported Anisuzzaman et al., (2015) in their study
on commercial activated carbon adsorbents modified for phenol removal. In addition, it was also
observed that some of these pores were visible from the SEM images even though few
macropores were observed as the adsorbent has higher amounts of mesopores based on the pore
size distribution (Fig.1). Furthermore, the pore network in the CGAC adsorbent is presumed to
originate due to the evolution of the volatile organic components of the precursor material

during the thermal preparation and activation of the adsorbent (Tounsadi et al., 2016).

Figure 3: SEM micrograph of CGAC after Cd(Il) sorption (CGAC-Cd)
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The SEM micrographs also indicate the presence of corrugated surfaces with boundary edges on
the CGAC adsorbent and these were still present in the micrographs of the CGAC adsorbent
after metal ion sorption (Fig.3 and 4). The SEM images after metal ion adsorption also indicates
the presence of crevices on the used adsorbents. Comparing the micrographs in Figs. 2-4, it can
be observed that the surface of the adsorbent after Cd(ll) (Fig. 3) and Pb(ll) (Fig.4) sorption
were more disaggregated with increased roughness. These surface alterations in the SEM of the
spent adsorbents may be associated to the effect of the sorption processes on these adsorbents as
the aqueous adsorbate system interacts with the adsorbent.

Figure 4: SEM micrograph of CGAC after Pb(ll) sorption (CGAC-Pb)

It is presumed that during the batch sorption which occurred at constant agitation, the cavities on
the CGAC adsorbent surface would serve as channels for the Cd(Il) and Pb(ll) ions in the
adsorbate system, thereby providing access to the meso and micropores where surface
adsorption and chemical interactions can occur with the surface functional groups on the
adsorbent active sites (Pezoti et al., 2016).
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3.1.3 Adsorbent Chemical Composition

EDX analysis of the chemical composition of the CGAC adsorbent was also carried out and the
spectrum of the of the CGAC adsorbent is shown in Fig. 5 and indicates that the commercial
activated carbon adsorbents had a high carbon content (89%), an oxygen content of 5.5% and
trace quantities of other heteroatoms such as aluminium, silicon, molybdenum and calcium. The
chemical content of the CGAC adsorbent is observed to be similar to that of another commercial
activated carbon adsorbent-CAC reported by Gutpa et al., (2012) in their study on mesoporous
adsorbents for heavy metal removal. In their study, the carbon content of the CAC adsorbent
obtained from EDX analysis was 89%, while the oxygen content was 10 %. It is pertinent to
observed that both the CAC adsorbent reported by Gupta et al., (2012) and the CGAC adsorbent
examined in this study were obtained from the same manufacturer (Chemviron) and this may
account for the similarity observed. The CGAC EDX spectra after metal ion sorption are shown
in Fig. 6 for Cd(Il) ion and Fig. 7 for Pb(l1) ion sorption.
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Figure 5: EDX spectrum of CGAC adsorbent
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Figure 6: EDX spectrum of CGAC adsorbent after Cd adsorption (CGAC-Cd)
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Figure 7: EDX spectrum of CGAC adsorbent after Pb adsorption (CGAC Pb)

From Figs. 6 and 7, the EDX spectrum for each sorption process shows corresponding peaks for
the metal ions Cd(ll) & Pb(ll) confirming their existence on the surface of the activated carbon

adsorbent after sorption was carried out. It is also pertinent to observe that the carbon and
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oxygen content of these used CGAC adsorbents were lower than that of fresh adsorbent
presented in Fig. 5. This may be associated to the effect of the washing and filtering step of the
used adsorbent which may lead to the losses which can influence the composition of the
adsorbent. In addition, this observation may also be related to the nature of the samples and spot
size analysis carried out. The results of the EDX analysis of the CGAC adsorbent before and
after Cd(11) and Pb(II) ion sorption lends credence to the observation that the CGAC adsorbent
was able to remove these metal ions from their respective aqueous systems. This observation
has also been reported by Erdem et al., (2013) in their study on the accumulation of Pb(ll) onto
activated carbon derived from waste biomass, wherein the existence of Pb(ll) ion peak on the
EDX spectrum was used to prove the accumulation of the metal ion on the adsorbent. Gupta et
al., (2012) has also reported on the use of the EDX spectrum after Pb(Il) and Ni(ll) ion
adsorption onto the surface of mesoporous carbon adsorbents to establish that the adsorption of
the metal ions did take place.

3.1.4 Thermogravimetric analysis

Thermogravimetric analysis is a thermal decomposition technique that quantifies the weight loss
of a material as a function of temperature or time under controlled atmosphere. This degradation
profile can provide information on the approximate chemical components such as moisture,
fixed carbon and volatile components of materials due to the nature of their degradation with
increasing temperature. It is also used to determine the temperature range within which a
material acquires fixed chemical composition or which it decomposes (Pezoti et al., 2016).
Thermo-gravimetric analysis (TGA) of the CGAC adsorbent in Fig. 8 reveals two regions of
weight loss- | and Il. The first region (I) occurring approximately between 30-100°C is
associated with weight loss due to the elimination of water molecules and this loss accounted for
about 5.5%. The water molecules may either have been physically absorbed or hydrogen
bonded onto the surface of the CGAC adsorbent (Li et al., 2016; Ali et al., 2016). The second
weight loss region (I1) occurring approximately between 110-590°C may be attributed to the
decomposition and elimination of the volatile organic components that were still present on the

CGAC adsorbent surface after the commercial manufacturing.
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Figure 8: Thermogravimetric analysis of CGAC adsorbent under N,

This weight loss was about 2.1% and the total weight loss under thermal decomposition of the
CGAC adsorbent was 7.6%. This indicates that the adsorbent was made up about 90% carbon
that was stable under the thermal degradation. It also implies that the volatile components of the
precursor material used to manufacture the activated carbon were completely eliminated from
the surface of the activated carbon due to its high thermal stability. This observation of high
thermal stability of activated carbon adsorbent under thermogravimetric analysis has also been
observed by Pezoti et al., (2016) in their study on the synthesis and characterisation of a NaOH-

activated carbon adsorbents used for amoxicillin removal.

