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Abstract
Polycyclic aromatic hydrocarbons (PAHs) are hazardous organic micropollutants that are ubiquitous as well as recalcitrant to 
degradation. They are generally found in wastewater bodies with proximity to gas production, oil exploration, and other pro-
cessing industries. Therefore, their clean-up and removal techniques are of high importance. In this work, a novel adsorbent 
was developed by modification of palm date seed-derived activated carbon (AC) with acrylic acid-co-crotonic acid polymer. 
The effectiveness of the produced polymer-modified AC (PM-AC) in the simultaneous aquatic removal of naphthalene and 
fluorene was studied systematically. The physicochemical characteristics of the developed PM-AC adsorbent were assessed 
by FTIR, SEM, and EDX. The equilibrium data are well in agreement with the Langmuir isotherm model and the adsorp-
tion capacity of the PM-AC was determined as 2.76 mg g−1 by considering this model. The adsorption mechanism of both 
PAHs onto the PM-AC adsorbent was well described by the pseudo-second-order kinetic model. The thermodynamic ΔG 
parameter showed the increased spontaneity of the PAHs adsorption with raising the temperature as the ΔH value confirmed 
the endothermic nature of the adsorption process. The π–π interactions were the key mechanisms of PAHs adsorption onto 
the prepared adsorbent. The PM-AC also demonstrated good adsorption performance in the case of a model wastewater 
sample containing some toxic heavy metals. The obtained findings revealed that the prepared PM-AC composite could be a 
promising adsorbent for developing cost-effective filters for the removal of PAHs from urban wastewaters. The PAHs levels 
were determined by using gas chromatography tandem mass spectrometry (GC–MS/MS). Recovery values were found nearly 
quantitative (≥ 95%). 

Keywords  Polymer · Carbon · Polyaromatic hydrocarbons · Naphthalene · Fluorene · Water treatment · Adsorption · 
Removal

1  Introduction

Wastewater treatment procedures are very important for 
reducing environmental pollution in urban and industrial 
areas. Polycyclic aromatic hydrocarbons (PAHs) are impor-
tant organic pollutants which are containing two or more 
aromatic rings [1]. PAHs are mutagenic, toxic, and carcino-
genic and listed as priority pollutants by the US-EPA and 
the EU [2]. PAHs are sourced from fossil fuels, petroleum, 
and industrial spills, and they are released into the atmos-
phere, environment, and water [3]. The carcinogenicity of 
PAHs is related to their molecular weight. PAHs cause an 
increased risk in various organs. They are also suppressing 
the immune system and are suspected of being endocrine 
disrupters [4]. Environmental Protection Agency (EPA) has 
defined approximately sixteen PAHs compounds as the most 
priority pollutants [5, 6].
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Several methods have been used for the treatment of 
PAHs from contaminated water and soil samples. The 
main treatment methods for PAHs polluted water, soil, and 
sediments are physical, chemical, thermal, biological, and 
phytoremediation process such as thermal desorption, ion 
exchange, photolysis, oxidation, electrolysis, chemical pre-
cipitation, adsorption, and phytoextraction [7–11]. Conven-
tional water treatment techniques such as filtration and sedi-
mentation are based on the assumption that several organic 
contaminants are easily untaken by attaching to particulates. 
Nevertheless, there are some reports on significant portions 
of organic contaminants such as PAHs to reside in the dis-
solved and colloidal phases in wastewater [12, 13].

Adsorption procedure is a promising technology for the 
removal of pollutants due to its simplicity, high efficacy, 
and accessibility to several sorbents. Carbon-based sorb-
ents including carbon nanotubes, fullerenes, graphene, and 
activated carbon have been reported to display good per-
formance in removing pollutants from water [14]. Adsorp-
tion and desorption mechanisms of PAHs are important 
for their transport from aquatic environments. Adsorption 
mechanisms of PAHs may be π-π interaction, electron 
donor–acceptor interaction, and hydrogen bond formation 
on various adsorbents [15]. The adsorption process has some 
advantages such as simple operation, low cost, high effi-
ciency, and easy to find various synthetic and natural adsor-
bents [16]. Several adsorbents such as detritus of green tide 
algae [17], marine algae [18], porous carbon obtained from 
petroleum coke [15], and activated carbon produced from 
palm shell [19] have been used in the removal of PAHs from 
waters. These adsorbents are not useful for adsorption and 
removal of PAHs because of their low adsorption capacity.

