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a b s t r a c t

The present research is focussed on the preparation of palm shell activated carbon by oleic acid (PSAC) 
modification for naphthalene removal. The characterization of PSAC involved SEM, EDAX, XRD and 
FTIR analysis. Further, the thermal stability of PSAC was studied using TGA analysis. The studies 
were further continued to evaluate the optimization parameters such as contact time, pH, temperature, 
naphthalene concentration and adsorbent dosage. The optimum conditions for the maximum removal 
of naphthalene for an initial naphthalene concentration of 5 mg/L, solution pH of 2.0, PSAC dosage 
of 5.0 g/L, contact time of 90 min and the temperature of 30°C. The adsorption kinetics of naphtha-
lene onto PSAC was described by pseudo-first order, pseudo-second order and Elovich models. The 
equilibrium data were analysed by Langmuir, Freundlich, Temkin and Dubinin-Radushkevich mod-
els. The Freundlich model provided the best fit of adsorption isotherm for naphthalene by PSAC. The 
maximum adsorption capacity of PSAC was found to be 44.87 mg/g. The temperature dependence of 
adsorption process was associated with the changes in several thermodynamic parameters such as 
Gibbs free energy, enthalpy  and entropy. The results suggested that the newly prepared PSAC can act 
as a promising adsorbent for the removal of naphthalene from aqueous solution. 

Keywords:  Adsorption mechanism; Naphthalene; Modification; Kinetics; Mass transfer;  
Thermodynamics   

1. Introduction

Poly aromatic hydrocarbons (PAHs) containing two or 
more than two benzene rings and they are grouped into 
angular, linear or clustered pattern. They possess hydro-
phobic nature and non-polar character. They are less water 
soluble which results in reduced solubility when molecular 

weight increases [1–2].  PAHs are found in the environment 
as a combination of various aromatic compounds in which 
each one has the ability to influence other elements. They 
are a very influential class of environmental pollutant caus-
ing harmful effects to the environment [3]. Poly-aromatic 
hydrocarbons are organic pollutants, which cause wide-
spread carcinogenic and mutagenic diseases by reacting 
with DNA. PAHs found application in plastics, dyes and 
pesticides and in medicine. Hence, they enter into envi-



J.A. Kumar et al. / Desalination and Water Treatment 106 (2018) 238–250 239

ronment through dry and wet depositions in atmosphere, 
runoff, hydro-carbon spills, water bodies and industrial dis-
charge, especially from processing industries [4]. Anthropo-
genic activities such as petroleum spillages also led to the 
maximum disposal of PAHs into the environment. PAHs 
possess electrochemical stability with high boiling and 
melting points [5,6]. PAHs possess greater mobility and 
longer time persistence in the environment. Hence, World 
Health organization has set up a tolerance limit value for 
the influence of PAH in potable water available for drin 
king [7]. 

Naphthalene was considered one of the most notable 
PAHs in wastewater [8]. Naphthalene is simple and more 
volatile, which seems to be less toxic among different PAHs. 
Naphthalene is excessively observed in wastewater, dis-
charged from various processing plants operated in refin-
eries and petrochemical plants [9,10]. There are various 
methods available to treat PAHs, which include biodeg-
radation, solvent extraction, liquid-liquid extraction and 
adsorption [11–14]. Among these, adsorption finds to be 
economic and cost efficient. Adsorption provides flexibil-
ity and simple design, easy operation, and possesses more 
effectiveness in the removal of naphthalene from the water 
environment, specifically at lower concentrations [15–17]. 
Different adsorbents were used in treatment processes are 
of biological origin, mineral, biomass, agricultural wastes 
and other industrial byproducts [18–26]. 

Activated carbon obtained from agricultural waste has 
proved to be an effective adsorbent due to high surface 
area, porosity and surface properties [27–31]. Activated 
carbon finds to be a porous material containing maxi-
mum surface area to adsorb the contaminants [32]. Many 
researchers have done work on activated carbon obtained 
from agricultural waste materials such as coconut shell, pea 
nut shell, bagasse, almond shell, saw dust and palm shell. 
More amount of waste materials are obtained as of agricul-
tural dropouts such as coconut, coir pith, peanut, almond, 
corn and palm shell [33]. Removal of Naphthalene by add-
ing high surface adsorbing capacity adsorbents is an easy 
and an efficient way along with reducing cost factor. Hence, 
the development of adsorbents with maximum adsorption 
capacity makes the management and reduction of envi-
ronmental pollution to a great way. Carbonization tends to 
increase the sorption capacity of activated carbon since it is 
related to the material surface characteristics [34]. Though 
few works have been done on palm shell, this work brings 
the modification of palm shell activated carbon using oleic 
acid [35]. The present study explains the effect of oleic acid 
addition onto palm shell activated carbon. 

