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calculation†
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and Xia Yanga

Walnut shell based activated carbon (WAC) was prepared via microwave-assisted KOH activation. The

adsorption behaviors towards naphthalene (NAP) and phenanthrene (PHE) over WAC were studied, both

in single- and binary-compound systems. Characterization results reveal the excellent microporous

structure of WAC, with a micropore specific surface area of 438.5 m2 g�1. The functional groups of

walnut shell precursor surface were activated through microwave irradiation. In both systems, the

pseudo-second-order model can better describe the adsorption kinetic data of PAHs over WAC at all

experimental conditions. Mass transfer mechanism analysis shows that film diffusion was the rate-

limiting step during the adsorption process. The adsorption amount of PAHs on WAC decreased as pH

values increased, and the equilibrium data can be fitted by the Freundlich isotherm model well. In

binary-component systems, the presence of PHE prominently restrained the adsorption towards NAP,

and the Sheindorf–Rebhun–Sheintuch (SRS) model can fully fit the adsorption equilibrium experimental

values of PAHs over WAC. In addition, the preferential adsorption behavior of PHE over WAC also was

confirmed by theoretical calculations. The p–p complex between the active sites on the WAC surface

and p-electrons of benzene rings from PAHs may play a major role in competitive adsorption. These

results indicated that WAC was a potentially low-cost adsorbent for PAH elimination.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) with several aromatic
rings ($2), commonly are derived from inadequate combustion
of raw materials in coal and petrochemical industries, auto-
motive exhaust emission and leakage of oil products. Due to
their high toxicity and stability, PAHs are conrmed to be
primary pollutants according to the US Environmental Protec-
tion Agency (EPA).1–3 Due to the low biodegradability, weak
ionization capacity, low water-solubility and vaporization pres-
sure, PAHs are exceedingly resistant to natural degradation
processes and have been present in the environment for a long
time. Furthermore, because of accumulation in living tissues,
PAHs have caused various adverse effects and disorders for
ngineering, Xi'an Polytechnic University,

ns@xpu.edu.cn; Fax: +86 02962779281;

Technology, Muyuan Foods Co. Ltd.,

ring, Shihezi University, Shihezi 832003,

tion (ESI) available. See DOI:

f Chemistry 2020
human beings,3–5 and urgently need to be removed from water
environment.

To date, many different techniques such as adsorption,
occulation, coagulation, membrane ltration, solvent extrac-
tion, and biological treatment have been employed to remove
PAHs from aqueous solution-solid systems.3–5 Among the
various treatments, adsorption based on several types of porous
materials, such as activated carbon (AC), activated alumina, ion
exchange media, and iron-based media, has been regarded as
a promising green technology due to its simple operation,
remarkable economic applicability, low-energy demand, and
environmental friendliness.6–8 Actually, the types of adsorbent
are vital for the adsorption performances towards specic
contaminants. Generally, AC is considered to be a good adsor-
bent owing to the developed porosity, large surface area and
high adsorption capacity.7–9 Recently, due to the low-cost and
wide availability, a wide variety of biomass resources have been
deployed as precursors to achieve target AC materials.9–11 As
reported, Cabal et al.12 prepared AC from bean pods to remove
naphthalene (NAP) from solution via physical adsorption. In
addition, waste banana peel was adopted by Gupta et al.13 to
synthesize AC as an efficient and inexpensive adsorbent to
eliminate PAHs from aqueous system.
RSC Adv., 2020, 10, 10703–10714 | 10703
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Walnut shell (WNS), one of the most common agricultural
by-product, has a huge quantity in China every year.14 As
a natural raw material, which is mainly composed of lignin and
polysaccharides (such as hemicellulose and cellulose), it has
been widely studied. Zheng et al.15 prepared high-performance
AC derived from WNS by heating precursors in a tube furnace
to remove phenanthrene (PHE) from water. Another WNS-based
AC with high specic surface area was reported by Teixeira
et al.16 and was synthesized by the method of conventional
heating through a vertical furnace. Compared with traditional
heating methods, microwave heating can directly provide
energy to carbon skeleton at molecular level and save energy by
reducing the reaction time.17,18 As Ao et al. pointed out, micro-
wave heating could avoid the disadvantageous factors of tradi-
tional heating methods i.e. the outside to inside-heat transfer
mode, which will lead to the inhomogeneous heat of WNS
materials and further hinder the diffusion of volatile substances
and leave ash in the pore, reduce the carbon production and
give poor performance of activated carbon.19 Therefore, as an
energy-efficient process, microwave-assisted irradiation is
undoubtedly an alternative and novel heating method to
convert biomass into AC. However, few researchers have
focused on the preparation of the WNS-based AC (WAC)
through microwave-assisted irradiation and their application in
eliminating PAHs from aqueous solution.

