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Abstract

Using biomass wastes as adsorbents is a promising option for organic waste reclamation, but unfortunately, their adsorption
capacity is usually limited, especially for hydrophobic organic pollutants. To address this issue, this work prepared cetylpyri-
dinium chloride (a cationic surfactant)-modified pine sawdust (CPC-PS) and further demonstrated their performance for
hydrophobic bisphenol A (BPA) and 2,4-dichlorophenol (DCP) adsorption. Compared to the PS, the CPC-PS improved the
maximum adsorption capacity for BPA and DCP by approximately 98% and 122%, respectively. The kinetic and thermody-
namic analyses showed that the BPA and DCP adsorption onto the CPC-PS fitted the pseudo-second-order kinetics and the
Freundlich model. After regeneration using NaOH, the adsorption capacity of the CPC-PS for BPA still maintained 80.2%
of the initial value after five cycles. Based on the experimental results, the CPC-PS was proposed to enhance the BPA and
DCP adsorption through the solubilization of hemimicelles for hydrophobic organic pollutants, the n-n stacking between
benzene-ring structures, and the hydrogen binding between the adsorbents and the pollutants. This work provides a viable

method to use surfactant-modified pine sawdust as effective adsorbents to remove hydrophobic pollutants.
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Introduction

The phenolic compounds are one of the commonest per-
sistent organic pollutants in wastewaters discharged from
various industries including, petrochemical engineering,
timber processing, and pesticide production (Marone et al.
2016). Bisphenol A (BPA) and 2,4-dichlorophenol (DCP)
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are two typical phenolic pollutants that attract widespread
attention in recent years. BPA, widely used in plastic indus-
try to produce polycarbonate and ethoxy resin, is one of
the typical endocrine disrupting chemicals (Moreman et al.
2017; Vandenberg et al. 2007). DCP belongs to the chloro-
phenol compounds, which are difficult-biodegradable pol-
lutants with mutagenicity and carcinogenicity (Quan et al.
2004; Sun et al. 2019). Exposure of DCP through the skin
or stomach can cause serious diseases to the endocrine sys-
tem (Meeker et al. 2013). During the industrial production
and human activities, release of these pollutants into the
environment is ineluctable, and their further accumulation
will no doubt inflict a heavy damage upon all living beings
(Moreman et al. 2017; Vandenberg et al. 2007).

Over the last two decades, a series of techniques, e.g.,
adsorption, photocatalysis, heterogeneous catalysis, sol-
vent extraction, and biological and electrochemical deg-
radation, have been developed to remove these phenolic
pollutants from wastewater (Chen et al., 2020; Cydzik-
Kwiatkowska et al. 2020; Dehghani et al. 2016; Huang
et al. 2017; Jin et al. 2015; Qiu et al. 2021; Yu et al., 2020).
Among these technologies, adsorption offers several
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advantages such as simple operation, good selectivity,
and strong recyclability compared to the others (Lin et al.,
2021; Peng et al., 2020). To develop novel and cost-effec-
tive adsorbents with strong applicability and high perfor-
mance is recognized as the key breakthrough in adsorption
treatment. In recent years, natural biomass and biomass
wastes including corn stalk, rice hull, peanut shell, and
wood filings are gradually used as low-cost adsorbents in
their natural forms or physiochemically modified forms, to
separate heavy metals and organic pollutants from waste-
water (Mpatani et al. 2021). These natural adsorbents are
biodegradable, renewable, biocompatible, and nontoxic.

Pine sawdust (PS), the by-products in wood and furni-
ture industry, have been successfully used as adsorbents,
because they contain a large number of carboxyl, hydroxyl,
and acylamino groups (Jung et al. 2013; Neris et al. 2019).
However, the adsorption capability of PS for organic pol-
lutants is somewhat hampered. To address these issues,
researchers have made large efforts to enhance the adsorp-
tion capability of PS by modifying with citric acids (Zhou
et al. 2015), EDTA dianhydride (Pereira et al. 2010), poly-
aniline (Nasar and Mashkoor, 2019), and etc. For organic
pollutants, especially hydrophobic compounds, using cati-
onic surfactants to modify PS to promote their adsorption
performance is an effective strategy, but unfortunately,
the related available information is still limited. When
the concentration of surfactant exceeds its critical micelle
concentration, micellar aggregates with a hydrophobic
core and a hydrophilic surface are formed (Nagarajan and
Ruckenstein, 1991; Santos and Panagiotopoulos, 2016).
The micellar aggregates can enhance the “water solubility”
(dissolved in the micelle) of insoluble or slightly soluble
organics, which is also known as the micelle solubiliza-
tion (Li et al. 2019; Mousset et al. 2014; Patel et al. 2017).
Through micelle solubilization, the surfactant-modified
adsorbents hold a promising tool to treat hydrophobic
organic pollutants, such as BPA and DCP.