The aim of the present experimental study is to exam-
ine the achievability of chemically modified palm shell 
activated carbon (PSAC) for the adsorption of naphthalene 
from its aqueous solution. Surface properties of PSAC were 
characterized by SEM, EDX, XRD, FTIR and TGA analysis. 
The impacts of the operation parameters on the adsorption 
process, such as initial naphthalene concentration, biosor-
bent amount, temperature, contact time, and solution pH, 
amid the adsorption procedure were also investigated. In 
order to examine the adsorption behavior of PSAC, adsorp-
tion isotherm and kinetic models were fitted with the pres-
ent equilibrium and kinetic data, respectively. 

2. Materials and methods

2.1. Adsorbate

Naphthalene, Oleic acid, butanol was purchased from 
Sigma Aldrich Chemicals, India. Naphthalene (C10H8), as 
the delegate compound of PAHs with a sub-atomic weight 
of 128.16 g/mol, was utilized as a model adsorbate in this 
research. Because of the low water dissolvability of naphtha-
lene, the water–butanol arrangement was utilized as the fluid 
arrangement. It is noticed that butanol is a good dissolvable 
used to improve the adsorption of non polar naphthalene 
from the hydrophobic condition, framing the naphtha-
lene-containing arrangements. 0.15 g of naphthalene was 
added into 45 mL of butanol solution. Then, the stock solution 
was prepared by dissolving the required amount of naphtha-
lene–butanol solution into the deionized water. Since various 
concentration of naphthalene solutions were required for the 
present adsorption studies in particular 5–25 mg/L. The pH 
of each working arrangements was changed in accordance 
with the required an incentive by utilizing 0.1M NaOH or 
0.1N HCl before blending the adsorbent.

2.2. Adsorbent 

Palm shells were collected from Vellore, Tamilnadu. 
The collected biomass was washed using distilled water to 
remove the impurities present on the surface of the biomass. 
The biomass material was placed in an oven at 110ºC for 
24 h to remove moisture. The dried palm shell was crushed 
and grinded to fine powder. Then, powdered material was 
further proceeding for both chemical (oleic acid) and ther-
mal treatment. The resulting material was allowed to dry in 
an oven at 60°C and then subjected to carbonization for 1 h 
30 min at 300°C in a muffle furnace. The subsequent materi-
als were washed by using hot deionized water and the addi-
tion of 0.1 mol/L oleic acid in the ratio of 1:3. The excess acid 
present in the solution was washed until the pH of the super-
natant remains constant pH of 7.0. This prepared material is 
named as palm shell activated carbon (PSAC).

2.3. Characterization studies

The surface morphology of PSAC was explained using 
Scanning electron microscope, Sem Supra 55 Carl Zeiss, 
Germany. The elemental composition of adsorbent material 
was determined using Energy-dispersive X-ray spectros-
copy, EA 110 CHN Elemental analyser (Thermo Finnigan 
model). The presence of important functional groups in 
PSAC was identified by Fourier transform infrared spec-
troscopy (FTIR Spectrometer, SHIMADZU, Japan). The 
crystalline nature of PSAC was determined by X-ray dif-
fraction analysis, Rikagu lab equipment which was main-
tained at a voltage of 35 kV and a current of 25 MA Cu-Kα2 
radiations. The thermal stability of PSAC was estimated 
by Thermo gravimetric analysis, SDT Q600 V8.0 Build 9.5 
Model, TA instruments, USA. 

2.4. Batch adsorption studies

Batch experiments were conducted in 250 mL conical 
flasks in a laboratory shaker at 85 rpm in order to optimize 



J.A. Kumar et al. / Desalination and Water Treatment 106 (2018) 238–250240

the factor influencing parameters such as initial naphtha-
lene concentration, solution pH, contact time, adsorbent 
dosage and temperature. In each adsorption tests, the 
required amount of PSAC was added into the 250 mL of 
conical flask containing 100 mL of desired concentration of 
naphthalene solution. The flasks were placed in tempera-
ture controlled shaking incubator (Orbitek, India) and agi-
tated at 80 rpm for about different time intervals. After the 
predetermined time interval, the samples were withdrawn 
from the incubator and filtered by using Whatman 42 filter 
paper. The collected supernatant liquid was subjected to 
UV/Vis analysis using a UV/Vis Spectrophotometer. The 
percentage removal of naphthalene was calculated from the 
differences between initial Co and final concentrations Ce 
of naphthalene in the aqueous solution during adsorption 
process. 

