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Abstract

Background and Objective: Pentachlorophenol (PCP) is the most toxic organic pollutants of chlorophenols especially found in pulp
and paper mill wastewater. Recently, contagion of PCP in water body has become typical issue due to its toxicity and strong resistance
to degradation. The aim of this study was to assess the adsorption isotherms and kinetics of PCP from aqueous solution using granular
activated carbon (GAC) from coconut shell. Methodology: The effect of equilibrium time, initial concentration and adsorbent dose were
investigated in batch mode. Two models namely, Freundlich and Langmuir were used to analyze the equilibrium data via linear regression
technique while X-ray Fluorescence spectroscopy (XRF) was used to analyze the adsorbent surface. Results: It was found that the
adsorption equilibrium data were absolutely fit with a Freundlich isotherm hence, the adsorption of PCP onto coconut shell-based GAC
is heterogeneous. The Freundlich adsorption capacity, K;, was 23.31 mg g~'at 37°C. In the kinetic studies conducted, it was also found
that the adsorption process follows a pseudo-first-order model (R%>0.97). Analysis of the XRF data exhibited that PCP was adsorbed onto
the GAC. Conclusion: Coconut shell-based GAC s an attractive material for use as a low cost adsorbent to eliminate PCP from aqueous
solutions.
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INTRODUCTION

For decades, lethal organic compounds that contaminate
water body become one of the largest environmental topics.
Thereisincreasing public attraction concerning the amassing
of such compounds in surface water and groundwater due to
incomplete eradication of massive number of metabolites
from wastewater. Toxic compounds such, as these, can be
classified into numerous classes of contaminants.
Chlorophenols (CPs), an aromatic compounds is an important
contaminant of adsorbable organic halide (AOX) compounds,
are repeatedly identified in the discharge of several
manufacturing sectors, including the pulp and paper mill'. The
toxicity, weak biodegradability and carcinogenic and
recalcitrant properties of CPs are an important environmental
concern. Contamination even at low concentrations can be
harmful to living organisms and preventing straightforward
reuse of water?. Further, such compounds can be carcinogenic
when present at high levels in the water?.

Mukherjee et a/* reported concentrations of phenol and
related phenolics in industrial wastewater generally lied
between 100 and 1,000 mg L. In particular, CPs like
pentachlorophenol (PCP), 2,4,5-Trichlorophenol (2,4,5-TCP)
and 2,4-Dichlorophenol (2,4-DCP) are included in the US EPA
(EPA, Office of Water) Water Quality standard database list of
priority contaminants®. PCP, the most toxic CP is normally
generated fromindustrial production practicesin the pulpand
paper, pesticide, paint, wood conserving chemical as well as
pharmaceutical industries®. To illustrate, thousands of tons of
PCP has been generated annually by the pulp and paper
industry'. Left untreated, PCP from this industry’s effluents will
accumulate in sediment and aquatic systems due to slow
biodegradation rate’ thus, inducing reproductive and other
health problems in organisms because it can enter the food
chain®. Indeed, detailed information on the toxicity of PCP
towards humans is well documented in the literature®.
Therefore, removal of such pollutants is of major importance.

Several treatment choices were studied and
demonstrated to efficiently treat PCP-containing wastewater,
such as, activated carbon adsorption, biological treatment and
state of the art of oxidation processes'. Nevertheless, an
adsorption approach utilizing activated carbon appears to
serve the most ideal treatment approach because of the great
adsorption potential along with inexpensive operational
expense, particularly for the effluent consists of an extent of
contaminants.

To reduce operational expense, efforts to identify
inexpensive raw materials have been carried out. Fortunately,
agricultural waste including coconut shells' 2, almond shells?,
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pine bark™, palm shells', coir piths'>, empty fruit bunches’s,
olive-waste cakes', rice hulls'®and pineapple waste biomass'®
can be used to produce activated carbon.