Actually, many researchers mainly focus on the removal of
single-component PAHs from water.1,4,13 However, usually
actual wastewater is comprised of more than one pollutant, and
the adsorption behavior characteristics of mixed pollutants over
adsorbent will be different from the single-component system.
Thus, a study on the adsorption behavior of mixed-contaminant
systems is signicance and more interesting. Similarly, Hami-
douche et al.20 investigated the simultaneous adsorption of 2-
nitrophenol and 4-nitrophenol over AC-based composite mate-
rials and conrmed the synergistic effect of these two nitro-
phenol compounds during the adsorption process. Ahn et al.21

reported the selective adsorption of PHE in nonionic-anionic
surfactant mixtures over AC and found that the selectivity for
PHE adsorption is affected by the ratio of PHE to the surfactant.
Zhou et al.22 studied the selective removal of PAHs from
surfactant solutions over organo-bentonite and revealed that
the selectivity towards PAHs would be enhanced as increasing
the hydrophobicity of PAHs.

However, to the best of our knowledge, the adsorption of
binary-component PAHs from aqueous solution by ACs has
Table 1 The selected physicochemical properties of NAP and PHE.18

PAHs Structure Formula
Molecular weight
(g mol�1) M

Naphthalene C10H8 128.17 0

Phenanthrene C14H10 178.22 1

10704 | RSC Adv., 2020, 10, 10703–10714
been scarcely reported and the adsorption mechanisms have
not been clearly demonstrated yet.

Herein, we evaluate the feasibility of PAHs removal by WAC
which was prepared through microwave-assisted irradiation.
The structure of WAC was characterized by Brunauer–Emmett–
Teller (BET) analysis, Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and point of zero
charge (pHPZC). The adsorption behaviors towards NAP and
PHE in single- and binary-component systems were investi-
gated. How the surface physicochemical properties of WAC
affect the adsorption capabilities towards PAHs would be
revealed. Moreover, the difference of adsorption capacities
towards single-component solutions and mixtures was also
investigated in equilibrium tests. Furthermore, the
simultaneous/competitive adsorption mechanisms of NAP and
PHE in mixtures at different mass concentration ratios (r ¼
[NAP/PHE]) were further explained by simulation calculation.

2. Materials and methods
2.1. Preparation of WAC via microwave-assisted irradiation

The WNS was purchased from the local market (Shihezi, China).
WAC was successfully prepared from WNS by adding KOH via
microwave irradiation. The specic preparation conditions are as
follows. KOH and raw material was premixed in 2 : 1 (W/W), the
compound was calcinated under 900 W for 10 min in a modied
microwave oven (MM823LA6-NS, Midea, China) in N2 atmo-
sphere. Aerwards, the resultant product was washed to neutral
and dried for the subsequent batch adsorption experiments.

2.2. Characterization of WAC

The pore structure characteristics of WAC were quantied by
the analysis of nitrogen adsorption–desorption curve at�196 �C
using a pore size and surface area analyzer (Micromeritics,
Model ASAP 2020, USA). The surface morphology and structure
was determined by JEOUL JSM-6490LV typed SEM, with a high
accelerating voltage (15 kV). FTIR analysis of WAC was per-
formed in the infrared domain range of 400–4000 cm�1 from
KBr pellets (10% solid) with a Bruker Tensor 27 spectrometer to
verify surface functional groups. The pHPZC on the WAC surface
was measured by the method of solid addition.9

2.3. Adsorption experiments

2.3.1. Adsorption kinetics of NAP and PHE on WAC. The
adsorption kinetics of WAC towards NAP and PHE was
olecular dimension (nm � nm � nm)
Water solubility
(ng g�1) log Kow

.91 � 0.73 � 0.38 30 800 3.30

.17 � 0.80 � 0.34 1283 4.57

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The pore size distribution and nitrogen adsorption–desorption
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investigated in both single- and binary-component systems. The
molecular structures and properties of these compounds are
summarized in Table 1. Stock solutions of NAP and PHE
(50 mg L�1) were prepared in 30% ethanol aqueous solution
using ultrasound for 10 min at room temperature (25 � 2 �C).
The adsorption kinetics in single system was performed by
batch experiments. A 100 mL of solution containing NAP
(10 mg L�1) or PHE (10 mg L�1) were set pH as 7 and put in
a 250 mL conical ask with stopper on a water-bathing vibrator
at room temperature, and then was mixed with 0.0150 g
adsorbents with immediately stirring at 170 rpm. It was start to
record time now. The 20 mL solution samples were taken out by
a syringe regularly aer from 30 s to 160 min and ltered
immediately with the membrane (0.45 mm). The concentrations
of NAP and PHE of the ltrate were determined by UV-752N
spectrophotometer at the maximum absorption wavelengths
(219 nm for NAP and 249 nm for PHE) and the same procedure
was used in binary components. The adsorption experiments
were duplicated, and the average values were calculated.

The adsorption capacities of NAP and PHE at any time t are
expressed as Qt (mg g�1), which was calculated by the eqn (1):

Qt ¼ ðC0 � CtÞV
w

(1)

where, C0 (mg L�1) and Ct (mg L�1) are the initial concentration
and the concentration of PAHs at time t, respectively. V (L) is the
solution volume and w (g) is the mass of the WAC.

2.3.2. Adsorption isotherms of NAP or PHE in single-
component systems. The adsorption isotherm were carried
out by changing the mass of WAC (5–100 mg) in contaminant
solutions at different pH (3, 7, and 9) and mixed NAP
(10 mg L�1) or PHE (10 mg L�1) into 100 mL of solution in
conical asks. Then, the mixture was placed on a water-bathing
constant temperature shaker at 170 rpm for 40 min. The system
was maintained at room temperature (25 � 2 �C) under shaker
conditions until the adsorption reached equilibrium. The pH of
PAHs solution was adjusted with 0.1 M HCl and/or NaOH and
then was determined with pH meter. The residual NAP/PHE
concentrations in the solution were determined according to
the method in 2.3.1.