The high manufacturing cost makes sorbents less eco-
nomically feasible to be used in wastewater purification. The 
use of cheap biosorbents attained from natural wastes such 
as agricultural for water purification can protect the environ-
ment by both removing the pollutants from water and reduc-
ing solid waste disposal [7]. Biochars, carbon-rich porous 
materials resulting from the agricultural-wastes pyrolysis, 
have been reported for the sorption of PAHs from water [20]. 
Magnetic biochar has been reported to enhance biochar’s 
adsorption efficacy toward removal of PAHs, naphthalene or 
phosphate, in a single phase removal process [21]. Byprod-
uct coconut coir fiber (attained from the outer husk of a 
coconut) is a lignocellulosic biomass that consists of around 
40% cellulose, 30% lignin, and 16% hemicellulose. Inter-
estingly, cellulose comprises phenolic and carboxylic acids 
having functional groups that are accountable for the adsorp-
tion of polar pollutants, whereas lignin aromatic rings are 
accountable for the adsorption of organic contaminants [22, 
23]. Nevertheless, some carbon-based materials with irre-
versible adsorption characteristics may result in poor regen-
eration. Hence, hybrid materials consisting of for example 

polymer and carbon could be a promising alternative. Poly-
meric materials have been lately getting importance due to 
their unique characteristics and enhanced surface properties 
enabling efficient adsorption and reusability [24]. The pro-
duction of palm dates is an important agricultural activity 
in the arid regions of East and North Asia [25]. They can 
also be found in southern Europe, Asia, the African conti-
nent, Australia, South America, and the USA, especially in 
southern California, Texas, and Arizona [26]. Palm dates 
are used both in the food sector for humans and animals and 
in the construction sector including textiles [27]. Removal 
of organic pollutants including nitrophenols, chlorophe-
nol, bisphenol, and monocrotophos has been performed by 
using activated carbon derived from palm shells [28]. Green 
synthesis of zinc oxide nanoparticles from palm dates was 
used for dye degradation and antibacterial performance in 
wastewater treatment [29]. According to our literature sur-
vey, there is no study about simultaneous removal of pol-
yaromatic hydrocarbons from wastewaters by using polymer 
modified carbon derived from palm date seeds powder. In 
industry, where such pollutants are every day produced, it is 
highly required to remove them from wastewater before dis-
card the water into environment or before the possible reuse.

Recently, further efforts have been drifting toward green 
chemistry where the emphasis is on zero waste as a tool 
to manage waste materials. Thus, agricultural waste, date 
seed-based activated carbon, is of high interest to be used 
for adsorption of organic pollutants, such as PAHs, from 
contaminated water. Within this framework, the activated 
carbon derived from the date seed was produced and then 
modified with poly (acrylic acid-co-crotonic acid) copoly-
mer. The π–π interactions and carboxyl groups of the copoly-
mer grafted to the surface of AC played an important role 
in significantly increasing the simultaneous adsorption of 
the naphthalene and fluorene as PAH model compounds in 
aqueous media.

The aim of this study was to preparation a new and novel 
adsorbent which has effective and high adsorption capac-
ity for removal of PAHs. So, polymer-modified AC (PM-
AC) was prepared and effectively used for simultaneous 
adsorption and removal of PAHs from wastewaters by using 
GC–MS/MS.

2 � Experimental

2.1 � Materials

Nitric acid, acrylic acid, crotonic acid, tetrahydrofuran 
(THF), azobisisobutyronitrile (AIBN), hexane (≥ 97% 
GC grade), dichloromethane (DCM), naphthalene (Naph), 
and fluorene (Fl) with the purity of 99% were from Sigma 
Aldrich US. The stock concentrations of 1000 µg L−1 PAHs 
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were prepared by DCM. The stock solution was used to pre-
pare working concentration daily by diluting it in an appro-
priate amount of hexane.