% Removal = ( )C C
C

o e

o

−
× 100  (1)

2.5. Adsorption isotherm study

The adsorption isotherm study was helpful to deter-
mine the interaction between the surface of the PSAC and 
naphthalene in the liquid solution at an equilibrium condi-
tion. The batch adsorption study was conducted by varying 
the naphthalene concentrations varying from 5 to 25 mg/L. 
In that, required amount of PSAC was added into each coni-
cal flask at an optimum condition. Once the framework was 
accomplished the equilibrium time, the samples were with-
drawn from the incubator and filtered by using Whatman 
42 filter paper. The collected supernatant liquid was sub-
jected to UV/Vis analysis using a UV/Vis Spectrophotom-
eter. The equilibrium adsorption capacity (qe) of the PSAC 
was calculated by using the following formula

q
C C V

me
o e=

−( )
  (2)

where qe is the adsorption capacity at equilibrium (mg/g), 
Co is the initial concentration of naphthalene in the solution 
(mg/L), Ce is the final concentration of naphthalene in the 
solution (mg/L), V is the volume of naphthalene solution 
(L) and m is the mass of PSAC (g).

In the present study, adsorption equilibrium data were 
applied to four different adsorption isotherm models such 
as Langmuir, Freundlich, Temkin and Dubinin-Radushkev-
ich. The nonlinear regression analysis was carried out by 
using MATLAB R2009a software to estimate the isotherm 
parameters, correlation coefficients (R2) and error values 
(SSE and RMSE). 

Langmuir isotherm model is given as follows [36]

q
q K C

K Ce
m L e

L e
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where qm is the maximum mono layer adsorption capacity 
(mg/g), KL is the Langmuir equilibrium constant (L/mg).

Freundlich isotherm model is given as follows [37]

q K Ce F e
n= 1/   (4)

where KF is the Freundlich constant [(mg/g)(L/mg)1/n] 
which can be used to measure the adsorption capacity. n 
is the Freundlich exponent which is used to measure the 
favorability of the adsorption 

Temkin isotherm model is given as follows [38]

q
RT
b

ACe e= (ln )  (5)

where A and b are the Temkin isotherm constants.
Dubinin-Radushkevich isotherm model is given as fol-

lows [39]
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where qm,D is the Dubinin-Radushkevich monolayer adsorp-
tion capacity (mg/g) and β is a constant related to adsorp-
tion energy. 

2.6. Adsorption kinetic study

The adsorption kinetic study can be used to determine 
the adsorption behavior of present adsorption process at 
an equilibrium condition. The batch adsorption study was 
conducted by adding 0.5 g of PSAC in 250 mL of conical 
flask containing 100 mL of known concentration of naph-
thalene solution (5–25 mg/L). The solution mixtures were 
placed in temperature controlled shaking incubator at 
the temperature of 30oC for about different time intervals 
(10–120 min). Once the framework was accomplished the 
equilibrium time, the samples were withdrawn from the 
incubator and filtered by using Whatman 42 filter paper. 
The collected supernatant liquid was subjected to UV/Vis 
analysis using a UV/Vis Spectrophotometer. The amount 
of naphthalene adsorbed onto the PSAC at an equilibrium 
time was calculated by using the following formula.

q
C C V

mt
o t=

−( )
  (7)

where Ct is the concentration of naphthalene in the solution 
at time t (mg/L).

Four adsorption kinetic models were used to fitted with 
adsorption kinetic data. The nonlinear regression analysis 
was carried out by using MATLAB R2009a software to esti-
mate the kinetic model parameters, correlation coefficients 
(R2) and error values (SSE and RMSE). 

The pseudo-first-order kinetic model is given as follows 
[40]

q q k tt e= − −( ) 1 1exp
 (8)

where k1 is the pseudo-first-order kinetic rate constant 
(min–1).

The pseudo-second-order kinetic model is given as fol-
lows [41].

q
q k t
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where k2 is the pseudo-second order kinetic rate constant 
(g/mg·min).
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The Elovich kinetic model is given as follows [42]:

q tt E E E= +( ) +( )1 1β α βln  (10)

where αE is the initial adsorption rate (mg/g·min) and βE 
is the desorption constant (g/mg) which is related to the 
activation energy of chemical adsorption. 