3.1.5 Fourier transform infrared (FTIR) spectroscopy

The presence of functional groups on an adsorbent’s surface is important for adsorption and
accordingly to Tansel and Nagarajan, (2004) the effectiveness of an activated carbon adsorbent
used for the removal of specific contaminants is strongly dependent on the presence of funtional
groups on the carbon adsorbent surface. The types of functional groups on the CGAC adsorbent
was determined using Fourier transform infrared (FTIR) spectroscopy. FT-IR spectra obtained
for the CGAC adsorbent and after Cd(11) and Pb(ll) ion sorption are presented in Figs. 9-11.
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Figure 9: FTIR spectra of CGAC adsorbent
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Figure 10: FTIR spectra of CGAC adsorbent after Cd(11) adsorption (CGAC-Cd)

From Figs. 9-11, it is observed that the peak intensity of the functional groups on the CGAC
adsorbent were low. From the spectra of the CGAC adsorbent (Fig. 9), peaks were observed at
2368, 2155, 2083, 2013 and 455cm™. The peaks at 2368cm™ and 2155cm™ indicates the
presence of (C=C) vibrations in the alkyne groups (Wang et al., 2016; Kazemi et al., 2016) that
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can be related to the nature of the activated carbon precursor (coal). The peaks at 2083 and
2013cm™ are characteristic of the v(C=0) vibration (Jaouen and Salmain, 2015; Wang et al.,
2015) and may be associated with the presence of some co-ordinated carbonyl groups on the
CGAC surface (Boag et al., 2008). The peak at 455 cm™ can be assigned to the y(C-C) and y (C-
H) vibrations that are commonly found in polycyclic aromatic hydrocarbon compounds
(Agudelo-Castaneda et al., 2015). This peak at 455cm™ has also been reported to be a
characteristic peak for the vibration of the Si-O-Si skeleton (Tsoncheva et al., 2015), which may
give insight into the nature of bonding of the silicon compounds identified in the EDX spectra of
the CGAC adsorbent (Fig. 5).
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Figure 11: FTIR spectra of CGAC adsorbent after Pb(Il) adsorption (CGAC-Pb)

The spectra of the CGAC adsorbent after Cd (11) and Pb (1) metal ion sorption are illustrated in
Figs.10 — 11. Peak shift on the some of the vibrations after metal ion sorption can be seen these
two figures. The C=C peak at 2368 and 2155 cm™ for the CGAC adsorbent was observed at
different wavenumbers after Cd (I1) and Pb (Il) adsorption, these peaks showed shift to 2318
cm™ and 2137cm™ for Cd (11) ion (Fig. 10) and 3280 cm™, while that for Pb(Il) ion (Fig.11)
were at 2346 cm™ and 2134cm™ respectively. Furthermore, the v(C=0) vibration observed for
the CGAC adsorbent at 2083 cm™ was observed at 2073 cm™ after Cd(11) ion sorption and 2054
cm™ after Pb(l1) ion adsorption. The spectra of the CGAC adsorbent after Cd(11) ion adsorption

(CGAC-Cd) shown in Fig. 10 was also observed to indicate a new peak at 1550 cm™ that can be
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associated with N-H bending deformations in amides and C=N stretching (amide 1) and N=0O
asymmetric vibrations in nitro (NO;) groups (Bacsik et al., 2011), this peak has also been
associated with the asymmetric vibration of the O-C-O group (Sahoo et al., 2012). The spectrum
after Pb(Il) ion sorption(CGAC-Pb) seem in Fig.11 showed the presence of a new peak at 1655
cm™ which can be assigned to the C=C and C=0 stretching vibrations of the hydrocarbon and
carbonyl moieties on the spent adsorbent surface (Bacsik et al., 2011).

Based on the shifts in the peaks observed in the IR spectra obtained for the CGAC adsorbents, it
can be inferred that some of the functional groups on the activated carbon such as carboxyl,
amides, ethers, and cyano and nitro groups may be active sites for the Cd (I1) and Pb (I1) ion
sorption from the adsorbate. The decrease in wavenumbers of some of these peaks in the spectra
obtained after adsorption (Fig. 10 and 11) indicates that there may be interactions between the
Cd(Il) and Pb(ll) ions and these functional groups during adsorption (Paduraru et al.,
2015;Chand et al., 2014; Simonescu, 2012; Igbal et al., 2009a). The shift in vibrations of some
of the functional groups after metal ion sorption as observed in this study can be explained
based on the change in coordination sites of the functional groups due to the interactions with
the Cd (11) and Pb (1) ions (Thirumavalavan et al., 2011).