Granular activated carbon (GAC) from coconut shell is a
promising adsorbent for the elimination of toxic organic
compounds. In many developing countries, the need for
inexpensive raw material is often considered. Currently, raw
materials that are biodegradable, abundant and easily
available and are produced from waste resources? are more
preferred. The most feasible raw material for producing GAC
especially in Malaysia is coconut shells which are considered
abundant because of large plantation area of coconut (Cocos
nucifera) covering approximately 142,000 ha of the cultivated
land'2. Further, coconut shells are accountable for ~18% (w/w)
of the worldwide production of commercial activated
carbon?'. Regarding the transformation of solid coconut
residue to activated carbon, the use of the coconut shell
negates wasteful decay and its utilization as a fuel source,
which canlead to negative environmentalimpact'2. Moreover,
owing toits solidity and resistance to abrasion, coconut shells
are ideal to be transformed into activated carbon'2.

Furthermore, particle size plays a major rolein adsorption
efficiency?2. The particle size in full-scale GAC adsorbents is
typically 12X 40 or8 X 30 U.S. Standard mesh. In this study, the
8X30mesh (particle size range between 1.5-1.7 mm) GACwas
used. A smaller particle size can be used to achieve high
removal percentages, besides produce faster adsorption
kinetics. However, the smaller particle size can cause
contaminant breakthrough andincrease head loss that results
to more frequent backwashing and lower net water
production. Based on adsorption study by Radhika and
Palanivelu?, the potential of coconut shell-based GAC was
explored in the removal of parachlorophenol and
2,4,6-Trichlorophenol from aqueous solution. This study
focused on the adsorption of PCP from aqueous solution using
coconut shell-based GAC. Commonly, PCP concentration in
industrial wastewater especially in pulp and paper mill effluent
is less than 100 mg L="2*. In extreme conditions, influent PCP
concentration could reach more than 100 mg L='%. Thus,
initial PCP concentration of 100-500 mg L~ was used in the
study during the assessment of operational parameters.

The objective of paper was to investigate the adsorption
effectiveness of coconut shell-based GAC for the elimination
of PCP from aqueous solution. The effect of equilibrium time,
initial concentration and adsorbent dose was assessed. The
equilibriumisotherms as well as kinetic data of the adsorption
process were then evaluated to identify the adsorption
features together with its mechanism.
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MATERIALS AND METHODS

Study area: This study was conducted in 2015 at
Environmental Laboratory, Department of Chemical and
Process Engineering, Universiti Kebangsaan Malaysia.

Adsorbent and adsorbate: Commercial coconut shell-based
activated carbon was used as adsorbent in this study. The
commercial 8X30 mesh (particle size range between
1.5-1.7 mm) GAC was purchased from Concepts Ecotech,
Selangor, Malaysia. Distilled water was used to remove any
leachable matter from the GAC before dried at 105°C for 24 h
in oven and stored in desiccator’s prior usage. The PCP
supplied by Sigma-Aldrich (M) Sdn Bhd, Malaysia, was applied
as the adsorbate in this research. PCP has the chemical
formula C,CIs;OH and a molecular weight of 266.34 g mol™'.
The stock solution of PCP was prepared by completely
dissolving 5 g of the respective adsorbate with 500 mL of
methanol in an appropriate volumetric flask. More dilutions
of the stock solution into deionized water should be made to
obtain desired initial concentration.

Characteristics of activated carbon: X-ray Fluorescence
spectroscopy (XRF, MiniPal 2, PANaltytical, Netherlands) was
used to investigate the elemental change especially the
PCP content, in the GAC before and after the adsorption
process.

Adsorption experimentsin batchmode: Experimentation on
adsorption by batch mode was performed by implementing
a series of 250 mL Erlenmeyer flasks with 100 mL of PCP
solutions. For every experiment conducted, the flasks were
positioned in an incubator shaker (37£1°C, 130 rpm). The
effects of the adsorbent dose (0.5-10 g L™"), initial
concentration (100-500 mg L™") and equilibrium time (0-24 h)
were investigated by varying one variable and fixing other
parameters. Small number of hydrochloric acid or sodium
hydroxide droplets (each 0.01 M) was added to maintain
pH of 7. Aqueous samples to be analyzed were taken from the
solutions. Prior to the analysis, all samples were filtered to
decrease interference from fine carbon. Double beam UV-Vis
spectrophotometer (Libra S12, Biochrom, UK) was used,
maximum wavelength of 305 nm to measure PCP
concentrations in the supernatant solution before and after
adsorption occurred.