2.7. Adsorption thermodynamic study

Thermodynamic studies were carried out by adding 
0.5 g of PSAC in 100 mL of known concentration of naph-
thalene solution (5–25 mg/L). The solution mixtures were 
placed in temperature controlled shaking incubator for 
different temperatures in the range of 30–60°C at an equi-
librium time of 90 min. Once the framework was accom-
plished the equilibrium time, the samples were withdrawn 
from the incubator and filtered by using Whatman 42 fil-
ter paper. The collected supernatant liquid was subjected 
to UV/Vis analysis using a UV/Vis Spectrophotometer. 
The thermodynamic behavior can be estimated by fixing 
the experimental data to the thermodynamic equations. 
The thermodynamic parameters such as Gibbs free energy 
(ΔG°), entropy and enthalpy were calculated by using the 
following formula

ΔG RT Ko
c= − ln( )  (11)

LogK
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Δ Δ
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where Kc is the coefficient of distribution which is the ratio 
of naphthalene concentration on the solid phase and the 
naphthalene concentration in liquid phase at equilibrium. 
T is the adsorption system temperature and R is universal 
gas constant. 

3. Results and discussions

3.1. Characterization studies

3.1.1. Fourier transform infrared analysis

FTIR analysis can be used to elucidate the presence of 
important functional groups on the surface of PSAC. FTIR 
image of PSAC is shown in Fig. 1a. The FTIR spectra were 
analysed by attenuated total reflectance within the range 
of 400–4000 cm–1. The peak value at 3347.50 cm–1 shows 
the presence of acetylenic group frequencies of alkyne 
C-H stretch. The elongated peak was found at 2921.45 cm–1 

which represents the presence of vibrational stretching of 
–OH groups. The broad peak at 1587.78 cm–1 confirms the 
stretching of –CH2 groups. The intense peak vibration at 
1164.37 cm–1 may correspond to the presence of –NH2 bend-
ing vibration. The peak values at 597.41 and 552.51 cm–1 is 
corresponding to the presence of aliphatic organohalogen 
compound group frequencies of aliphatic iodo compounds 
C-I stretch. The FTIR analysis results confirms that the pres-
ence of different functional groups such as hydroxyl, ace-
tyl and amide might play an important role in the binding 
process between naphthalene and PSAC adsorbent. The 
presence of aliphatic iodo compounds plays an imperative 

role in the adsorption of naphthalene onto PSAC. These 
aliphatic groups form the covalent bond between the sur-
face of the PSAC and the naphthalene solution. FTIR report 
confirmed that presence of these functional groups will 
enhance the adsorption capacity of PSAC for the removal of 
naphthalene from the aqueous solution. 

3.1.2.  Scanning electron microscopy and energy  dispersive 
X-ray spectroscopy analysis 

SEM analysis can be used to determine the morpho-
logical characteristics and surface nature of present adsor-
bent material (PSAC). SEM images of PSAC with different 
magnifications of 2500× and 500× was shown in Fig. 1b – (i) 
and (ii). The particle size, shape and porosity of PSAC was 
determined. The surface pores of PSAC have been found out 
which demonstrates that PSAC has uniform distribution. 
The pores are rough and possess more pores which showed 
caves in between the structure. The size of the pores range 
is in between of 15–250 nm that was able to form aggregates 
and clusters due to the existence of intermolecular forces. 

Energy disperse X-ray spectroscopy is used for the 
determination of elemental composition of PSAC. EDX 
analysis of PSAC was shown in Fig. 1b – (iii) and the results 
were shown in Table 1. The rod like appearance indicates 
carbon and oxygen whereas the structural trend indicates 
other components like Na and K. the surface appears to be 
uniform due to the formation of micro pores that formed 
during the chemical treatment onto palm shell activated 
carbon. The inclusion of carbon and oxygen confirmed the 
chemical addition of oleic acid onto the palm shell activated 
carbon. The percentage of carbon and oxygen was esti-
mated to be 77.35% and 21.72% respectively.

3.1.3. X-Ray diffraction analysis

The crystalline nature of PSAC was determined by XRD 
analysis. XRD image of PSAC is shown in Fig. 1c – (i). The 
diffractograms resulted through XRD are quite similar and 
in better understanding with the pattern of the sample. 
But few undesirable peaks in the XRD pattern revealed the 
presence of trace amount of impurity in the sample. XRD 
confirmed the powder pattern of synthesized activated 
carbon PSAC under atmospheric conditions. XRD also pre-
dicted the particle size of PSAC sample in the value range of 
2–3 mm. The XRD results confirming that diffraction index 
for PSAC were less intense and it has more adsorption sites 

Fig. 1(a). FTIR image of PSAC.
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for naphthalene adsorption which may be due to more neb-
ulous structures in it. XRD analysis reported that PSAC has 
superior capacity for naphthalene adsorption.