2.3.3. Adsorption isotherms of NAP or PHE in binary-
component systems. With aims to clarify the mutual inuence
between the two tested solutes, the experiments were performed
at different concentration ratios of PAHs (r ¼ [NAP/PHE] ¼
1 : 0.5, 1 : 1 and 1 : 2) in aqueous solution with different pH;
and the initial NAP concentration in the binary-component
systems was set as 10 mg L�1. The isotherms experiments
were performed by shaking different amounts of adsorbent in
the range of 5 to 100 mg. The supernatant from the mixture was
obtained by ltration under the same conditions discussed
above. A correction was applied for the spectrophotometric
determination of residual concentrations in mixture systems by
following equations:20,23,24

CNAP ¼ kPHE-2dlNAF
� kPHE-1dlPHE

kNAP-1kPHE-2 � kNAP-2kPHE-1

(2)
This journal is © The Royal Society of Chemistry 2020
CPHE ¼ kNAP-1dlPHE
� kNAP-2dlNAF

kNAP-1kPHE-2 � kNAP-2kPHE-1

(3)

where CNAP and CPHE (mg L�1) are the concentrations of NAP
and PHE, respectively; kNAP-1, kNAP-2, kPHE-1, and kPHE-2 represent
the calibration constants of NAP and PHE at their characteristic
adsorption wavelength (lNAP and lPHE); dlNAFand dlPHE are the
optical densities of these two wavelengths.

2.3.4. Evaluation of model practicability. To evaluate the
validity of the selected kinetic and isotherm models in the
present study, the regression of determination coefficient (R2)
and residual root-mean squared error (RMSE) were employed to
assess the adsorption data. The RMSE equation can be
expressed as follows:23

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

,
ðn� 1Þ

Xn

n¼1

�
Qt;exp;n �Qt;cal;n

�2vuut (4)

where, Qt,exp and Qt,cal (mg g�1) are the experimental adsorption
capacity and predicted adsorption capacity from the model at
time t, and n is the number of observations. The highest R2 and
the lowest RMSE values suggest a better tted model.

2.3.5. Implementation of simulation. Monte-Carlo simu-
lations were employed to explore the interaction energies of
NAP or PHE on WAC surface in several cases using the
Adsorption Locator code from the Materials Studio 7.0.25,26 And
various geometric structures of WAC and NAP or PHE (WAC-1 to
WAC-10) are simulated to obtain optimal and energy-
minimizing contact modes during the adsorption process.
3. Results and discussion
3.1. Characterization of WAC

The curves of nitrogen adsorption–desorption, variation of pore
diameter and pore volume are presented in Fig. 1. According to
the International Union of Pure and Applied Chemistry
(IUPAC), the current isotherm is classied as type I which
suggests that the adsorption process occurred on a micropore
curve of WAC.

RSC Adv., 2020, 10, 10703–10714 | 10705
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Table 2 The physical properties of prepared WAC

Properties SBET (m2 g�1) Am (m2 g�1) Ae (m
2 g�1) Vmic (cm

3 g�1) Vmes (cm
3 g�1)

Pore diameter
(nm) pHpzc

WAC 614.24 438.5 175.77 0.18 0.21 0.889 6.78
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View Article Online
(<2 nm) material. In addition, a marked hysteresis loop was
observed at high relative pressures, which indicated the pres-
ence of mesoporosity. Detailed pore characteristic parameters
of WAC are listed in Table 2. The specic surface area (SBET),
micropore area (Am), external surface area (Ae), micropore
volume (Vmic), and mesopore volume (Vmes) of WAC showed
a signicant improvement, which demonstrated that micro-
wave irradiation can promote pore development and expan-
sion.11 The Am of WAC was 2.5 times of the Ae, which may
contribute to the adsorption capacity of PAHs, because the
active site of the adsorption reaction was mainly located at the
microporous area.13

The surface morphology of WAC (Fig. 2) was examined by
SEM. Indeed, the prepared WAC had a highly developed overall
pore structure and rough surface with a series of uniform
microporous perforation-like structures distributed over the
surface, which could be mainly liable for the PAHs adsorption
onto the WAC surface.

The FTIR spectrum of WAC is demonstrated in Fig. 3 to
illustrate the surface functional. A wide and strong band located
at 3432 cm�1 represent the O–H stretching vibration of alco-
hols, phenols, and carboxylic acids from the lignin and cellu-
lose. The twin peaks at 2976 cm�1 and 2876 cm�1 could be due
to the anti-symmetrical stretching vibration and symmetrical
stretching vibration of –CH3 from the extractives in WNS.10 The
peaks detected at 1629.80 cm�1 and 1400.92 cm�1 correspond
to C]O stretching and aromatic C]C bond or various substi-
tution modes of the aromatic ring.4 The peak at 1069.15 cm�1

can be ascribed to C–O stretching of alcohols.11 As well, the
band between 500 cm�1 and 600 cm�1 can be assigned to the
benzene derivatives.18 These results provided robust evidence
that functional groups can be activated under microwave
irradiation.
Fig. 2 The SEM of WAC.