Isotherm studies: To obtain the isotherms, the experiments
were performed using 100 mL of the PCP solution at an
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adsorbent dose of 5 g L7'. Under varying initial PCP
concentrations, ranging from 100-500 mg L', the flasks were
shaken (130 rpm, 37°C) up till equilibrium. The PCP uptake at
equilibrium, g, (mg g~"), was calculated by adopting Eq. 1%:

_ V(CO_Ce)
Q.= X (1
where, C, and Cy(mg L™") are the equilibrium and initial
liquid-phase concentrations of PCP, respectively, V(L) is the
solution volume and X (g) is the mass of dry adsorbent used.

Investigation on kinetic studies: The kinetic studies were
performed using a fixed initial PCP concentration of
100 mg L' with varying adsorbent doses (1-5 g L™"). Each
100 mL sample of the PCP solution was shaken in an
incubator shaker at 130 rpm at 37°C. Sampling was done at
certain time intervals to determine the residual adsorbate
concentration.

Adsorption isotherm models: Generally, adsorption
isotherms describe the interactions that occur between the
adsorbent and adsorbate species at equilibrium conditions.
Furthermore, isotherms indicate the load of adsorbate
adsorbed by a given quantity of adsorbent once the
adsorption process attains equilibrium. Evaluation of the
isotherm data by their fit to several isotherm models have to
be performed to obtain the ideal model for design purposes
application's, Numerous models have been written describing
the experimental data of adsorption isotherms. Particularly,
the Freundlich and Langmuir models are commonly applied
to fit the adsorption isotherms and to assess the isotherm
parameters'>'6, The Langmuirisotherm was formulated on the
presumption that the adsorption process occur specifically on
comparable sites in the adsorbent exterior with a consistent
energy distribution. Meaning, once a site was filled by the
adsorbate, adsorption process was inhibited indicate that
adsorption occurs as a monolayer whereas, Freundlich
isotherm, infer that adsorption occur on heterogeneous sites
with a non-uniform energy distribution. Freundlich model
express areversible adsorption process and is not restricted to
the monolayer structure'?. The linear equations of the
Freundlich and Langmuir models are depicted as in Eq. 2 and
3, respectively.

Ing, =£InCe+InKf
n

c, Cc 1
+
Qmade

L

e
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where, g, indicates adsorption capacity at equilibrium (mg
g™, C, is the adsorbate concentration at equilibrium (mg
L™, Omax IS the maximum adsorption capacity (mg g')
and K, represents a Langmuir constant. For the Langmuir
model, a plot of C./q. versus C, provide a straight line of slope
1/qmax@nd intercept 1/q,,..Kq. For the Freundlich model, a plot
of In g, versus In C, allows the determination of the constant
K and the exponent 1/n. The K{mg g~' (L mg=")'"") is the
Freundlich constantand 1/nis a dimensionless heterogeneity
factor.

A normalized standard deviation q (%) was used to
significantly examine in contrast the applicability of each
model and is expressed in Eq. 4:

S [(Gecp ~ o) G |

n-1

(4)

AG(%) = lOOx\/

where, Q.. and .., are the experimental and calculated
amounts of the PCP adsorbed at equilibrium onto the GAC,
respectively and nis the number of data points. The g signifies
the fit between the experimental and calculated data of the
adsorption capacity, whereas the linear correlation coefficients
(R?) signify the fit between the experimental data and
linearized forms of the isotherm equations?.

Adsorption kinetic models: Adsorption kinetics is crucial in
process design because these models determine the
adsorption rate by the adsorbent. Moreover, models bid
comprehensive information on the sorption mechanism of the
solute onto an adsorbent. The kinetics are fitted with the
pseudo-first-order and pseudo-second-order models, which
are widely applied in kinetic studies. Eq. 5 and 6 expressed
linear equations of pseudo-firstand -second order kinetics2°.,

In[g.-q,] = Ing-Kt (5)

t t 1

= —4 >
ql qe que

(6)

where, g, is the amount of solute adsorbed per unit weight
of adsorbent at time (mg g7'), k, is the rate constant of
pseudo-first-order sorption (h~') and k, is the rate constant of
pseudo-second-order sorption (g mg=" h™").

Equation 5 and 6 may also be written in the form
proposed by Simonin®, as presented in Eq. 7 and 8,
respectively.
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q(t) = q.[1- exp(-k;t) ]

Kt
t) = 2
a(t)=dep i )
with
k; = kzqe

If g is determined from experiment, the fractional uptake
(with respect to equilibrium),
F(t)=a(t)/q. 9)

may be computed. The Eg. 7 and 8 may be rewritten as
presented in Eq. 10 and 11, respectively.