2.2 � Synthesis

The carbon derived from the palm date seeds (which is avail-
able in several countries) were oven-dried then ball milled 
into powder. The obtained powder was heated in a closed 
horizontal furnace under the flow of N2, 200 mL min−1) 
to create an inert atmosphere. After cooling, the obtained 
carbon was treated with zinc acetate (i.e., ratio 2:1), which 
is comparatively less harsh, a weak Lewis acid. Six grams 
of date seed powder was mixed with 3 g of zinc salt. The 
system was kept under stirring for 4 h in order to ensure 
homogeneity. The obtained activated carbon (AC) was col-
lected dried and then further activated with nitric acid, 1 M, 
for 1 h. It was then washed until neutral pH and then dried 
in a vacuum oven. The obtained carbon was then modified 
with polymer as per the following steps.

About 6 g crotonic acid and 6 g acrylic acid were mixed 
with 70 mL distilled toluene in a flask with mechanical agi-
tation under the flow of nitrogen at 100 mL/min flow rate. 
Then, the system was heated to 75 °C for 15 min. After that, 
0.05 g AIBN as an initiator was introduced under nitrogen 
[30]. After 4 h, 3 g of the obtained AC was introduced onto 
the obtained polymer [31] with mechanical agitation for 
4 h. The formed material was then separated by magnetic 
fields and clearly washed 3 times using 200 mL anhydrous 
ethanol. After that, it was dried under vacuum at 70 °C. The 
synthesized poly (acrylic acid-co-crotonic acid) copolymer 
modified AC was abbreviated as PM-AC (Scheme 1).

2.3 � Instrumentations

The structures of the developed adsorbent were character-
ized by FTIR Spectrometer (a Thermo Scientific Nicolet 
6700 model). The microstructure of the composite was stud-
ied using scanning electron microscopy, SEM/EDX (JSM-
6610LV Scanning Electron Microscope from JEOL) coupled 
with energy dispersive X-ray (EDX).

The GC–MS/MS (GCMS TQ 8030 Shimadzu) was uti-
lized for the PAHs analysis. The Rxi-1 ms column (Restek 

USA) has an internal diameter 30 mm × 0.25 mm and a film 
thickness of 0.25-µm film thickness. The injection tempera-
ture was 300 °C, and the flow rate of helium as carrier gas 
(99%) was set to 1.0 mL.min−1. The splitless mode with a 
volume injection of 1.0 µL was used. The oven temperature 
was programmed as listed. It was ramped from 40 to 250 °C 
at a rate of 10 °C/min without any hold, then another ramp-
ing from 250 to 300 °C at a rate of 5 °C min−1 and holding 
for 5 min. The gas flow rate was set at 1.5 mL min−1, and 
the temperature of the detector was 230 °C. The detection 
limit of PAH analysis method is about 1 μg L−1, while the 
limit of quantification is 10 μg L−1 with ≈ 97% recovery. 
Inductively coupled plasma optic emission spectrometry 
(ICP-OES) (PlasmaQuant® PQ 9000) was used for the 
determination of metal ions. The recovery measurement 
was determined through comparing samples spiked before 
and after extraction.

2.4 � Batch adsorption experiments

In order to evaluate the adsorption efficiency of the prepared 
adsorbent, experiments were conducted to obtain informa-
tion on the rate of naphthalene and fluorene adsorption. The 
effect of several parameters was optimized as well including 
the adsorbent dosage (range between 0.01 and 0.6 g, initial 
concentration (range between 0.1 and 120 µg/L), contact 
time (from 0 to 60 min), and temperature (range between 
298 and 3628). For the temperature effect, the batch adsorp-
tion experiments were carried out at various temperatures of 
298, 308, and 318, as well as 328 K. The percentage removal 
was calculated by Eq. 1, and the capacity of adsorption was 
calculated by Eq. 2:

where Co (mg L−1) and Cexp (mg L−1) refer to initial con-
centrations of the PAHs (naphthalene and fluorene) before 
and after the removal. M in g is the mass of the adsorbent 

(1)Eliminationefficiency(%) =
(Co − Cexp)

Co

100

(2)qe =
(Co − Cexp)

M
V

Scheme 1   Illustration of the synthesis procedure used for the production of the PM-AC
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and V in L is the volume of the PAHs solutions. The inter-
nal standard (Otho-Terphenyl) was introduced to the aliquot. 
The remnant PAHs together with the internal standard were 
extracted by the method of liquid–liquid extraction. The 
GC–MS/MS was utilized for the determination of PAHs.