10706 | RSC Adv., 2020, 10, 10703–10714
3.2. Adsorption kinetics

The kinetic data of NAP and PHE adsorption onto WAC were
described by the non-linear tting of the pseudo-rst-order,
pseudo-second-order, and Elovich kinetic models,20,27,28

respectively, which can be expressed as follows:

The pseudo-first-order model: Qt ¼ Qe(1 � exp�k1t) (5)

The pseudo-second-order model: Qt ¼ k2Qe
2t/(1 + k2Qet) (6)

h ¼ k2Qe
2 (7)

The Elovich model: Qt ¼ a + b ln t (8)

Where, Qe (mg g�1) is the adsorption capacity of PAHs on
sorbent at equilibrium (min); k1 (min�1) and k2 (g mg�1 min�1)
are the adsorption rate constants of the pseudo-rst-order and
the pseudo-second-order models; and h (mg g�1 min�1) is the
origin adsorption rate obtained from the pseudo-second-order
model.

Fig. 4a shows the adsorption kinetic curves of NAP and PHE
adsorption over WAC in single-component systems at 25 �C. It
can be easily observed that two sorption steps appeared in the
whole adsorption process. The rst stage was the rapid
adsorption of NAP and PHE over WAC in the initial 20 min, and
the second stage continued adsorption at a slower rate until
40 min of the adsorption almost reached equilibrium and
maintained a steady-state stage. This phenomenon has been
reported earlier.17,29 The calculated kinetic model parameters
are listed in Table 3, it can be seen that compared with pseudo-
rst-order and Elovich models, the pseudo-second-order model
can provide higher R2, and the calculated values of Qe (Qe,cal) are
Fig. 3 The FTIR spectra of WAC.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The kinetic curves of NAP and PHE onto WAC in single-component (a) and binary-component (b) systems. (Conditions: w ¼ 0.0150 g;
[NAP] ¼ 10 mg L�1; [PHE] ¼ 10 mg L�1; shaking speed ¼ 170 rpm.)
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closer to their experimental values (Qe,exp). Therefore, the
adsorption kinetics of single-NAP and single-PHE solute was
effectively described by the pseudo-second-order model sug-
gesting that the adsorption rate of PAHs is dependent on the
availability of the adsorption sites. And the adsorption process
may be involved in chemisorption, including valence forces
appear through electrons sharing between the hydrophobic
edge sites of WAC and PAHs.10,30 Similar results have been re-
ported that the adsorption kinetics of PAHs on various mate-
rials was consistent with the pseudo-second-order kinetic
model, such as biomass-based AC,31 natural and chemically
modied bentonite,32 and particulate organic matters.33

Fig. 4b illustrates the adsorption kinetic curves in binary-
component systems ([NAP] ¼ [PHE] ¼ 10 mg L�1). Obviously,
there was no signicant change in the adsorption amount of
PHE in single- and binary-component systems at equilibrium
Table 3 Parameters of pseudo-first-order, pseudo-second-order and E
binary component system

Systems Adsorbates C0 mg L�1 Qe,exp mg g�1

Single-component NAP 10 49.58

PHE 10 63.77

Binary-component NAP 10 39.58

PHE 10 63.37

This journal is © The Royal Society of Chemistry 2020
moment. However, the equilibrium adsorption amount of NAP
in the binary-component system signicantly reduced by
20.17% than that in the single-component system. These results
indicated that the adsorption kinetics of NAP was a competitive
process that is substantially affected by the presence of
PHE.20,23,24 Previous studies revealed that the same adsorbent
would perform a higher adsorption capacity for PHE than NAP.
Ge et al.34 found that the adsorption amount of PAHs on Fe-
modied AC followed the same order, and Xiao et al.18 re-
ported similar behavior during the adsorption of NAP, PHE, and
pyrene over AC in solution.

According to Ahn and Diao et al., the similar molecular sizes
of adsorbates or when they compete for the same adsorption
sites of adsorbates can lead to a competitive adsorption.21,26 As
shown in Table 1, PHE and NAP perform similar molecular
dimensions and both are the strong hydrophobic compounds.
lovich models for NAP and PHE adsorption onto WAC in the single and

Pseudo-rst-order Pseudo-second-order Elovich

Qe,cal ¼ 47.78 Qe,cal ¼ 49.12 a ¼ 40.07
k1 ¼ 2.361 K2 ¼ 0.0094 b ¼ 2.48
R2 ¼ 0.667 H ¼ 22.68 R2 ¼ 0.868
RMSE ¼ 2.779 R2 ¼ 0.992 RMSE ¼ 1.749

RMSE ¼ 1.414
Qe,cal ¼ 59.97 Qe,cal ¼ 62.96 a ¼ 43.64
k1 ¼ 1.432 k2 ¼ 0.0335 b ¼ 5.08
R2 ¼ 0.711 H ¼ 132.79 R2 ¼ 0.878
RMSE ¼ 5.292 R2 ¼ 0.956 RMSE ¼ 3.441