F(t) =1-exp(—kit) (10)

(m

The values of the R? and the average absolute relative
deviation (AARD) for the two rate laws were computed, as
proposed by Simonin3®in order to compare the models.

RESULTS AND DISCUSSION

Characteristics studies on the activated carbon: The main
inorganic elemental content of the GAC before and after the
adsorption of PCP presents in Fig. 1. Based on Fig. 1, some
inorganic elements have been confirmed by the XRF analysis,
such as Cl, K, Fe and Cu. The main inorganic elements for
the GAC before adsorption (Fig. 1a) were Cl (36.8%), K (53%),
Fe (6.5%) and Cu (3.7%). For the GAC after adsorption (Fig. 1b),
the main inorganic elements were Cl (95.2%), K (3.8%),
Fe (0.63%) and Cu (0.36%). In Fig. 1b, the peak representing
Clis clearly visible for the GAC after adsorption with a high
count per second (cps), which can be related to a high
Cl concentration. This high concentration can be attributed to
an increase in the amount of PCP following the adsorption
process, suggesting that PCP was adsorbed onto the GAC.

Effect of equilibrium time: The adsorption capacity, g, versus
adsorption time at discrete initial PCP concentrations
demonstrates in Fig. 2. The necessary equilibrium time was
determined at various initial concentrations for the removal
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Fig. 1(a-b): XRF spectrum of GAC samples (a) before and (b) after PCP adsorption

of PCP on the GAC (Fig. 2). The adsorption of PCP onto the
GAC involved two phases: A preliminary stage with rapid
adsorption and a final stage with a relatively slow adsorption
(Fig. 2). During early stages of the adsorption process, the first
1 h of adsorption, the adsorption rate was quite rapid, leads to
rapid adsorbates accumulation on the outer surface of the
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GAC. Massive number of unoccupied surface sites that were
accessible for adsorption had caused high rate of PCP uptake
(36.82 mg g~ h™") was obtained in the first 1 h of adsorption
atinitial PCP concentration of 500 mg L=". It could be detected
that adsorption rate act inversely proportional to the
adsorption time until steady state achieved. This may be due
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to the crisis in filling the empty surface sites produced by
repulsive forces among the PCP molecules in the solid surface
and in the bulk phase3'.

The mass transfer driving force amidst the total liquid
phase and solid phase over time becomes limited due to the
microscopic size of PCP, allowing them to simply diffuse into
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—o— 200mgL~*
—O— 300mgL~*
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Fig. 2: Effect of equilibrium time on PCP adsorption (initial
concentrations = 100-500 mg L™', adsorbent
dose=5g L', pH=7at37°C)
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Fig. 3: Effect of the initial PCP concentration on adsorption
(initial concentrations = 100-500 mg L™, adsorbent
dose=5g L', pH=7at37°C)

the inner pores until saturation point achieved. Afterwards,
the PCP molecules experience much higher resistance to
diffuse deeper into the pores2. Upon reaching steady state,
the adsorption rate decreased and plateau lines were
observed after 6 h (Fig. 2). Non-significant PCP removal and
slow after 6 h of adsorption time shown in Fig. 2. At initial
PCP concentration of 500 mg L', the PCP uptake rate
(8.76 mg g~' h™") at 6 h of adsorption time was found to
decrease compared with the first 1 h of adsorption time. This
phenomenon required longer contact time. Therefore, 6 h
was considered as the optimal equilibrium time for PCP
adsorption at the initial concentrations of 100-500 mg L.
The equilibrium time of 6 h used in this study comparable
to the equilibrium time reported in other studies with
adsorbents variations displayed in Table 1. Zheng et a/? used
4 days as the equilibrium time for the adsorption of PCP on
flake-type chitosan. In order to assure complete equilibrium,
Estevinho er a/® applied 24 h as the equilibrium time for the
adsorption of PCP on almond shell.

The PCP uptake rate escalate as the initial concentration
increased in Fig. 2. In the first 1 h of adsorption, the PCP
uptake rates were 16.96,27.11 and 36.82 mg g~" h~" for initial
concentrations of 100, 300 and 500 mg L™, respectively.
Obviously, the uptake rate increases linearly with the initial
concentration.