3.1.4. Thermo gravimetric analysis

TGA showed that percentage of weight loss of PSAC 
with respect to experimental conditions. TGA image of 
PSAC is shown in Fig. 1c – (ii). The two portions formed 
which indicates that the decomposition of PSAC is taken 
place at 200°C and this represented nearly 8% of weight 
lost during the process. This is due to the release of surface 
moisture by PSAC subjected to heating phenomenon. Major 
weight loss occurred at a temperature of 400°C–600°C. This 
is usually represented by the chemical bonding of water 
molecule with PSAC and the breakdown of various other 
components such as lignin and cellulose materials decom-
position. Continued heating above 600°C results in fall of 

Fig. 1(b). (i) SEM images of PSAC (before adsorption) (ii) SEM 
images of PSAC (after adsorption) (iii) EDX image of PSAC.

Table 1  
Elemental Composition of PSAC

Element Weight % Atomic %

C 71.07 77.35
O 26.58 21.72
Na 0.60 0.34
K 1.75 0.59
Total 100 100

Fig. 1(c). (i) XRD image of PSAC (ii) TGA image of PSAC.
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weight loss which indicated the minimum formation of 
various carbonaceous gases like CO and CO2. TGA analysis 
reported that PSAC infers that the activated carbon is ther-
mally stable between 200–350oC.

3.2. Effect of pH

The pH of the naphthalene solution was an import-
ant factor during adsorption process which influences the 
soluble nature of the adsorbate and electrostatic bond-
ing between the adsorbate and adsorbent. The pH of the 
naphthalene solution was adjusted by using 0.1 N HCl and 
0.1 N NaOH. Effect of pH on the adsorption of naphthalene 
by PSAC was studied by varying the pH in the range of 
2.0–8.0 for an initial naphthalene concentration of 5 mg/L, 
contact time of 90 min and temperature of 30ºC and the 
result is show in Fig. 2a. The result from Fig. 2a shows 
that percentage removal of naphthalene was decreased 
with an increase of solution pH from 2.0 to 8.0. These data 
could be explained by the variation of the molar fraction 
of undissociated naphthalene. Generally, activated carbon 
reacted with undissociated naphthalene by forming hydro-
gen bonds with hydroxyl groups. However most phenolic 
compounds act like weak acids in aqueous solution. At 
low pH, due to the high electrostatic force of desirability, 
the percentage removal of naphthalene is high. Effect of 
pH studies showed that maximum removal of naphthalene 
was observed at the pH of 2.0. Point of zero charge (pHpzc) 
of the adsorbent material is another parameter to explain 
the influence of solution pH on the removal of naptha-
lene by the adsorbent. pHpzc of the adsorbent material was 
found to be below 2.0 which indicates that the adsorbent 
surface acquired positive charge below this pH value. At 
solution pH < pHpzc, most of the PAHs will be positively 
charged which indicates the removal of napthalene below 
pHpzc value is an ion exchange process. If the solution pH 
was increased above the pHpzc of the adsorbent then the 
adsorption process was decreased in the removal of naptha-
lene. After particular pH, the charge on the napthalene spe-
cies and the adsorbent surface becomes negatively charged 
which indicates that the adsorption process decreased sig-
nificantly. For the present adsorption system, the optimum 
pH was fixed as 2.0 and it was maintained for further exper-
imental studies.

3.3. Effect of adsorbent dosage

Adsorbent dosage is an imperative operating parameter 
to maximize the interaction between the naphthalene in the 
liquid phase and the adsorptive sites of PSAC in the solid 
phase. The adsorption capacity of the PSAC was deter-
mined by changing the dosage from 1.0 to 7.0 g/L, initial 
naphthalene concentration of 5 mg/L, solution pH of 2.0, 
contact time of 90 min and temperature of 30oC and the 
experimental data are represented in Fig. 2b. It is observed 
from Fig. 2b, the percentage removal of naphthalene was 
increased with an increase of adsorbent dosage from 1.0 
to 7.0 g/L. The reason for this behaviour might be due to 
the increase in available adsorptive sites of the PSAC with 
an increase of PSAC dosage. It is clear that, maximum per-
centage removal was attained at 5.0 g/L. Beyond that limit 
(5.0 g/L), the percentage removal remains fairly constant, 

this may be due to gradual decrease of available adsorptive 
sites, low driving force and low equilibrium concentration. 
The equilibrium adsorption capacity (qe) was decreased 
with an increase of PSAC dosage. It might be possibly due 
to availability of more adsorptive sites and rise in the sur-
face area at lower dosage. At higher adsorbent amount, the 
reason of the decrease in adsorption amount of naphthalene 
is that “the higher adsorbent amount leads to a decrease 
in total surface area by agglomeration and to formation of 
unsaturated adsorption sites”. Consequently, the adsorp-
tion amount of naphthalene is higher at lower dosage and 
overlying of adsorptive sites at higher dosage.