RMSE ¼ 2.669
Qe,cal ¼ 37.50 Qe,cal ¼ 39.25 a ¼ 19.36
k1 ¼ 0.3903 K2 ¼ 0.0181 b ¼ 4.86
R2 ¼ 0.650 H ¼ 27.88 R2 ¼ 0.843
RMSE ¼ 5.454 R2 ¼ 0.917 RMSE ¼ 3.905

RMSE ¼ 2.656
Qe,cal ¼ 60.00 Qe,cal ¼ 62.80 a ¼ 44.13
k1 ¼ 1.486 k2 ¼ 0.0358 b ¼ 4.93
R2 ¼ 0.773 h ¼ 141.89 R2 ¼ 0.867
RMSE ¼ 4.575 R2 ¼ 0.944 RMSE ¼ 3.495

RMSE ¼ 2.271

RSC Adv., 2020, 10, 10703–10714 | 10707
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Table 4 Single isotherm parameters evaluated by the different models for the sorption of NAP and PHE on WAC at different pH values

Isotherms Parameters

NAP PHE

pH ¼ 3 pH ¼ 7 pH ¼ 9 pH ¼ 3 pH ¼ 7 pH ¼ 9

Langmuir KL (L mg�1) 0.52 0.24 0.34 7.36 2.56 4.94
Qmax (mg g�1) 118.18 110.28 74.55 149.62 117.37 92.03
R2 0.983 0.995 0.972 0.960 0.955 0.939
RMSE 3.34 3.17 2.62 9.29 11.13 7.33

Freundlich KF 33.27 22.86 18.78 105.81 65.98 59.86
n 1.79 1.58 1.84 3.10 2.83 3.34
R2 0.984 0.998 0.992 0.979 0.967 0.964
RMSE 3.34 1.44 1.32 6.72 6.24 5.67

Tempkin B 22.17 23.11 16.26 18.81 12.58 10.97
A (L mg�1) 6.66 3.15 3.47 399.37 260.04 362.44
R2 0.983 0.989 0.995 0.910 0.718 0.821
RMSE 3.44 3.17 1.12 13.86 18.85 12.59
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Therefore, the differences adsorption behavior in single- and
binary- component systems can be interpreted as follow. On the
one hand, the pores of WAC in this study were predominately
micropores (0.889 nm), and the dimensions of NAP and PHE
were 0.73 and 0.80 nm, respectively. The size of WAC was
compatible to PHE, hence the adsorption ability towards PHE
by WAC is stronger than NAP and more difficult to desorb.
While the micropore characteristic of WAC usually act as
a channel for NAP to diffuse into the appropriate pore, but in
fact there is few such pores. Therefore, WAC showed a certain
degree of molecular sieving behavior toward PAHs.2,9,31,35 On the
other hand, PHE had more excellent hydrophobicity and more
benzene rings than NAP, and WAC also has good hydropho-
bicity. Hence, this is indicating that PHE has signicantly
higher adsorptive affinity with hydrophobic groups on the
surface of WAC surface, as well as more intense p–p interaction
between p-electrons of PHE and benzene rings of WAC
surface.18,34,35 In summary, the inherent physicochemical
advantages between PHE and WAC endow it with more
competitive regardless of the type of adsorption system. So,
since WAC preferential adsorption towards to PHE, this can
explained that the adsorptive difference of the two PAHs in
combination with Qe and Qcal values, of which PHE did not
signicantly change, while NAP declined in both
components.18,20,23

Moreover, the higher values of R2 and RMSE indicated that
the adsorption kinetics process of PHE and NAP over WAC in
binary-component system also tted the pseudo-second-order
model. The values of k2 and h for PHE were much higher than
that of NAP both in the single- and binary-component systems
(Table 3), which proves that the adsorption capability of WAC
towards PHE is superior to NAP. As well, compared with single
component system, the value of k2 for PHE almost no changed
in the binary-component systems, while it for NAP had an
obvious increase by 48.07%, this phenomenon further conrms
the above conclusion. In addition, the values of h for NAP and
PHE were also increased in the binary-component system than
that in the single-component system. This interesting nding
may be explained by the following discussion. Due to the
10708 | RSC Adv., 2020, 10, 10703–10714
limited active site on the WAC surface and direct completion
that occurs at the same adsorption sites, the active sites would
be preferentially occupied by more affinity contaminants
(PHE),9,11,23 whether in single-component or binary-component
system, which led to a slight change in the adsorption rate of
PHE. The remaining fewer adsorption sites did not carry out the
adsorption interaction easily because on one hand, the
adsorption in the PHE was not fully utilized; on the other hand,
the adsorption of NAP was not carried out during the prefer-
ential adsorption of PHE. The adsorption rate of NAP in unit
activity site was signicantly improved, due to its high existing
concentration in the solution which provided a larger driving
force. These ndings also proved that the adsorption of NAP
and PHE may be involved in competition effects in the binary-
component systems.20 These results were different than
Yuan's observations, which reported the sorption of ve kinds
of PAHs (NAP, PHE, uorene, pyrene, and uoranthene) using
petroleum-coke porous carbon and found out that the
competitive adsorption had insignicant roles in determining
equilibrium adsorption of the mixed PAH in surfactant
solution.35
3.3. Adsorption isotherms in single-component system

The Langmuir, Freundlich, and Tempkin isothermmodels were
introduced to evaluate the equilibrium experimental data by
virtue of the method of non-linear analyses.30 The relevant
equations are as follows:

Langmuir model: Qe ¼ QmaxKLCe/(1 + KLCe) (9)

Freundlich model: Qe ¼ KFCe
1/n (10)

Tempkin model: Qe¼B ln(ACe) (11)

where Ce (mg L�1) is the equilibrium concentration towards
NAP or PHE in aqueous solution, Qmax (mg g�1) and KL (L mg�1)
are the Langmuir constants that are corresponding to
maximum adsorption capacity and adsorption rate, respec-
tively; KF (L mg�1) and 1/n are the Freundlich coefficients that
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra09447d


Fig. 5 Adsorption isotherms of NAP and PHE onWAC in single-component systems (conditions: [NAP]¼ [PHE]¼ 10 mg L�1; mass of adsorbent:
5–100 mg; contact time: 40 min; shaking rate: 170 rpm).
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correlated to the adsorption degree or strength and the distri-
bution of energy in the isotherm, respectively; A (L mg�1) is the
equilibrium binding constant of Tempkin, and B is the Temp-
kin coefficient. The adsorption isotherm data were veried by R2

and RMSE function values to determine the suitability of the
above isotherm models.

Fig. 5 shows the adsorption isotherms of WAC for NAP and
PHE under the single-component system with pH as a variable.
The overall trend demonstrated that the adsorption curves of
NAP were similar to those of PHE; the adsorption capacity of
both NAP and PHE were reduced as pH values increased, and
the Qmax of NAP (83 mg g�1) and PHE (145 mg g�1) were ob-
tained at pH ¼ 3. This phenomenon can be interpreted as: the
WAC surface was positive charge when pH < pHpzc (6.78), which
strengthens the electrostatic attractions between WAC and NAP
or PHE. While in alkaline solution (pH > pHpzc), high OH�

concentration would result in the poor positivity of WAC, and
the electrostatic attraction effect between them was weakened
subsequently.20,23 In addition, the excellent adsorption capacity
of WAC at low pH is also attributed to the strong electron–
donor–acceptor interaction between the aromatic rings of PAHs
molecule and the functional groups on the WAC surface.9,35

Previous studies also have demonstrated that acidic solution
systems can enhance the adsorption amount of NAP and
PHE.13,17
Table 5 Competition coefficients from the SRS model

pH r ¼ [NAP/PHE] aNAP/PHE
a RMSE aPHE/NAP

a RMSE

pH ¼ 3 1 : 0.5 4.13 6.31 0.24 1.59
1 : 1 1.59 5.66 0.63 3.34
1 : 2 1.42 11.73 0.70 8.17

pH ¼ 7 1 : 0.5 4.77 7.23 0.23 1.75
1 : 1 2.95 7.80 0.34 3.43
1 : 2 0.76 9.42 1.32 12.32

pH ¼ 9 1 : 0.5 5.04 8.91 0.20 1.94
1 : 1 3.39 9.32 0.29 3.15
1 : 2 1.34 12.20 0.75 9.02

a The competition coefficients: aNAP/PHE � aPHE/NAP ¼ 1.

This journal is © The Royal Society of Chemistry 2020
The isotherm parameters obtained in NAP and PHE
adsorption over WAC at different pH in single-component
system for the three models are exhibited in Table 4. The
Qmax from the Langmuir isotherm model decreased when pH
values increased from 3 to 9. This observation could be eluci-
dated by this explanation that the solubility of PAHs also esca-
lated with the increasing pH, which caused a stronger
interaction of solute–solvent than that of solute-adsorbent.
Furthermore, the mass transfer of NAP or PHE onto the WAC
became more difficult. Compared with Tempkin and Langmuir
models, the Freundlich model performed higher R2 values and
the lower RMSE values, which indicate that the Freundlich
model are more suitable to describe the adsorption isotherm at
the pH 3–9, and multi-layer adsorption possibly occurred
between the PAHs molecules and WAC surface. These results
demonstrated that the WAC surface may be uniformly distrib-
uted in heterogeneous moieties. The high n values (n > 1) from
Freundlich model suggested that the NAP or PHE adsorption
over WAC was favorable in the single-component system due to
the formation of chemical bond between active site of the
adsorbent surface and the PAHs molecules.11,20 The values of KF

for NAP and PHE increased by 77.16% and 76.76%, respectively,
as the solution pH decreased from 9 to 3, which means that the
adsorption was enhanced at low pH.32 Meanwhile, the KF of PHE
was always greater than that of NAP, indicating that the
adsorption capacity of NAP over WAC was less than that of PHE,
and this nding was consistent with the observations of the
adsorption kinetics. A number of studies also demonstrated
that the adsorption process of PAHs on various adsorbents were
a better t on Freundlich model compared with other isotherm
models, such as petroleum coke-derived porous carbon,35 bean
pods-based AC,12 hexadecyltrimethylammonium bromide-
modied bric peat,36 and fatty acid-modied WNS.4
3.4. Adsorption isotherms in binary-component systems