Therefore, the main objective of this work was to use
a cationic surfactant (cetylpyridinium chloride, CPC) to
modify the PS as adsorbents, and to evaluate their adsorp-
tion performance for BAP and DCP removal. The CPC-
modified PS were finely characterized and their adsorptive
ability for BAP and DCP were investigated. In addition,
the key factors (e.g., adsorption time, pH, adsorbent dos-
age, temperature, and ionic strength) influencing the
adsorption process were also studied. Finally, the kinetic
and thermodynamic analyses were performed, and an
underlying adsorption mechanism was correspondingly
proposed to get a further insight into the BPA and DCP
adsorption process. This work provides a viable method
to use surfactant-modified biomass wastes as an effective
adsorbent for pollutant removal.

Materials and methods
Chemicals

Cetylpyridinium chloride (CPC, 99%) and bisphenol A
(BPA, A.R.) were purchased from Sinopharm Chemical
Reagent Co., Ltd., China. 2,4-Dichlorophenol (DCP, 99%)
was purchased from J&K Scientific Ltd., China. Pine saw-
dust (200-mesh) were acquired from a lumber mill located
in Guangzhou, China. Other chemicals used in this work
including, methanol, ethanol, and NaOH were all analytical
reagents.

Preparation of modified pine sawdust

Before modification, the raw pine sawdust (PS) was first
pretreated using ethanol to remove the soluble impurities.
Briefly, the PS (25 g) were added into 250 mL of ethanol and
then vibrated at 150 rpm, 50 °C for 4 h. Left precipitated for
4 h, the solid PS were collected by vacuum filtration. Sub-
sequently, the soluble impurities on the surface of PS were
rinsed three times with ethanol, followed by washed with
deionized water until the filtrate turned colorless. After dried
at 105 °C for 24 h, the precipitates were finely milled and
stored in a vacuum desiccator. The pretreated PS with a total
weight of 0.5 g were added into 50 mL of CPC solutions
with given concentrations of 0.2, 0.4, 1.0, 5.0, and 10.0 g/L.
Then, the mixtures were vibrated at 150 rpm, 50 °C for 12 h.
After solid-liquid separation through vacuum filtration, the
precipitates were rinsed with ethanol and deionized water
in turn until no surfactant dissolution was measured. The
modified PS with 0.2, 0.4, 1.0, 5.0, and 10 g/L of CPC were
named as CPC-PS1, CPC-PS2, CPC-PS3, CPC-PS4, and
CPC-PS5, respectively. Afterwards, the modified PS were
fully dried at 80 °C for 24 h, finely milled, and stored in a
vacuum desiccator for further use. Pre-adsorption of BPA
and DCP (100 mg/L) was carried out using the PS and CPC-
PS, respectively.

Characterization of adsorbents

The PS and CPC-PS were characterized using scanning elec-
tron microscopy (SEM, Quanta 450, FEI, USA) and Fou-
rier transform infrared spectroscopy (FT-IR, Equinox 55,
Bruker, Germany). Brunauer—-Emmett-Teller analysis (BET,
Tristar IT 3020 M, Micromeritics, USA), thermogravimetric
analysis (TGA, SDT Q600, TA, USA), and elemental com-
position analysis (Vario EL cube, Elementar, Germany) of
these adsorbents were also performed. FT-IR spectra were
conducted using the KBr pressed-disk methods with a spec-
tral scanning range from 400 to 4000 cm™' with air as the
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background. BET surface area was measured under N, con-
ditions after desorption for 12 h at room temperature. TGA
analysis was conducted by adding 5.09 g of PS and 4.49 g of
CPC-PS into crucibles and heated from 39 to 800 °C (10 °C/
min) under N, conditions (100 mL/min).