3.2 Adsorption Kinetics

The study of metal ion sorption kinetics can provide insight on the rate and mechanism of
sorption as it gives information that can be used to understand the type of adsorbent-adsorbate
interaction and the mechanism of adsorbate removal. Adsorption experiments to study the effect
of contact time on the removal of cadmium (11) and lead (I1) metal ions from aqueous solutions
were carried out at pH 7 and a temperature of 25 ‘C using 500mgL™ metal ion concentration in
a 100mL metal ion-adsorbent system at 200 rpm and the amount of adsorbent used was 2.0g.
Sorption experiments were carried out for the following time intervals: 5, 10, 15, 20, 25, 30, 40,
60, 90, 120 and 180 minutes.

The kinetic profiles for the sorption of the two metal ions are presented in Fig. 12 and indicates
that for both metal ions {Cd(I1) and Pb(I1)} sorption took place via two stages namely - a fast
sorption uptake that occurred within 30minutes of sorbate—sorbent contact. This was followed
by a slow phase of metal ion removal that developed from 40 minutes until 180 minutes when
an equilibrium or quasi-stabilised state was presumed to have been reached. The metal ion

loadings after 180 minutes were 17.23 mgg™ for Cd(l1) ion and 16.84 mgg™ for Pb(l1) ion.
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Figure 12: Effect of contact time on metal ion loading on CGAC adsorbent

The two stage kinetic profile for both Cd(Il) and Pb(Il) ions can be associated to the nature and
types of available surface sites for adsorption. When the sorbent-sorbate contact is established at
the onset of sorption there are a large number of available sites for sorption to occur, hence the
fast metal ion uptake observed. However, as the uptake proceeds and readily available sites are
occupied, the rate of further adsorption is diminished due a combination of factors such as
repulsive forces between the already adsorbed metal ions and the incoming sorbate and the
limitation of available sites for occupation. This gradual occupancy of the remaining available
sites will thus proceed at a slower rate than when there were abundant sites at the inception of
the sorption. This two-phase trend in sorption kinetics has been also reported in literature by a

number of studies.

Ibrahim et al., (2010) reported that the adsorption of Pb(ll) ions onto a novel agricultural waste
adsorbent (modified soda lignin) proceeded via a fast initial stage and a slow second stage until
the attainment of equilibrium. A sharp increase in the amount of Cu(ll) ion adsorbed by
chemically modified orange peel within an initial duration of (0-30minutes) that was followed
by a slow sorption until 120 minutes has also been reported by Feng et al., (2009). Similar
conclusions on the effect of contact time on sorption of adsorbate onto adsorbents have been

proposed by studies reported in literature (EIl-Ashtoukhy et al., 2008; Igbal et al., 2009b).
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According to Liang et al., (2010), this fast and slow two step kinetic sorption regime for the
removal of metal ions has significant practical importance in the design of large scale adsorption
systems and would imply that if a scale up system is to be designed. The adsorber has to be
configured in such a manner that the fast kinetics profile observed for this type of adsorbent is
exploited to improve removal efficiency within a short time interval. This may require a system
that allows for optimum contact of the adsorbate system with the adsorbent with an efficient

mixing cycle.

3.2.1 Kinetic modelling of Cd(l1) and Pb(ll) ion sorption on CGAC adsorbent

The uptake of Pb(Il) and Cd(Il) ions by the CGAC adsorbent was also modelled using two
adsorption reaction models-the pseudo fist order (PFO) and the pseudo second order (PSO)
equations which have been discussed previously. The PFO and PSO models were evaluated
using the non- linear method, a trial and error procedure. This method is designed to determine
isotherm parameters by minimizing the respective coefficient of determination between
experimental data and isotherm models using the solver add-in in Microsoft excel (Brown,
2001; Wong et al., 2004). To determine the goodness of fit of the kinetic models to the
experimental data using non-linear regression, the optimization procedure requires that error
functions be defined to enable the fitting of the model parameters with the experimental values.
In this study, the coefficient of determination (r?), the root mean square error (RMSE) and the
Chi square test (x) were used as error parameters for each model and these were determined
based on eqns. 19-21.

Pseudo first and second order kinetic modelling

The plots of the PFO are PSO models for Cd(Il) sorption by the CGAC adsorbents are
presented in Fig. 13 for Cd(Il) ion and 14 for Pb(Il) ion. From these models, the kinetic
parameters and their respective error functions obtained are presented in Table 2. An
examination of Fig. 13 and 14 indicates that both PFO and PSO could be used to characterise
the kinetics of metal ion sorption and their prediction of the parameter (ge,moger) IS Close to the
result obtained from the experimental analysis of Pb(Il) and Cd(ll) ion sorption. For the PFO
model the qeca Obtained for the GCAC adsorbent for Cd(ll) ion sorption was 16.5 mgg™, while
that for Pb(l1) was 16.4 mgg™ indicating a close association of the sorption of both metal ions.
The rate constant of the pseudo first order reaction (K1) for the two metal ions were; 9.43 x1072
min}(CGAC-Cd) and 7.77 x 102 min}(CGAC-Pb). The value of the coefficient of
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determination (r?) and the two error parameters — the root mean square (RMSE) and Chi square

(x°) can be used to determine the metal ion uptake kinetics is best described by the PFO model.
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Figure 13: PFO & PSO kinetic models for Cd(l1) ion sorption onto CGAC adsorbent

From Table 2, it is observed that both metal ions had the same r® value of 0.99. Hence, to further
discriminate amongst them, the y? and the RMSE values are used with the lower values being an
indication of a better fitting to the experimental data. Based on this assumption, the sorption of
Pb(II) ion onto the CGAC adsorbent is best described by the PFO model with the lower 3 (0.01)
and RMSE (7.10 x 107%) values.
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Figure 14: PFO & PSO kinetic models for Pb(ll) ion sorption onto CGAC adsorbent