Adsorption experiments on binary-component systems were
performed by changing the value of r at different pH (3, 7, and
9). To reveal the effect of r on the adsorption of PAHs in binary-
component system, the competition coefficients of NAP versus
PHE (aNAP/PHE) and PHE versus NAP (aPHE/NAP) were introduced
RSC Adv., 2020, 10, 10703–10714 | 10709
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Fig. 6 Adsorption of NAP in the presence of PHE at different pH. (a) pH 3, (b) pH 7 and (c) pH 9, and at different ratios r¼ [NAP/PHE] (r¼ 2, 1 and
0.5).
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from an extended Freundlich model established by Sheindorf–
Rebhun–Sheintuch (SRS).23 They can be dened as follows:

Qe,NAP ¼ KNAPCe,NAP(Ce,NAP � aNAP/PHECe,PHE)
nNAF-1 (12)

Qe,PHE ¼ KPHECe,PHE(Ce,PHE � aPHE/NAPCe,NAP)
nPHE-1 (13)

where Qe,NAP, Ce,NAP, Qe,PHE, and Ce,PHE are the adsorption
capacity and concentration of NAP and PHE at equilibrium,
respectively; KNAP, KPHE, nNAP, and nPHE are the Freundlich
constants obtained from the single-system isotherms. The eqn
(12) and (13) were based on the premise that each component
complies with the Freundlich model in the single system and
this evidence is conrmed in Table 4.

The calculated parametric values of aNAP/PHE and aPHE/NAP at
different r are summarized in Table 5. It can be found that the
aNAP/PHE and r exhibit a positive correlation at all pH values in
the test condition, while aPHE/NAP show a opposite trend at the
same r. These ndings may be attributed to the relative content
of PHE in aqueous solution increased with the reduction of r. As
well, NAP has more surrounding PHE, thus more effective
collision would occur between PHE and a certain limited active
adsorption site onWAC surface. It can also be seen that the NAP
adsorption decreased as the value of r was lowered (Fig. 5), this
may be owing to there are few remaining bare adsorption sites
on WAC that are not occupied by PHE. In addition, the
adsorption of PHE over WAC was higher than that of NAP at
Fig. 7 Adsorption of PHE in the presence of NAP at different pH: (a) pH 3
0.5).

10710 | RSC Adv., 2020, 10, 10703–10714
acidic solution (pH ¼ 3) (Fig. 6 and 7). These results were
consistent with the single-component isotherm-adsorption
experiment.20,23,24
3.5. Preferential adsorption of NAP and PHE by WAC and its
theoretical calculations

To compare with the single-component system and to further
explore the competitive adsorption behavior of the active sites
in binary-component system, the separation factor (aB

A) was
introduced to analyze the preferential adsorption between NAP
and PHE,37 which can be described as:

aB
A ¼ Qe,ACe,B/(Qe,BCe,A) (14)

The parameters of the formula were obtained from equilib-
rium sorption data according to the adsorption isotherms in
binary-component system studies. If the separation factor aB

A is
greater than unity, it means that A is the preferred adsorption;
otherwise, B is preferentially adsorbed. The separation factor in
the present case can be dened as:

aPHE
NAP ¼ Qe,PHECe,NAP/(Qe,NAPCe,PHE)(PHE–NAP) (15)

aNAP
PHE ¼ Qe,NAPCe,PHE/(Qe,PHECe,NAP)(NAP–PHE) (16)

Fig. 8 exhibits the variation of the separation factors of two
substances in solutions with different pH values, where the
, (b) pH 7 and (c) pH 9, and at different ratios r¼ [NAP/PHE] (r¼ 2, 1 and

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 The separation factors in the different proportions of components at different pH, (a) pH 3, (b) pH 7 and (c) pH 9.
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separation factors are not shown as the r was 1 : 2, because it
was much larger than 1. Obviously, the values of separation
factor for PHE-NAP were greater than unity in all cases, which
indicates that PHE had greater affinity with WAC surface than
NAP. In addition, the separation factors of NAP-PHE were
smaller than unity in all cases, which demonstrates that PHE
was preferentially adsorbed compared to NAP. This result was
also consistent with the conclusion of the binary-component
systems adsorption kinetics. Furthermore, the physicochem-
ical properties of WAC and PAHs signicantly affected the
adsorption performance. Since PHE had a higher octanol–water
partition coefficient (log Kow) compared with NAP (Table 1),
a high affinity between PHE and WAC surface was conrmed. It
has been reported that the pollutants with higher values of
log Kow would present a powerful trend of adsorption over AC.38

Meanwhile, compared with PHE, NAP performed higher water
solubility, lower molecular weight and octanol–water partition
coefficient, indicating that NAP had relatively high polarity.
Moreover, the surface of AC was considered to be non-polar
which contributes to the adsorption of non-polar substances
rather than polar substances, resulting in a lower adsorption of
NAP. Moreover, the pore size distribution of WAC and the size
of the contaminants were also crucial factors that affected the
adsorption process.21 The importance of adsorbing target
compound from water through the microporous region of WAC
had been discussed in the characterization and the batch
adsorption experiment section.
3.6. Monte-Carlo simulations

With the aim to further prove the existence of the preferential
adsorption behavior of WAC towards NAP and PHE, Monte-
Carlo simulations were employed to explore the interaction of
NAP or PHE on WAC using the Adsorption Locator code form
the Materials Studio 7.0.25,26 Many possible adsorption patterns
Table 6 The adsorption energy (Ead) of NAP-WAC and PHE-WAC from