2.5 � Isotherm modeling of adsorption data

The Langmuir isotherm theorizes that the adsorption process 
of the pollutants is carried out by specific homogeneous sites 
with equal energy on the surface of the adsorbent. Thus, the 
adsorptive sites were covered as homogenous monolayer by 
pollutant species [32, 33]. This model is given in non-linear 
equation form, respectively [34]:

where qe are the total adsorbed quantity of two PAH species 
per unit mass of the PM-AC adsorbent (mg g−1) as Ce is the 
total PAH concentration (mg L−1) at equilibrium conditions. 
qmax is the monolayer adsorption capacity of the adsorbent 
(mg g−1), and KL (L mg−1) is an adsorption energy-associ-
ated constant.

The Freundlich model is based on heterogeneous mul-
tilayer adsorption by adsorptive sites with non-unequal 
energy. The isotherm model is expressed in non-linear form 
as [34]:

where Kf (L.g−1) and n are model constants that are related 
to saturation capacity and intensity of adsorption, respec-
tively. The 1/n value between 0.1 and 1.0 specifies favorable 
adsorption [35].

2.6 � Modeling of kinetic data

In this framework, the most widely used kinetic models, 
pseudo-first-order (PFO) and pseudo-second-order (PSO), 
were adopted for the experimental data. These model equa-
tions are given as following [4, 36, 37]:

where qe and qt are the total amount of PAHs on the surface 
of PM-AC adsorbent at equilibrium time and any t time, 
respectively. k1 and k2 are the PFO rate constant and PSO 
rate constant, respectively.

(3)qe =
qmKLCe

1 + KLCe

(4)qe = KfC
1∕n
e

(5)ln
(

qe − qt
)

= lnqe − k
1
t

(6)
t

qt
=

1

k
2
q2
e

+
t

qe

3 � Results and discussion

3.1 � Characterization

The SEM images (Fig.  1a–f) reveal the morphology of 
the obtained carbon from dates and the polymer-modified 
carbon PM-AC. SEM images of the AC (Fig. 1a–c) reveal 
slides shape with grooves surfaces. The SEM images of and 
the PM-AC reveal some small branches grafted on carbon, 
and the surface is smoother and a uniform shape. The EDX 
elemental analysis indicates the presence of the elements 
forming the AC (Fig. 2a) and the PM-AC (Fig. 2b).

The chemical structure was evaluated by FTIR analy-
sis. Bands at around 3200 to 3400 cm−1 are assigned to the 
stretching vibrations of hydroxyl groups on the surface of 
the polymeric branches. The band at about 1650 cm−1 is 
assigned to the C = O stretching [38]. The bands between 
2840 and 2920 cm−1 can be attributed to the symmetric as 
well as asymmetric stretching vibrations of the -CH2 group 
of the polymeric branches. The bands at 1410, 1480, and 
1584 cm−1 can be attributed to the vibrations in the aromatic 
structure. In addition, the band at around 1720 cm−1 can be 
attributed to the carboxylic groups on the polymer. The pres-
ence of such functional groups in addition to the aromaticity 
of the activated carbon plays a key role in the removal of 
PAHs. This allow the adsorbent to interact with PAHs pol-
lutants via covalent and non-covalent bond formation such 
as hydrogen bonding, electrostatic forces, π-π stacking, van 
der Waals forces, and hydrophobic interactions [39].