3.4. Effect of naphthalene concentration

The initial naphthalene concentration in the liquid phase 
plays a significant role, may affects the adsorption process. 
The effect of naphthalene concentration on the adsorption 
of naphthalene was carried out by varying the naphthalene 
concentration in the range of 5–25 mg/L, solution pH of 
2.0, PSAC dosage of 0.5 g, contact time of 90 min and tem-
perature of 30°C and the experimental results are shown 
in Fig. 3a. It is observed from Fig. 3a that the percentage 
removal of naphthalene was decreased with an increase ini-
tial naphthalene concentration from 5 mg/L to 25 mg/L. At 
lower concentration, the ratio of available adsorptive sites 

Fig. 2(a). Effect of pH on the adsorption of naphthalene by PSAC, 
(b). Effect of adsorbent dosage on the adsorption of naphthalene 
by PSAC.
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to the naphthalene concentration was higher.  Therefore, the 
removal percentage of naphthalene was high. In the oppo-
sition of, at higher concentration, the available adsorptive 
sites were saturated. Hence, the ratio of available adsorp-
tive sites to the naphthalene concentration was low. The 
equilibrium adsorption capacity (qe) of PSAC was increased 
with an increase of initial naphthalene concentration which 
may be due to utilization of all adsorptive sites and higher 
adsorption rate for the adsorption at higher naphthalene 
concentration.

3.5. Adsorption isotherm study

The general information about the adsorption capacity 
of PSAC and the characteristics of the adsorption process 
can be determined by adsorption isotherm study. In this 
study, four adsorption isotherm model such as Langmuir, 
Freundlich, Temkin and Dubinin-Radushkevich model was 
used for adsorption isotherm study. The adsorption iso-
therm study was performed by using the experimental data 
obtained from the effect of initial naphthalene  concentration 
studies. Fig. 3b shows that adsorption isotherm study on 
the adsorption of naphthalene by PSAC. The adsorption 
isotherm parameters, correlation coefficient values, sum 

of error values [SSE and RMSE] are listed in Table 2. The 
best fitted adsorption isotherm model can be determined 
based on higher correlation coefficient value and lower 
error values. It is observed from Table 2 that the Freundlich 
isotherm model has higher R2 value compared to other iso-
therm models, which was found to be best fitted for the 
adsorption of naphthalene onto PSAC. The Freundlich iso-
therm model describes that present adsorption process is 
heterogeneous in nature. The intensity of adsorption can be 
described by the Freundlich exponent (n). In this study, n 
value was found to be 3.048. The n value was greater than 
unity, which indicates the favourable adsorption of naph-
thalene by PSAC. 

3.6. Effect of contact time  

The contact time between the naphthalene in the liquid 
phase and the surface of the PSAC in the solid phase is a sig-
nificant parameter for the adsorption process. The effect of 
contact time for the adsorption of naphthalene onto PSAC 
was studied by varying the contact time from 10 to 120 min, 
initial naphthalene concentration of 5 mg/L, solution pH 
of 2.0, PSAC dosage 0.5 g and temperature of 30°C and the 
experimental results are shown in Fig. 4a. It can be seen from 

 

Fig. 3(a). Effect of naphthalene concentration on the adsorption of naphthalene by PSAC, (b). Adsorption isotherm study on the 
adsorption of naphthalene by PSAC.

Table 2  
Adsorption isotherm study on the adsorption of naphthalene by PSAC

S.No Isotherm model Parameter R2 SSE RMSE

1. Langmuir qm (mg/g) = 4.487
KL (L/mg) = 3.379

0.9494 36.86 3.505

2. Freundlich KF ((mg/g)(L/mg)(1/n)) = 3.092
n = 3.048

0.9945 4.027 1.159

3. Temkin A = 5.93
B = 3.511

0.9852 10.77 1.895

4. Dubinin-Radushkevich qm,D (mg/g) = 4.097
b = 8.221 x 10 –9

0.8722 0.9309 0.4824
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Fig. 4a that the percentage removal of naphthalene was highly 
increased at the initial stage of contact time and attained the 
maximum percentage removal at 90 min. The reason is ini-
tially more number of adsorptive sites were available on the 
surface of the PSAC. Beyond the contact time of 90 min, the 
percentage removal remains constant and reaches the equi-
librium which may be due to destabilization of driving force 
and the adsorptive forces were gradually tapered.  