Ead WAC-1 WAC-2 WAC-3 WAC-4 WA

NAP-WAC 41.854 41.856 41.859 41.846 41.8
PHE-WAC 83.847 83.854 83.849 83.881 83.8

This journal is © The Royal Society of Chemistry 2020
of NAP or PHE molecule adsorbing on the surface of WAC were
discovered (Fig. S1 and S2†). The optimized complexes of NAP-
and PHE-WAC are depicted in Fig. S3,† respectively, where the
PHE formed bonds of 2.392�A, 2.622�A, or 5.432�A with the atoms
on the surface of WAC, and another PHE molecule was
combined with WAC at a suitable distance. The adsorption
energy (Ead)38 was calculated as Ead ¼ Eadsorbate + Ecluster �
Esystem, and the results are listed in Table 6. Consequently, PHE-
WAC performed a higher calculated value of Ead (83.881 a.u.)
than that of NAP-WAC (41.859 a.u), indicating that the combi-
nation of PHE-WAC was stronger than NAP-WAC and therefore
exhibited a higher preferential adsorption.39 Thus, the results of
the preferential adsorption obtained from the experiment (PHE
> NAP) was convincing.

3.7. Adsorption mechanisms

To investigate the necessity of diffusion and mass transfer steps
in the adsorption process, intraparticle diffusion and lm
diffusion models were performed,35 which can be expressed as:

Intraparticle diffusion model: Qt¼Kidt
0.5 + C (17)

Film diffusion model: �ln(1 � Qt/Qe) ¼ Kfdt (18)

Where, Kid and Kfd (mg g�1 min�0.5) are the intraparticle
diffusion and liquid lm diffusion rate constants, respectively;
and C is the intercept related to the boundary layer effect.

Fig. 9 illustrates the tting of the kinetic data over different
diffusion models, the corresponding parameters and R2 are all
summarized in Table 7. As shown in Fig. 9a, two different steps
of diffusion were observed. The rst step of a higher slope (Kid1)
for all condition, representing external diffusion of PAHs on the
WAC surface; the second step shows a decrease in the slope
(Kid2) because of the increasing rate of adsorption reected that
the adsorption stage where intraparticle diffusion; however, the
adsorption locator

C-5 WAC-6 WAC-7 WAC-8 WAC-9 WAC-10

45 41.844 41.843 41.841 41.840 41.840
45 83.844 83.843 83.838 83.834 83.829

RSC Adv., 2020, 10, 10703–10714 | 10711
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Table 7 Intraparticle diffusion and film diffusion parameters for
single- and binary-component systems

Systems

Intraparticle diffusion model Film
diffusion
modelStep 1 Step 2

Kid1 R2 Kid2 R2 Kfd R2

Single solute NAP 6.28 0.985 0.458 0.825 0.025 0.857
PHE 11.50 0.975 0.816 0.498 0.052 0.866

Binary solute NAP 6.63 0.826 1.165 0.565 0.064 0.964
PHE 14.33 0.932 0.629 0.652 0.057 0.942

Fig. 9 Intraparticle diffusion (a) and film diffusion models (b) for the single and binary component systems.
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third region did not exist due to adsorption has been reached
the equilibrium state.28 In addition, the linear curves did not
pass through the origin demonstrated that intraparticle diffu-
sion was involved in the adsorption process. Nevertheless, it
was not the foremost step of the mechanism.9 Thus, the lm
diffusion model was applied to further analyze the kinetic data.
The relevant results are presented in Fig. 9b and Table 7. The R2

of intraparticle diffusion model were smaller than those of the
lm diffusion model. This nding demonstrated that lm
diffusion mainly controlled the adsorption of PAHs onto WAC.
Similar solute-surface diffusion mechanisms for PAHs adsorp-
tion onto ammonia-modied CAC had also been reported.40

4. Conclusions

In this study, we prepared a WNS-based microporous activated
carbon (WAC) with high total pore volume and specic surface
area under microwave-assisted conditions for the adsorption of
NAP and PHE from aqueous solution. The characterization of
WAC exhibited that it has abundant surface functional groups
and developed pore structure. The preferential adsorption of
PHE overWAC was determined in the binary-component system
during the batch adsorption process. The kinetic data were
tted better to pseudo-second-order model and the WAC
exhibits high adsorption capacity for NAP and PHE at low pH.
Due to the non-polar interaction between the uncharged
molecules of PAHs and WAC surface, the maximum adsorption
capacity of NAP and PHE were 93.62 and 145.62 mg g�1 at pH 3,
10712 | RSC Adv., 2020, 10, 10703–10714
respectively. Equilibrium data was favorably described by
Freundlich isotherm in single system, and competitive
adsorption was evaluated by SRS model in binary component
systems. Theoretical calculations shows that the values of
separation factor for PHE-NAP were greater than unity in all
case, and Monte-Carlo simulations demonstrates that PHE-
WAC had a higher calculated value of Ead than that of NAP-
WAC, these results demonstrate the preferential adsorption of
PHE from different perspectives. Furthermore, the adsorption
of PAHs onto WAC was mainly governed by lm diffusion mass
transfer mechanism. We believe that microwave-assisted is
a promising method for the preparation of a green adsorbents,
and our work can contribute to the research progress of
competitive adsorption and purication of PAHs from water
environment.
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