The PSO model evaluation of the kinetics of CGAC sorption of Pb(Il) and Cd(ll) ions are
presented also presented in Table 2. From this table the PSO rate constant (K;) for Cd(ll) ion
was 7.80 x10° gmg*min™(CGAC-Cd) while that for Pb(Il) was 5.88 x10° gmg™*min™(CGAC-
Pb). From this model, the initial sorption rate (h) obtained from the PSO model as qy/t—0 which
gives an indication of the intial kinetic rate of sorption was 2.59 mgg‘min™ (CGAC-Cd) and
2.59 mgg™ min™ (CGAC-Pb). This indicates that the sorption of Cd(ll) ions onto the CGAC
adsorbent was faster than that of Pb(I1) ions. The values of the metal ion loading obtained from
the PSO model (Qeca) Was 18.1mgg™ (CGAC-Cd) and 18.4 mgg*(CGAC-Pb) indicating a
higher loading of Pb(I1) ions onto the comercial activated carbon adsorbent than Cd(ll) ions.
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Table 2: PFO and PSO kinetic parameters for Cd(11) & Pb(ll) sorption on CGAC

Kinetic Models Parameters Adsorbent
CGAC-Cd CGAC-Pb
Oe.ca(Mgg-") 16.5 16.4
Ky(min™) 9.43E-02 7.77E-02
r? 0.99 0.99
Pseudo First Order (PFO)
RMSE 1.32E-01 7.10E-02
X 0.02 0.01
Ge.cal(Mgg-") 18.1 18.4
Ko(gmg'min™) 7.88E-03 5.88E-03
Pseudo Second Order(PSO) h(mgg'min™) 2.59 1.99
r? 0.99 0.98
RMSE 9.22E-02 3.05E-01
X2 0.01 0.04

The value of the coefficient of determination (r?) and the two error parameters — the root mean
square (RMSE) and Chi square (x?) can be used to determine the kinetics of metal ion sorption
that is best described by the PSO model. The value of the error parameters and the r? value for
both metals for the PSO model are presented in Table 2. From table 2 it is observed that the
CGAC-Cd adsorbent had a higher r? value (0.998) than the CGAC-Pb adsorbent. An evaluation
of the two error parameters and the value of ge, . from the two models compared to the
experimental value ge,ep indicates that the CGAC adsorbent uptake of Cd(Il) ion is better
described by the PSO model with the lower ¥ (0.01) and RMSE (9.822 x107?) values, while the
PFO model describes the sorption of Pb(ll) ion better. This suggest that based on the kinetic
modelling results, the rate limiting step of Pb(ll) ion sorption onto the CGAC adsorbent is
dependent on the concentration of the Pb(ll) ions in the adsorbate, while the sorption of Cd(ll)
ions onto the CGAC adorbent has a chemisorption rate-controlling mechanism (Kumar et al.,
2010). However, the closeness of the parameters obtained from the PSO and PFO models for the
sorption of both ions (Cd(l11) and Pb(Il) can be used to infer that chemical interactions between
the ions in the adsorbate solution and the adsorbent may still influence sorption kinetics but this
may depend on the rate of diffusion. This implies that pore diffusivity of the ions onto the active

sites may also influence the kinetics as previously discussed in the analysis of the two stage
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metal uptake (fast and slow) kinetics of Cd(Il) and Pb(ll) ions sorption. The results obtained in
this study for the kinetics of Cd(I1) and Pb(ll) ions is similar to what has been reported by Yang
et al., (2014) on the kinetics of Pb(Il) ion sorption using a commercial activated carbon
adsorbent (AC). In their study, the kinetic modelling based on the PSO and PFO models were
used to determine that the rate controling mechanism for Pb(I1) sorption onto the adsorbent was

based on chemisorption.

Intraparticle diffusion kinetic modelling

The Weber and Morris intraparticle diffusion model was also used to describe the kinetics of

Cd(I1) and Pb(II) sorption. The assumption in the model is that if the regression of gt vs t *? i

S
linear and passes through the origin, the intra-particle diffusion is the sole rate limiting step
(Huang et al., 2014; Mittal et al., 2007). However, this is not always the case as other processes
such as surface diffusion and equilibrium adsorption may also be rate limiting for different
stages of the kinetic profile and this will result in multi-linearity in the intraparticle diffusion
plot (Fierro et al., 2008; Basha et al., 2009; Qiu et al., 2009). The plot of the Weber and Morris
intraparticle diffusion model for the adsorption of Cd(Il) and Pb(ll) ions onto the CGAC
adsorbent is shown in Figures 15 and 16 and Table 3 presents the model parameters obtained

from the plots.
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Figure 15: Kinetic stages in intraparticle diffusion plot of Cd(ll) ion sorption on CGAC
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Figure 16: Kinetic stages in intraparticle diffusion plot of Pb(Il) ion sorption on CGAC



Table 3: Intraparticle diffusion parameters for CGAC sorption of Cd(l1) and Pb(I1) ions

Kinetic Stages Parameters CGAC-Cd CGAC-Phb
Kig(mgg "'min®®) 2.86 3.43
Surface diffusion stage
C 1.04 2.17
r? 0.99 0.96
Kig(mgg "'min®®) 1.92 2.11
Intraparticle diffusion stage
C 4.99 3.65
r? 0.98 0.96
Kig(mgg 'min°®) 0.19 0.17
Equilibrium adsorption stage
C 14.7 14.6
r? 0.99 0.99

From Fig.15 and 16 and Table 3, it is observed that multi-linear regions exist in the intraparticle
diffusion plot which may indicate that the sorption of Cd(Il) and Pb(ll) ions onto the CGAC

adsorbent occurred via 3 phases and these are:

The first phase represents the region of external surface diffusion which is an
instantaneous process due to the availability of sufficient adsorption sites on the CGAC
adsorbent. Here, film diffusion may pre-dominate the kinetics of Cd(ll) and Pb(ll) uptake
due to the diffusion of the ions across the boundary layer from the aqueous solution onto
the adsorbent surface. In this region, the diffusion rate is highest for both ions, {Kis;= 2.86
mggmin®° for Cd(11) and 3.43 mgg™min™® for Pb(I1)} due to the presence of sufficient
surface area and adsorption sites (Huang et al., 2014).