Effect of initial concentration: The effect of PCP
concentration variations on its removal by GAC is described
in Fig. 3. As, the removal efficiency of PCP was tremendously
rely on the initial concentration of PCP in the solution. As
the initial PCP concentration increases, PCP removal using
GAC decreases. This was believed because of availability of
high adsorbate concentration that accelerates saturation
binding capacity of the adsorbent that consequently lessen
the entire uptake®. In the first 1 h of adsorption, the
removal of PCP decreased from 74-34% as the initial PCP
concentration escalated from 100-500 mg L. For a fixed
amount of GAC (5 g L™") and optimal equilibrium time (6 h), a
PCP concentration of 100 mg L' was determined to be the
optimal concentration to achieve the highest PCP removal.

Table 1: Compilation of experimental conditions and results from various PCP adsorption studies

Freundlich isotherm

Equilibrium Initial Adsorbent
Types of adsorbent time concentration dose (gL™) K¢ [mg g~ (L mg=")""] 1/n References
Coconut shell based GAC 6h 100-500 mg L' 5.0 2331 0.25 Present study
Flake type chitosan 4 days 1.0 0.40-0.17 1.57-1.96 Zheng et al*
Almond shell 24 h 100 pug L~! 0.1-100 0.075+0.081 1.882+0.289 Estevinho et a/®
Pine bark 24h 5mgL™’ 0.2-10 1.700£0.20 1.060£0.020 Bras et al'
Black carbon 24 h 0.1-20mg L™’ 12.290£0.99 0.320%+0.040 Bayram et al. 33
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Fig. 5:Langmuir isotherm plots of PCP adsorption onto GAC
(initial concentrations = 100-500 mg L™, adsorbent
dose=5gL™", pH=7at37°QC)

Effect of adsorbent dose: The effect of adsorbent dose on
PCP elimination, revealing that the elimination of PCP
escalates proportionally with adsorbent dose, as shown in
Fig. 4. As, the removal of PCP negotiate an adsorbent dose
more than 3 g L' remained essentially identical. Therefore,
3 g L7 of GAC was considered to be the optimal dose at an
initial PCP concentration of 100 mg L~". Increase in adsorption
with the addition of adsorbent because of a larger number
of binding sites available for PCP. Therefore, an adsorbent
dose of 3 gL~ provides adsorption sites that are adequate for
100% adsorption under the experimental conditions.

Adsorption isotherms: The linearized Freundlich and
Langmuir isotherm plotsinvolving the adsorption of PCP by
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GAC are represented in Fig. 5 and 6, respectively. The R?
values were >0.98, with values of 0.9989 and 0.9895 for the
Freundlich and Langmuir isotherms, respectively (Fig. 5-6).
From the R? values, the best fit is obtained using the
Freundlich isotherm rather than the Langmuir isotherm. As
reported by Ho*, the use of the linear regression coefficient
for differentiating ideal fits of several isotherms is
incompatible. In unison with Kinniburgh®, the highest
correlation coefficient was not actually signifies the ideal
transformation but the one that produce error distribution
most closely fits the “true” error distribution does.

The parameters from the two models examined (i.e.,
R? and Aq (%) where the Aq (%) value for the linearized
Freundlich isotherm model was lower than the Aq (%) value
forthe Langmuirisotherm model summarizedin Table 2. Thus,
shows that the adsorption of the PCP on the coconut
shell-based GAC follows the Freundlich isotherm and that the
corresponding parameters, K, n and 1/n, which were
obtained from the linear form of the Freundlich model, were
23.31,3.9651 and 0.25, respectively. The higher K¢ value for the
coconut shell-based GAC used in this study indicated that
relatively more PCP was adsorbed onto the adsorbent surface
than other adsorbents (Table 1). Moreover, the 1/n values
between 0.1 and 0.5 indicate very good adsorption
characteristics under the conditions studied. In addition, for a
higher value of 1/n, the affinity and heterogeneity of the
adsorbent sites will be higher3®.