Batch adsorption experiments

Sacrificial batch adsorption experiments were conducted
by adding 0.03 g PS and CPC-PS into 20 mL of BPA and
DCP solutions (100 mg/L), respectively. Samples were col-
lected at the given time intervals (2, 4, 6, 8, 10, 15, 20, 30,
60, 90, 120, 150, and 180 min), and filtrated with 0.45 um
PES membranes to determine the residual concentrations
of BPA and DCP and to calculate the kinetic parameters.
To investigate the potential effects of pH and ion strength
on the adsorption performance, a series of sacrificial batch
adsorption tests were performed under different pH and ion
strength conditions. The initial pH of both BPA and DCP
solutions were adjusted to 2.0, 3.0, 4.0, 5.0, 6.5, 8.0, 9.0,
10.0, 11.0, and 12.0 with either HCI or NaOH. In addition, to
discuss the effect of ion strength on adsorption process, tests
were also carried out in the BPA and DCP solutions contain-
ing 0, 0.05, 0.1, 0.15, 0.2, and 0.25 M of NaCl. All the batch
experiments were performed by vibration at 150 rpm, 25 °C
for 3 h to achieve adsorption equilibrium. The residual BPA
and DCP were quantified using a spectrophotometer (V-560
UV/VIS Spectrophotometer, Jasco, Japan) at 275 nm and
285 nm, respectively (Cheng et al. 2012; Yin and Shang,
2020).

To explore the effect of different dosages of adsorbents
on BPA and DCP removal, a total weight of PS and CPC-PS
from 0.02 to 0.3 g was added into 20 mL and 100 mg/L of
PBA and DCP solutions. At the meantime, adsorptions of
BPA (20, 40, 60, 80, 100, 125, and 150 mg/L) and DCP (25,
50, 100, 150, 200, 250, and 300 mg/L) were also conducted
using 0.03 g PS and CPC-PS to demonstrate the differences
in adsorption performance at different initial concentrations.
The adsorption tests were performed by vibration for 3 h at
150 rpm and 25, 35, and 45 °C, respectively. The residual
concentrations of BPA and DCP were measured, and the
isothermal adsorption curves were fitted for further ther-
modynamic calculations. The sacrificial batch experiments
were carried out in triplicate, and the results presented are
the mean values.

Regeneration experiments

Regeneration of the CPC-PS for BPA adsorption was tested
to investigate the applicability of the modified adsorbents.
A total weight of 0.15 g CPC-PS was adopted to remove
100 mg/L of BPA. The adsorption process was carried out
at 25 °C, 150 rpm for 3 h. Subsequently, the CPC-PS were
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collected via vacuum filtration and regenerated by dissolved
in a NaOH solution (1.0 M) and vibrated for 2.5 h. After the
regeneration treatment, the adsorbents were dried at 105 °C
in an oven for 5 h, followed by finely milled again for the
next adsorption experiments.

Results and discussion
Adsorption pretreatment

Figure 1 illustrates the adsorption curve of CPC onto PS
at 50 °C. Within an initial concentration range from 0.1 to
0.5 g/L, the CPC adsorption increased rapidly from 20.0 to
67.6 mg/g. Subsequently, the adsorption amount increased
from 67.6 to 96.9 mg/g at a relatively lower rate (CPC con-
centration between 0.5 and 2.0 g/L). A further increase
in CPC concentration up to 5.0 g/L only induced a slight
adsorption increment to 107.2 mg/g, which was close to the
saturated adsorption amount. Based on the above results,
this work further modified PS with 0.2, 0.4, 1.0, 5.0, and
10.0 g/L of CPC, respectively.

Table 1 shows the BPA and DCP adsorption onto the
PS and the CPC-PS. Compared to PS, the CPC-PS exhib-
ited higher adsorption capacities for both BPA (from 12.5
to 24.6 mg/g) and DCP (from 5.2 to 12.5 mg/g). Among the
CPC-PS, the CPC-PS4 showed the optimal performance,
and thus, it was chosen for further investigations.