3.2 � Optimization of PAHs removal

The effects of the batch parameters on the removal of 
PAHs using the prepared adsorbents were optimized and 
the obtained results were compared. The results depicted in 
Fig. 3 indicate that PM-AC adsorbents show better removal 
of PAHs which can be ascribed by the presence of more 
active sites on the adsorbent in addition to the carbon struc-
ture. The removal of single PAH pollutants (naphthalene 
or fluorene) was compared also with the simultaneous 
adsorption of both naphthalene and fluorene with respect 
to the change in the dosage of the AC and PM-AC adsor-
bents (Fig. 4). The results indicated that the material showed 
excellent simultaneous removal of both PAHs pollutants 
which can be attributed to the π–aromatic system interacting 
with the active sites on the adsorbent. It should be mentioned 
that the experiments were repeated three times and the aver-
age of the percentage removal was presented. The error bars 
represent the standard division of the measurements which 
indicate good repeatability of the experiments.
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Fig. 1   SEM images of (a–c) AC adsorbent (d–f) PM-AC adsorbent at different magnification scale

Fig. 2   EDX spectra of the (a) AC adsorbent (b) PM-AC adsorbent
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3.3 � Isotherm modeling results

The non-linear model curves obtained for simultaneous 
adsorption of the PAHs, naphthalene, and fluorene by 
PM-AC adsorbent are demonstrated in Fig. 5. As seen from 
the correlation coefficient value R2, 0.998, the Langmuir 
model well describes the monolayer adsorption behaviors 
of the PAHs onto all of the PM-AC adsorbents as well as sat-
isfactorily reflects the relation between the adsorption equi-
librium data (qe and Ce). Similar isotherm modeling results 
were reported for PAHs adsorption using Al-MCM-41 [32] 
and zeolite [33] from wastewaters. Moreover, the Langmuir 
monolayer adsorption capacity (qm) of PM-AC adsorbent 
was estimated as 2.76 mg g−1, respectively, for simultaneous 
adsorption of the PAHs. Additionally, the model constant KL 
was found as 8.19 × 10−3 L mg−1.

The non-linear Freundlich isotherm plots obtained for 
simultaneous adsorption of the PAHs by PM-AC are also 
demonstrated in Fig. 5. As seen from the relatively lower 
R2 value, 0.989, this model does not well designate the rela-
tion between the adsorption equilibrium data. The Kf and n 
constants were determined in the range of 48.88 L g−1 and 
0.70 for simultaneous adsorption of the PAHs by PM-AC.

3.4 � Kinetic investigation results

The PFO model kinetic modeling results obtained for total 
adsorption of two PAH species by PM-AC at 25 °C are 
shown in Fig. 6. As seen from the data, the correlation 
coefficient R2 0.863 is at a relatively low level, mean-
ing that the PFO model can be used to characterize the 
kinetic modeling of the adsorption and rate-limiting step 
of the simultaneous adsorption mechanism of the PAHs by 
PM-AC. The great inconsistency between the experimental 
qe (1.38 mg g−1) and calculated qe data (0.46 mg g−1) also 
confirms this argument.

On the other hand, the experimental adsorption data 
are evaluated by using PSO kinetic equations, and the 
obtained results are presented in Fig. 7. Based on these 
results, it can be inferred that the PSO model equation is 
well appropriate to designate the kinetic mechanism and 
determine the rate-limiting step for simultaneous adsorp-
tion of the PAHs by PM-AC at 25 °C because of relatively 
high R2, 0.992. In addition, the closeness of experimental 
and qe,exp (1.38 mg g−1) to and calculated qe (1.32 mg g−1) 
verified this inference. The PSO model was indicated as 
the best fitting for identifying the kinetic mechanism of the 
various PAH adsorption onto modified organosilica, plant 
residue-based sorbent, and clay sediment [40].