3.7. Adsorption kinetic study

Adsorption kinetics plays an imperative role in the 
adsorption process which can be used to determine the 
adsorption rate of naphthalene form the aqueous solution 
onto PSAC. The basic qualities of the good adsorbent mate-
rial can be evaluated by order of adsorption rate kinetics 
and adsorption kinetic rate constant. In this study, pseu-
do-first-order, pseudo-second-order and Elovich kinetic 
model were fitted with adsorption kinetic data obtained 
from effect of contact time for naphthalene adsorption onto 
PSAC. The kinetic parameters, correlation coefficient val-
ues, sum of error values [SSE and RMSE] were calculated 
by using the plot of time vs qt which is shown in Fig. 4b and 
the results are listed in Table 3. The tabulation report can be 
used to identify the best fitted kinetic model. It is observed 
from Table 3 that the pseudo-second-order has higher cor-
relation coefficient values and lower error values [SSE and 
RMSE] compared to other kinetic models. In addition to 
that, comparison statement of calculated adsorption capac-
ity (qe, cal) and experimental equilibrium adsorption capacity 
(qe, exp) confirming that qe, cal values of pseudo-second-order 
kinetic were very closer to the qe, exp values. This authorizes 
that present adsorption system follows the pseudo-sec-
ond-order kinetic model which describes that adsorption 
of naphthalene onto PSAC involves chemisorption mecha-
nism and the rate of adsorptive sites occupation is propor-
tional to the square number of unoccupied sites.  

3.8. Effect of temperature

The effect of temperature is the important parameter in 
the adsorption process. The experimental studies were per-

formed at different temperatures in the range of 30–50°C, 
initial naphthalene concentration of 5 mg/L, solution pH 
of 2.0, PSAC dosage 0.5 g and contact time of 90 min and 
the experimental results are shown in Fig. 5a. It is observed 
from Fig. 5a that the percentage removal of naphthalene 
was decreased with an increase of temperature from 30 
to 60ºC. At higher temperature, surface area of adsorptive 
sites was reduced, less number of adsorptive sites were 
available. This corresponds that present adsorption process 
was exothermic in nature. 

3.9. Thermodynamic study

Thermodynamic study can be used to estimate the 
nature of the adsorption process such as exothermic or 
endothermic, randomness and spontaneity. The thermo-
dynamic study of naphthalene adsorption onto PSAC is 
shown in Fig. 5b. The thermodynamic parameters such as 
Gibbs free energy (ΔG°) were calculated by using Eq. (11). 
The values of changes in enthalpy (ΔH°) and entropy (ΔS°) 
were calculated from the slope and intercept of the plot 
of ln Kc vs. 1/T. The calculated thermodynamic param-
eters are listed in Table 4. From the tabulation report, 
the negative values of Gibbs free energy are confirming 
that adsorption process was feasible and spontaneous in 
nature. The significance of Gibbs free energy describes 
that; the values of Gibbs free energy were obtained 
between –20 to 0 KJ/mol for all the temperatures which 
indicating that present adsorption process was physical 
adsorption. Furthermore, the negative values of enthalpy 
mentioning that adsorption of naphthalene onto PSAC 
was exothermic in nature. The reason for this behaviour 
might be due to the weak adsorptive forces between the 
naphthalene molecules and the adsorptive sites on the 
surface of PSAC. The negative values of entropy describe 
that decreased randomness at the solid/liquid interface 
during the adsorption process. 

3.10. Design of single stage batch adsorber  

Single stage batch adsorber was designed to estimate 
the amount of PSAC needed to treat known concentration 
of naphthalene with known volume of naphthalene solu-
tion. Schematic diagram of single stage batch adsorber is 
shown in Fig. 6a. The batch adsorber was designed based 
on the best fitted adsorption isotherm model. The aim of 
this design is to reduce the concentration of naphthalene 
from Co to Ce for a known volume of naphthalene solution 
(V). Furthermore, the adsorption capacity of PSAC was 
changed from qo to qe.