The Zeta potential of the PS was —23.1 mV. After
modification, the Zeta potential of the CPC-PS was gradu-
ally improved with increasing initial CPC concentrations
(Table 1). When CPC was below its critical micelle concen-
tration, it mainly existed in ionic form, which might increase
Zeta potential by electrostatic attraction (Ge et al. 2015;
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Fig. 1 Adsorption isotherm curve of the CPC adsorption onto PS
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Table 1 Characterizations Ad 2
sorbent N (%) C (% H(%) S(%) Zetapoten- BET (m7/g) ggps (Mg/g)  qpcp (Mglg)
of the adsorbents and pre- tial (mV)
adsorption of BPA and DCP
PS 0.11 46.74  6.10 0.063 —-23.1 4.11 12.5 5.3
CPC-PS1  0.20 4758 6.26 0.073 —=20.7 17.6 8.2
CPC-PS2  0.26 48.17 6.35 0.030 —-19.7 3.76 23.0 11.3
CPC-PS3  0.25 4847  6.28 0.032 -—-18.2 24.0 12.2
CPC-PS4 0.24 48.50  6.30 0.044 -172 3.78 24.6 12.5
CPC-PS5 0.25 48.48 6.38 0.022 -16.8 24.3 12.2

Note: PS pine sawdust; CPC-PS1 ~ CPC-PS5 CPC-modified PS with 0.2, 0.4, 1.0, 5.0, and 10 g/L PS
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Fig.2 FT-IR spectra of the PS, CPC, and the CPC-PS

Koopal et al. 2004). The surface areas of PS, CPC-PS2,
and CPC-PS4 were 4.11, 3.76, and 3.78 mz/g respectively,
indicating a slight decrease in the surface area of PS after
modification. The elemental composition analysis showed
the contents of C and N of these adsorbents increased from
46.7% and 0.11% to 48.5% and 0.25% with increasing CPC
concentrations. Because the CPC contained long-chain alkyl
groups and pyridine, such improvements in C and N contents
could also indicate the successful loading of CPC onto PS
(Ibrahim et al. 2009).

Characterization of adsorbents

The FT-IR spectra of the PS, CPC, and the CPC-PS are
illustrated in Fig. 2. The FT-IR spectrum of the PS shows a
clear band at 3423 cm™, which is the stretching vibration
of O —H, and the bands between 2975 and 2800 cm™! are
associated with the stretching vibration of C —H, includ-
ing CH, CH,, and CH; (Kumar et al. 2018; Ren et al.
2020). The band at 1736 cm™! is the stretching vibration
of C=0, most likely from ketone carbonyl group and
esters (Pereira et al 2010; Zhou et al. 2015). The bands at
1637 and 1510 cm™! are the stretching vibration of C=0

belonging to carboxyl or acylamino and the bending vibra-
tion of N — H belonging to amidogen or acylamino (Semer-
jian, 2018). The band at 1427 cm™! shows the deforma-
tion vibration of C — OH, while the band at 1059 cm™' is
the stretching vibration of C —O — C, which might result
from the existence of substantial lignin in the PS (Tian
et al. 2020). In comparison, the CPC-PS show basically
the same characteristic bands with several slight changes.
The band at 2903 cm™! is shifted and divided into two
characteristic bands at 2920 and 2855 cm™'. The bands
between 2975 and 2800 cm™" are still the stretching vibra-
tion of C — H, but the band at 2920 cm™! is the asymmetri-
cal stretching vibration of CH, and the band at 2855 cm™!
is the symmetrical stretching vibration of CH,. Such a
difference could be ascribed to the intervention of the alkyl
chain of CPC, which underscored again the loading of
CPC onto PS.

Figure 3A displays the thermogravimetric curve of the
PS, where two obvious thermal decomposition peaks at
58 °C (40~100 °C) and 366 °C (250~400 °C) could be
observed. Based on these data, the pyrolysis of PS could
be divided into three phases. In phase I (38 ~96 °C), physi-
cal processes such as surface moisture evaporation occurred
with a mass loss of 4.8%. Pyrolysis of lignin and cellulose in
PS took place in phase II, which resulted in a total mass loss
of 68.2%. Finally, in phase III (400~ 800 °C), a secondary
pyrolysis of the pyrolysis products generated in phase Il was
observed with a mass loss of 12.0%. The thermogravimet-
ric curve of the CPC-PS also shows two obvious thermal
decomposition peaks at 53 °C and 373 °C. The mass loss of
the CPC-PS in phase I was calculated to be 4.3%, less than
that of the PS. A reasonable explanation for this difference
was that the CPC modification changed the hydrophilic-
ity of PS, which further reduced the surface moisture con-
tent (Jiang et al., 2020; Zhou et al. 2017). The mass loss in
phase II was 70.3%, and a small thermal decomposition peak
between 250 and 300 °C appeared. Such changes in phase
II could be attributed to the intervention of CPC. Since the
main compositions of CPC and PS were all carbohydrates,
it was not appropriate to calculate the loading capacity of
CPC using the quality difference of TGA.
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Fig.4 SEM images of the PS
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The morphology of the PS and the CPC-PS displayed a
certain difference, but not significantly. The SEM image of
the PS shows a coarse fiber-like texture, while the surface
of the CPC-PS exhibited a relatively smooth morphology
(Fig. 4).