The second phase describes a gradual sorption of the Cd(ll) and Pb(ll) ions onto the
CGAC adsorbent pores from the mesopores to the micropores where it is suggested that
the intraparticle diffusion of the metal ions within the pores of the adsorbent is rate
limiting (Sengil et al.,2009). In this region, there exist on the adsorbent surface a layer
due to the inter-ionic attraction and molecular association that exist between the adsorbate
(ions) and the CGAC adsorbent active sites (Huang et al., 2014). These thick layers may
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results in a decrease in the rate of diffusion -{Kis= 1.92 mgg™min° for Cd(ll) and 2.11
mggmin®® for Pb(I1)} in the adsorbent pores compared to the first stage for both ions.

e The final phase is the process associated with the attainment of equilibrium during the
sorption process seen as the plateau region wherein the uptake is slowed due to the
decreasing concentration of the ions in the adsorbate as well as the lower availability of
active sites on the CGAC adsorbent for Cd(Il) and Pb(Il) ions uptake and the increasing
repulsive interactions existing on the surface of the adsorbent (Basha et al., 2009; Sengil
et al., 2009). The rate of diffusion in this region was the lowest amongst the three with -
{Ki¢= 0.18 mgg™*min™®® for Cd(l1) and 0.16 mgg*min®® for Pb(11)} indicating the drive
towards completion of the adsorption process.

From the intraparticle plot and the above observation, it should be noted that due to the
existence of these multiple steps in the rate of ions uptake and since the intraparticle diffusion
plot for the sorption both ions did not go through the origin, then the diffusion controlled
sorption process can be said to have been controlled by the some other process described above
and not just the intraparticle diffusion step. This also can be associated to the differences in the
rate of mass transfer between the initial and final stages of adsorption. However, at each phase
of the kinetic profile, it is assumed that only one mechanism was dominant (Fierro et al., 2008;
Diagboya et al., 2014; Olu-Owolabi et al., 2014). Furthermore, the value of the boundary layer
parameter (C) obtained from the intraparticle diffusion plot for the removal of Cd(Il) and Pb(II)
ions by the CGAC adsorbent is presented in Table 3 for the different kinetic regimes and this
gives an indication of the effect of the boundary layer thickness on the diffusion of both ions
onto the activated carbon adsorbent. If the value of C is zero, this implies that the intraparticle
diffusion mechanism is the only rate-limiting step of sorption, however, the higher, the value of
C the greater the contribution of surface adsorption on the rate —limiting step of metal sorption.

Also, a higher value for C indicates that there is a greater effect of the boundary layer on metal
ion diffusion across the adsorbent surface (Li et al., 2012; Olu-Owolabi et al., 2014). However,
the multiple steps that are observed to operate based on the different kinetic models during the
kinetics of Cd(Il) and Pb(Il) ions sorption suggest that there are a number of other factors that
have to be taken into consideration in the evaluation of metal ion sorption in an aqueous system.
These include the implications of the dilute aqueous system that adsorption is being carried out,
the rate of change of adsorbate concentration with time as sorption progresses and the type of
mass transport that might occur based on the nature of the adsorbent. All these parameters may

in one way or the other influence the transport of the adsorbate ions through the concentration
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barrier onto the adsorbent surface or active sites and have to be taken into consideration when

evaluating the kinetics of sorption.

3.3 Equilibrium isotherm modelling

The knowledge of sorbate/sorbent interaction at equilibrium is an essential tool in adsorption
design and the use of equilibrium isotherm is one of the common methods deployed to obtain
this information. According to Yaneva et al., (2013), the essential issue is the understanding of
the specific relationship between the pollutant concentration and its uptake degree by the solid
phase at constant temperature and this is used to construct adsorption isotherms. Equilibrium
studies were carried out for the removal of Cadmium (Il) and Lead (Il) ions from aqueous
system using the commercial activated carbon (CGAC). The range of initial metal ion
concentration was from 50 mgL™ to 500 mgL™ as previously reported in experimental section of
this work. The amount of CGAC used was 1 g and 0.2 L solution was used and the experiment

was carried out at 25 C and a pH of 7.