Kineticstudies: Non-linear plots of the pseudo-first-orderand
pseudo-second-order kinetic models for PCP adsorption onto
GACare presented in Fig. 7.In this study, data for which the
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Fig. 7(a-e): Pseudo-first-order (K1) and pseudo-second-order (K2) kinetic model plots for PCP adsorption onto GAC with varying
adsorbentdosesat (@) 1mgL=", (b) 2 mg L™, (c) 3 mg L™, (d) 4 mg L=" and (e) 5 mg L. F: Fractional uptake,
t: Time (h), (0): Experimental data, solid line = Fit with K1 (Eq. 1), dashed line = Fit with K2 (Eq. 2)

Table 2: Coefficients of Freundlich and Langmuir model

Freundlich isotherm model Langmuir isotherm model
Adsorbent K¢ n 1/n R? Aq (%) Omax (Mg g™") kg R? Aq (%)
GAC 2331 3.9651 0.25 0.9989 1.63 8333 0.107 0.9895 33.46

fractional uptake, F was lower than 85% have been adsorbent doses. The relevance of the kinetic models is
considered®’. The parameters of the pseudo-first-order and discerned by evaluating the R? and AARD values. It may be
pseudo-second-order kinetic models for the adsorption of  seen that the adsorption of PCP by coconut shell-based
PCP on GAC are summarized in Table 3. Based on Table 3, the GAC can be best described by the pseudo-first order model
R?, earned from the two kinetic models were >0.98 for all using non-linear regression fit, which is supported by the
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Table 3: Parameters of the pseudo-first and second order kinetic models

Pseudo-first-order kinetic model (K;)

Pseudo-second-order kinetic model (K,)

Adsorbent Geenp G G ,

dose (gL™) (mgg™) N2 (mgg™) k; (h7") R? AARD; (mgg™) (gmg~"h) R? AARD; K1b K2¢
1 105.71 11 105.22 0.2239 0.971 2.1 94.78 0.003 0.998 3.1 v
2 51.00 8 49.80 0.5352 0.989 3.8 4373 0.017 0.984 74 v

3 34.81 6 34.56 0.984 0.998 2.1 30.77 0.044 0.969 103 v

4 25.30 5 24.70 1.245 0.999 0.2 21.52 0.075 0.978 8.8 v

5 19.93 5 19.66 1436 0.999 1.0 17.42 0.116 0.981 8.1 v

aNumber of data, PK1>K2, cK2>K1

higher R?value for this model than the lower R? value obtained
for the pseudo-second-order model. The fit of pseudo-first-
order model depicted in Fig. 7 by solid line. Similar kinetic
models were also obtained for the removal of copper (Il) by
peanut hull carbon¥ and methylene blue by calcium
alginate-bentonite-activated carbon composite beads®*. The
data at 1 mg L™ are fitted with pseudo-second-order model
with a higher R? value of 0.998 but AARD: is a bit large (~3.1%).
Since this adsorption study was only conducted with simple
matrix solution (i.e. deionized water), the adsorption capacity
with the complex matrix still obscure due to their molecular
characteristics. Therefore, further studies on effects of the
competitive pollutantsin real wastewater (i.e. multiple organic
pollutants) at various conditions (e.g., pH and temperature)
will be considered for practical application. Another point to
take into account in future studies is possible regeneration of
the coconut shell-based GAC which is a critical aspect in the
cost effectiveness.

CONCLUSION

The adsorption of PCP using a coconut shell-based
GAC was investigated. The optimized experimental
parameters for PCP adsorption include equilibrium time (6 h),
initial PCP concentration (100 mg L") and adsorbent dose
(3 gL™"). Theresults of the adsorption kinetic analysis showed
that a pseudo-first-order model provided the best fit to the
experimental data. Analysis of the XRF data showed that
PCP was adsorbed onto the GAC. Based on the results earned,
itshows that coconut shell-based GAC constitutes an effective
adsorbent for removing PCP from aqueous solutions.

SIGNIFICANCE STATEMENT

This study discovered the potential of coconut
shell-based GAC for the removal of PCP from aqueous solution
with higher adsorption capacity that can be beneficial for
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treatment of water and wastewater containing toxic organic
compounds. This study will help the researchers to
identify the adsorption features together with its
mechanism by evaluating the equilibrium isotherms as well
as kinetic data of the adsorption process. Thus, a new
approach in treating water and wastewater containing toxic
organic compounds has been obtained.
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