Fig. 3   Removal of the PAHs 
(naphthalene and fluorene) 
single and simultaneous adsorp-
tion over (a) AC adsorbent and 
(b) PM-AC adsorbent (experi-
ments were repeated three times 
(replicates of the same batch of 
the material)) and the standard 
deviation is presented as error 
bars

Fig. 4   Effect of adsorbent dosage on the simultaneous removal 
of PAHs onto the prepared PM-AC adsorbent (experiments were 
repeated three times (replicates of the same batch of the material)) 
and the standard deviation is presented as error bars
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3.5 � Thermodynamic investigation results

The dependency of the adsorption yield on temperature 
was investigated to characterize the thermal feasibility and 
spontaneity of both PAHs adsorption by PM-AC. With 
this framework, the crucial thermodynamic functions, 
Gibbs free energy change ΔG°, enthalpy change ΔH°, and 
entropy change ΔS° were calculated under the examined 
temperature range. ΔG° function was calculated based on 
the adsorption equilibrium constant Ke (qe/Ce):

ΔH° and ΔS° are calculated by considering the plots in 
Fig. 8 and Eq. (8):

(7)ΔG = −RTlnKe

As clearly seen from these results, the negative ΔG° 
values (− 10.25, − 10.01, 11.92, and 12.66  kJ.mol−1, 
respectively, for 298, 308, 318, and 328 K) show that ther-
mal probability and spontaneity of the PAHs adsorption by 
PM-AC are increased with temperature increase from 298 
to 328 K. Moreover, the determined ΔH° (14.0 kJ mol−1) 
approves the endothermic progressing of the simultane-
ous adsorption of the selected PAHs under the consid-
ered temperature conditions. Moreover, positive ΔS°, 
81.39 J mol−1 K−1 designates the reduced arbitrariness at 
the solid–liquid interface. The endothermic character was 
reported for the adsorption of naphthalene, acenaphthyl-
ene, and phenanthrene onto NH2-SBA-15 [41].

3.6 � Removal evaluation using wastewater sample

The efficiency of the PM-AC was evaluated in the case 
of model wastewater sample containing some toxic heavy 
metals. The PM-AC was added to the sample, and the 
water was analyzed for the concentration of metal ions 
using inductively coupled plasma (ICP). Table 1 dem-
onstrates the excellent performance of PM-AC for the 
simultaneous removal of most of the metal ions in addition 
to the excellent removal of PAHs under the same condi-
tions. Therefore, the PM-AC displayed good adsorption 
performance [42–49].  

(8)lnKe =
(

ΔS

R

)

− (
ΔH

RT
)

Fig. 5   Non-linear isotherm plots obtained for the simultaneous 
adsorption of the PAHs onto the PM-AC adsorbent at 25 °C

Fig. 6   Pseudo-first-order (PFO) model kinetic modeling results 
obtained for the simultaneous adsorption of the PAHs onto the 
PM-AC adsorbent at 25 °C

Fig. 7   Pseudo-second-order (PSO) model kinetic modeling results 
obtained for the simultaneous adsorption of the PAHs onto the 
PM-AC adsorbent at 25 °C
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4 � Conclusions

In this study, a novel adsorbent was developed by modifi-
cation of palm date seed-derived AC with acrylic acid-co-
crotonic acid polymer. The effectiveness of the produced 
PM-AC adsorbent in the simultaneous aquatic removal of 
naphthalene and fluorene as PAH model compounds was 
investigated systematically. The microstructure and chemi-
cal structure of the synthesized PM-AC were character-
ized by FTIR and SEM/EDX. The equilibrium data are 
well in agreement with the Langmuir isotherm model and 
the adsorption capacity of the PM-AC was determined as 
2.76 mg g−1 by considering this model. The kinetic evalu-
ations indicated that the simultaneous adsorption of both 
PAHs onto the PM-AC adsorbent followed well to the PSO 
kinetic model. The calculated ΔG verified the increased 
spontaneity of the PAHs adsorption with raising the tem-
perature as the ΔH value indicated the endothermic nature 
of the adsorption process. The π–π interactions were the 
foremost mechanisms for the adsorption of PAHs over the 
PM-AC adsorbent. The PM-AC showed excellent removal 
performance in the case of a model wastewater sample 
containing some toxic heavy metals. Accordingly, all of 
the results revealed that the PM-AC material is a hopeful 
adsorbent for the cost-effective adsorption of PAHs pol-
lutants from the aquatic environments.
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https://www.epa.gov/sites/production/files/2015-09/documents/priority-pollutant-list-epa.pdf
https://www.epa.gov/sites/production/files/2015-09/documents/priority-pollutant-list-epa.pdf
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