From the study, metal ion loading on the adsorbent was calculated and in this study, the
Langmuir and Freundlich isotherms were used to characterise the adsorption process. The
Langmuir and Freundlich isotherm models were evaluated using the non- linear method, a trial
and error procedure. This approach is designed to obtain isotherm parameters from the models
by minimizing the respective coefficient of determination between experimental data and
isotherm models using the solver add-in in Microsoft excel (Brown, 2001; Wong et al., 2004).
To determine the goodness of fit of the isotherm models to the experimental data using non-
linear regression, the optimization procedure requires that error functions be defined to enable
the fitting of the model parameters with the experimental values. In this study, the coefficient of
determination (r?), the root mean square error (RMSE) and the Chi square test (x?) were used as
error parameters for each model and these were determined based on eqns. 19-21. The isotherms
obtained for the sorption of Cd(ll) ions are shown in Fig. 17 and that for Pb(ll) are presented in
Fig.18. From the isotherm plots, the isotherm parameters were obtained and are presented in
Table 4.
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Figure 17: Langmuir & Freundlich adsorption isotherms for Cd (1) ions on CGAC
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Figure 18: Langmuir & Freundlich adsorption isotherms for Pb (11) ions on CGAC




Table 4: Isotherm Parameters for Cd (I1) and Pb (I1) ions sorption on CGAC

Isotherm Models Parameters Adsorbent
CGAC-Cd CGAC-Pb
Amax(Mgg™) 27.3 20.3
K (Lmg™) 4.50E-02 1.10E-01
r? 0.95 0.99
Langmuir
X 1.38E-01 1.10E-02
RMSE 1.55 0.11
Ke(mgg™)(Lmg™)*" 6.99 6.63
n 4.00 4.85
Freundlich r’ 0.86 0.87
X 3.21E-01 1.83E-01
RMSE 3.90 1.86

For Cd(ll) ion sorption, an examination of Fig. 17 indicates that the metal ion loading on the
adsorbent increased from 3.15 mgg™ for an initial metal ion concentration of 50 mgL™ to
20.41mgg*for 500 mgL™ and from Fig. 18 it can be observed that the loading of Pb(Il) on the
CGAC adsorbent increased with increase in initial metal ion concentration from 4.68 mgg™ for
50 mgL™ to 20.32 mgg™ for 500 mgL™ of adsorbate. These equilibrium data were then fed into
the Excel solver add-in program to provide an optimisation process for obtaining the isotherm
parameters and the results from the process are shown in Table 4. The Freundlich isotherm is
based on the assumption of an exponential distribution of adsorption sites and energies-
heterogeneous surface (Hashemian et al., 2013). The Freundlich constant “K¢” which relates to
adsorption capacity for both metal ion loading on CGAC adsorbent were 1.20 (mgg™)(Lmg™)*"
for Cd(ll) and 6.63 (mgg™)(Lmg™h)* for Pb(l1). This indicates that based on the Freundlich
adsorption assumption model, the loading of Pb(I1) was higher than that of Cd(ll) on the CGAC
adsorbent. Furthermore, the Freundlich constant “n” which relates to the intensity of adsorption

(Hashemian et al., 2013) were 1.99 for Cd(Il) and 4.85 for Pb(ll) indicating more favourability
of the Pb(I1) ion sorption on the CGAC adsorbent.

45



The Langmuir isotherm assumes that the surface has homogeneous binding sites, equivalent
sorption energies and no interaction between adsorbed species and its relevant parameters are
Langmuir constant “K;” which refers to the energy constant related to the heat of adsorption
capacity and “qmax” which represents the maximum loading capacity of the adsorbent
(Hashemian et al., 2014). For the two metal ions the Langmuir constant value was 8.8 x 10
Lmg™ for Cd(ll) and 1.10 x 10 Lmg™ for Pb(ll) indicating that the Pb(ll) loading onto the
surface of the CGAC has a lower heat of adsorption. The Langmuir loading capacity constant
for Cd(I1) was 27.29 mgg™ and that of Pb(11) was 20.30 mgg™. This indicates the value for the
maximum amount of metal ion that can adsorbed on the CGAC adsorbent, thereby implying that
the loading of Cd(I1) was higher on the adsorbent than that of Pb(ll) ion.

A comparison of the fitting of the two models to the experimental data was also carried out
based on the parameters obtained from the two models. The fitting parameters were the co-
efficient of determination-r?, the two error parameters- chi square (¥°) and root mean square
error (RMSE) and these are presented in Table 4. From Table 4, it can be observed that the
Langmuir model describes the uptake of Pb(ll) ion by the CGAC adsorbent better than that of
the Cd(l1) ion as it r* value is higher for Pb(Il) ion than Cd(ll) ion, while the values of RMSE
and * are lower for Pb(I1) ion than Cd(11) ion. For the Freundlich model, the same observation
can also be made as the isotherm fits the Pb(ll) ion better than that of the Cd(ll) ion based on
the values of r, ¥> and RMSE. Comparison of the isotherm model parameters for the two
isotherms indicates that the Langmuir isotherm fits the experimental sorption data better than the
Freundlich model as its r* values for both Cd(Il) and Pb(Il) ions sorption are higher than those
for the respective ions for the Freundlich. In addition the values for the two error parameters-
RMSE and y? are significantly lower for the Langmuir model than for the Freundlich. Hence the
Langmuir isotherm is the better isotherm for the description of Cd(Il) and Pb(Il) ions sorption
by the CGAC adsorbent.

Previous studies on the adsorption of Cd(Il) ion commercial activated carbon (CAC) has been
reported by Kannan and Rengasamy (2005) and the Langmuir loading capacity obtained from
the study was 4.29mgg™ and a Langmuir constant “K,” value of 9.84 Lmg™. In a similar work,
Goel et al., (2005) reports on the removal of Pb(Il) using granular activated carbon via batch
and column sorption and their Langmuir constant “K.” was 3.5 Lmg™ and the Langmuir
maximum loading constant “qma” was 21.88 mgg™. They also reported Freundlich isotherm
constant values of 11.49 (mgg™)(Lmg )" for “K¢” and 2.44 for the “n” Freundlich constant.
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A comparison of the values of the Langmuir isotherm parameter gmax Obtained in this study with
those reported in previous studies for the sorption of Cd(Il) and Pb(ll) ions from aqueous
solutions using commercial activated carbon adsorbents was also carried out and are presented
in Tables 5 and 6.