The mass balance over the schematic diagram is given 
as follows

V C C M q q Mqo o−( ) = −( ) =1 1 1  (13)

At equilibrium conditions C1 = Ce and q1 = qe. In this 
study, Freundlich model is the best fitted isotherm model. 
Therefore, Freundlich equation was applied to Eq. (13). Eq. 
(13) can be rearranged as follows:

M
C C

q
V

C C V

K C
o e

e

o e

F e
n=

−( )
=

−( )
1/

 (14)

Fig. 4(a). Effect of contact time on the adsorption of naphthalene 
by PSAC.
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Fig. 4 (b). Adsorption kinetic study on the adsorption of  naphthalene by PSAC.
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Table 3  
Adsorption kinetic study on the adsorption of naphthalene by PSAC

Kinetic model Parameters Concentration mg/L

5 10 15 20 25

Pseudo first order k1 (min–1)

qe,cal (mg/g)

R2

SSE

RMSE

0.03459

10.04

0.9329

2.932

0.5415

0.03147

20.04

0.9392

11.29

1.062

0.0296

29.55

0.9495

21.33

1.46

0.0308
36.97
0.9552
33.5
1.745

0.0269

46.41

0.973

30.52

1.747

Pseudo second order k2 (g/mg/min)

qe,cal (mg/g)

qe,exp (mg/g)

R2

SSE

RMSE

0.0031

12.29

12.056

0.9622

1.65

0.4062

0.00134

24.95

23.586

0.9631

6.849

0.8276

0.00087

36.57

35.487

0.9664

14.17

1.135

0.00056

48.96

46.852

0.9717

21.16

1.387

0.00044

59.63

56.811

0.9796

23.09

1.449
Elovich kinetic αE  mg/(g·min)

βE (g/mg)

R2

SSE

RMSE

1.231

0.275

0.9601

1.89

0.856

0.254

1.052

0.9614

8.25
0.9110

0.0251

3.785

0.9647

15.69

1.565

0.0471

4.855

0.9708

28.006

2.365

0.0632

6.124

0.9724

32.56

3.085

 

Fig. 5(a). Effect of temperature on the adsorption of naphthalene by PSAC, (b). Thermodynamic study.

Table 4  
Thermodynamic parameters for the adsorption of naphthalene by PSAC

Conc of naphthalene solution (mg/L) (ΔH° kJ mol–1) (ΔS° J mol–1k–1) (ΔG° kJ mol–1)

30°C 40°C 50 oC

5 –48.595 –122.24 –11.640 –10.146 -9.207

10 –37.066 –90.793 –9.651 –8.441 -7.849

15 –18.147 –38.117 –7.481 –7.205 -6.775

20 –17.713 –35.487 –6.031 –5.708 -5.258

25 –14.772 –32.194 –5.004 –4.720 -4.359
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The design results for the single stage adsorber is shown in 
Fig. 6b. The linear relationship between amount of PSAC 
and naphthalene solution volume was observed at a naph-
thalene concentration of 15 mg/L for naphthalene removal 
ranging from 75 to 95%. 

3.11. Performance comparison of the prepared adsorbent

The prepared adsorbent performance was compared 
with other adsorbents for the removal of naphthalene from 
aqueous solution and the result is shown in Table 5. The 
results showed that the prepared adsorbent has an ade-
quate adsorption capacity for naphthalene removal as com-
pared with the other adsorbents.  
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4. Conclusion

In this study, adsorption of naphthalene using PSAC 
was examined under different experimental conditions. 

The surface modification of palm shell activated carbon 
was performed by chemical modification using oleic acid. 
The chemically modified adsorbent material were charac-
terized by SEM, EDAX, XRD, FTIR and TGA analysis. The 
optimum conditions for the maximum removal of naphtha-
lene by PSAC were observed as follows: initial naphthalene 
concentration of 5 mg/L, solution pH of 2.0, PSAC dosage 
of 5.0 g/L, contact time of 90 min and the temperature of 
30°C. Comparing the correlation coefficient values reveal 
that adsorption of naphthalene onto PSAC can be well fit-
ted with Freundlich isotherm model. Adsorption kinetics 
study reveals that pseudo-second-order model was found 
to be best fitted to describe the adsorption behaviour. The 
removal of naphthalene was decreased with an increase in 
temperature, which indicates that the adsorption of naph-
thalene onto PSAC was exothermic in nature of adsorption. 
Thermodynamic studies demonstrated that present adsorp-
tion process was feasible and spontaneous in nature. PSAC 
can supplant as an inexpensive and plentiful carbon source, 
which will diminish the cost related with overwhelming 
naphthalene adsorption. 
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