Table 5: Comparison of Langmuir constant (Qmax) With reported literature for Cd(ll) ion

Adsorbent Omax (Mgg™)  Reference

Commercial activated carbon (AC) 10.3 Hydari et al., 2012

Commercial activated carbon pellets 16.2 Bian et al., 2015

Commercial activated carbon (CAC) 4.29 Kannan and Rengasamy, 2005
Granular commercial activated carbon (GAC) 11.7 Wasewar et al., 2010

Granular activated carbon (GAC) 10.1 Moreno-Castilla et al., 2004

Activated carbon 6.75 Sanchez- Polo and Rivera-Utrilla, 2002
Commercial activated carbon (CA) 9.77 Correa et al., 2012

Commercial activated carbon (CGAC) 27.3 This study

Table 6: Comparison of Langmuir constant (qmax) With reported literature for Pb(ll) ion

Adsorbent Omax (Mgg™)  Reference

Commercial activated carbon (AC) 21.8 Goel et al., 2005
Commercial activated carbon 47.2 Largitte et al., 2014
Commercial granular activated carbon 43.1 Largitte and Laminie , 2015
Commercial granular activated carbon (GAC) 10.8 Machida et al., 2005
Commercial activated carbon (CAC) 5.95 Kannan and Veemaraj, 2009
Commercial activated carbon (CGAC) 20.3 This study

From both Tables 5 & 6, it can be observed that the maximum loading obtained using the
CGAC adsorbent for the sorption of Cd(I1) and Pb(ll) ions are within the range of what has been
reported previously in literature for some commercial activated carbon adsorbents. Thus, it can
be inferred that CGAC used in this study was a good adsorbent for Cd(ll) and Pb(Il) ions
removal from aqueous systems as its characteristics and loading parameters are within the range

of some reported studies in literature for commercial activated carbon adsorbents.
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3.4 Mechanism of Cd(I1) and Pb(ll) ion sorption on CGAC adsorbent

The degree of interaction of the Cd(1l) and Pb(ll) ion species with the other ionic species in the
adsorbate system is presumed to affect the amount of the target ions that are preferentially
adsorbed onto the surface of the CGAC adsorbent. This interaction can be used to explain the
variation in the loading of the two ions onto the CGAC adsorbent surface. The sorption studies
reported for these two ions was carried out at pH 7.0 based on the zeta potential analysis of the
CGAC adsorbent which has been previously discussed. Thus, the adsorption of the two metal
ions in the adsorbate at this pH may be due to the interaction of the species that are dominant at
pH < 8, such as Pb**, Cd*", Pb(OH) * and Cd(OH)" with the functional groups on the adsorbent
surface (Kikuchi et al., 2006). These species of the two metal ions that can interact with the
functional groups on the adsorbent improves the probability of metal ion removal. Thus due to
the multiple-ion-binding sites on the adsorbent surfaces and the variety of metal ion species in
the adsorbate a number of metal adsorbent complexes are formed during sorption process. This
can be represented according to eqn.22 (Akpomie et al., 2015; Rao et al., 2010; Hu et al., 2015):

MY +A—XH = M(A—X), +H* (23)

Where M= metal; A-XH (Adsorbent surface); [X=S, O, COO, NH]; M(A-X), —metal adsorbent

complex and H ™ - Displaced proton.

Hence, based on the results obtained from the EDX analysis, the sorption of Cd(Il) and Pb(lI)
ions by the CGAC adsorbent may take place by ion exchange where the metal ion displaces the
proton (H") from the adsorption site and becomes attached to the adsorbent forming an
adsorbent metal complex. Therefore, speciation plays a significant role in the determination of
the amount of metal adsorbed, especially when consideration is given to the ionic radii and ionic
charge of the metal. According to Atkinson et al., (1998), the assumption in an adsorbate
system is that when there is electrical attraction between adsorbates, ions with small ionic radii
but higher ionic charge are more strongly attracted to sites of opposite charge (adsorbent).
However, for ions of similar charge, the hydrated radius of the hydrated metal ions determines
the order of preference and for sorption, metals with ions of smaller ionic radii move closer to
potential adsorption sites (Atkinson et al., 1998). This mechanism can be used to explain the
higher uptake capacity for Cd(Il) ion when compared with Pb(ll) ions by the CGAC adsorbent
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investigated in this study. The variation in gma(mgg™) and ge(mgg™) for the respective
adsorbents may be attributed to the differences in the ionic sizes of Cd(ll) and Pb(ll) ions. The
ionic radius of Cd(I1) is 0.97A, while that of Pb(l1) is 1.20A. Hence due the smaller ionic size of
Cd(Il) ion, in the adsorbate system it will exhibit greater affinity to the active sites on the
different adsorbents due to its smaller hydrated radius which would aid faster diffusion from the
adsorbate system onto the adsorbent surface. This trend has also been reported by Horsfall et al.,
(2006) in their study on the sorption of Cd(ll), Cu(ll) and Zn(ll) ions from aqueous solutions by
cassava (Manihot sculenta Cranz) tuber bark waste.

4. Conclusions

The characterisation and use of a commercial activated carbon (CGAC) for Cd(Il) and Pb(ll)
metal ion sorption studies was carried out in this study. The activated carbon had high surface
area and porosity properties and SEM and EDX analysis of the fresh and used adsorbents gave
insight into the morphology and chemical nature of the adsorbents. The CGAC adsorbent had a
high BET surface area of 4273m%g™, with a total pore volume of 2.66 cm®g™ and it had pores
with average diameter of 4.48nm. Thus the CGAC adsorbent can be considered to be a
mesoporous activated carbon adsorbent with high surface area and considerable pore volume.
The adsorbent morphology showed that the adsorbent surface was rough and coarse with
irregular crevices. The results of the EDX analysis of the CGAC adsorbent before and after
Cd(I1) and Pb(ll) ion sorption indicated the presence of the two ions on the adsorbent surface
and confirmed the observation that the CGAC adsorbent was able to remove these metal ions
from their respective aqueous systems. Thermogravimetric analysis of the CGAC adsorbent
indicated a total weight loss under thermal decomposition of 7.6%, which implies that the
adsorbent was made up about 90% carbon that was stable under the thermal degradation
conditions. FTIR characterisation indicated the presence of carboxyl, amides, ethers, and cyano
and nitro groups which are presumed as the active sites on the CGAC adsorbent for the uptake

of Cd (I1) and Pb (I1) ions from the aqueous adsorbate system.

Kinetic and equilibrium metal ion sorption studies were carried out and the adsorbent showed a
considerable loading of the two metal ions. The kinetics of Cd(lI1) and Pb(Il) ions sorption using
the CGAC adsorbent showed a two-stage kinetic profile- initial quick uptake occurring within
30 minutes followed by a slow and gradual removal of the two metal ions until 180 minutes.
The kinetics also indicated that optimum loading obtained after 180 minutes of experiment was

17.23 mgg™ and 16.84 mgg™ for Cd(ll) and Ph(ll) ions respectively. The kinetic modelling
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using the pseudo first order (PFO) and pseudo second order (PSO) models indicates that the
PFO model described the sorption of Pb(Il) ion better, while the PSO described the sorption of
Cd(Il) ion better. Intraparticle diffusion kinetic modelling indicated that intraparticle diffusion
may not be the only mechanism that influenced the rate of ions uptake onto the CGAC
adsorbent due to the presence of multi-linear stages in the profile.

Isotherm modelling was carried out using Langmuir and Freundlich models and it was observed
that the Langmuir and Freundlich models describes the uptake of Pb(ll) ion by the CGAC
adsorbent better than that of the Cd(ll) ion. A comparison of between the two models indicates
that the Langmuir isotherm is the better isotherm for the description of Cd(ll) and Pb(ll) ions
sorption by the CGAC adsorbent. The maximum loading capacity (Qmax) Obtained from the
Langmuir isotherm was 27.3mgg™ and 20.3mgg™ for Cd(l1) and Pb(lI) ions respectively, thus
indicating that CGAC adsorbent had higher affinity for the Cd(ll) ion. These metal ion uptake
values obtained for the CGAC adsorbent were comparable to those reported in previous
literature for Cd(Il) and Pb(ll) removal using activated carbon adsorbents indicating that this
adsorbent can be an effective material for the removal of metal ions from aqueous systems,

effluents and wastewater.
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Figures Captions

Figure 1: N, adsorption-desorption isotherm (a) and pore size distribution (b) of CGAC
Figure 2: SEM micrograph of commercial activated carbon CGAC

Figure 3: SEM micrograph of CGAC after Cd(Il) sorption (CGAC-Cd)
Figure 4: SEM micrograph of CGAC after Pb(I1) sorption (CGAC-Pb)

Figure 5: EDX spectrum of CGAC adsorbent

Figure 6: EDX spectrum of CGAC adsorbent after Cd adsorption (CGAC-Cd)
Figure 7: EDX spectrum of CGAC adsorbent after Pb adsorption (CGAC Pb)
Figure 8: Thermogravimetric analysis of CGAC adsorbent under N,

Figure 9: FTIR spectra of CGAC adsorbent

Figure 10: FTIR spectra of CGAC adsorbent after Cd(I1) adsorption (CGAC-Cd)

Figure 11: FTIR spectra of CGAC adsorbent after Pb(ll) adsorption (CGAC-Pb)
Figure 12: Effect of contact time on metal ion loading on CGAC adsorbent

Figure 13: PFO & PSO kinetic models for Cd(ll) ion sorption onto CGAC adsorbent
Figure 14: PFO & PSO kinetic models for Pb(11) ion sorption onto CGAC adsorbent

Figure 15: Kinetic stages in intraparticle diffusion plot of Cd(ll) ion sorption on CGAC
Figure 16: Kinetic stages in intraparticle diffusion plot of Pb(Il) ion sorption on CGAC

Figure 17: Langmuir & Freundlich adsorption isotherms for Cd (I1) ions on CGAC

Figure 18: Langmuir & Freundlich adsorption isotherms for Pb (11) ions on CGAC
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Tables Captions

Table 1: Characteristics of CGAC adsorbent

Table 2: PFO and PSO kinetic parameters for Cd(11) & Pb(1l) sorption on CGAC
Table 3: Intraparticle diffusion parameters for CGAC sorption of Cd(1l) and Pb(ll) ions
Table 4: Isotherm Parameters for Cd (11) and Pb (1) ions sorption on CGAC

Table 5: Comparison of Langmuir constant (Qmax) With reported literature for Cd(ll) ion

Table 6: Comparison of Langmuir constant (Qmax) With reported literature for Pb(ll) ion
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