Effect of contact time on BPA and DCP adsorption

Figure 5 shows the time course of the BPA and DCP adsorp-
tion onto the CPC-PS. BPA was rapidly adsorbed onto the
CPC-PS with the adsorption capacity soaring to 21.2 mg/g
within 15 min. Then, the adsorption rate slowed down at the
next stage (15 ~90 min), and the BPA adsorption capacity
further increased to 24.0 mg/g. Finally, the BPA adsorption
tended towards equilibrium from 90 to 180 min. The DCP
adsorption onto the CPC-PS was similar to that of BPA.
The adsorption capacity for DCP soared to 11.3 mg/g within
10 min, and then slowly to 12.4 mg/g from 10 to 60 min.
The adsorption equilibrium was gradually achieved from
60 to 180 min with an equilibrium adsorption capacity of
12.4 mg/g. In comparison, the equilibrium adsorption capac-
ity for BPA was 24.1 mg/g, which demonstrated a superior
adsorption of BPA onto the CPC-PS. Moreover, the CPC-PS
synthesized in this work also showed a superior BPA adsorp-
tion than previous reports using B-cyclodextrin-modified
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Fig.5 Time course of BPA and DCP adsorption onto the CPC-PS

PS (Zhou et al., 2017), or surfactant-modified natural clays
(Berhane et al., 2016; Li et al., 2015).

To better analyze the adsorption properties of BPA and
DCP onto the CPC-PS, this work further investigated their
adsorption kinetics based on the above data. Table 2 dis-
plays the related parameters of the pseudo-first-order and
pseudo-second-order kinetic models for BPA and DCP
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Tgblg 2 Parameters of the Pollutants g, ., (mg/g)  Pseudo-first-order kinetics Pseudo-second-order kinetics
kinetic models oXP
kl (min_l) qe,cal (mg/g) R2 k2 (g QE,cal (mg/g) R2
mg~ min~)
BPA 24.1 0.297 229 0936 0.022 24.2 0.990
DCP 124 0411 12.0 0.967  0.063 12.6 0.997

Pseudo-first-order kinetics: g, = g,[1 — e ]

Pseudo-second-order kinetics: g, =

kyg 2t
1+kyq,t

adsorption. It could be noted that both the BPA and DCP
adsorption process fitted the pseudo-second-order kinetics
better (R2=0.990 and 0.997, respectively). Moreover, the
difference between the g, ., obtained from the pseudo-sec-
ond-order kinetics and the experimentally measured g ¢,
was slight.

Effect of initial solution pH on BPA and DCP
adsorption

To demonstrate the effect of initial solution pH on BPA
and DCP adsorption, a series of BPA and DCP solutions
at a pH range of 2.0 to 12.0 were prepared. At a pH range
between 2.0 and 8.0, the BPA adsorption onto the PS and
the CPC-PS kept relatively unchanged with an adsorption
capacity of 12.4 and 24.5 mg/g, respectively (Fig. 6A). As
pH increased to 12.0, the adsorption capacity of the PS and
the CPC-PS for BPA dropped sharply to 3.6 and 4.8 mg/g.
A similar trend for the DCP adsorption onto the PS and the
CPC-PS was also observed at different initial pH. At a pH
range of 2.0 to 6.5, the adsorption capacities of the PS and
the CPC-PS for DCP were measured as approximately 5.6
and 12.4 mg/g. However, when the pH increased to 12, the
adsorption capacity plunged to 2.6 mg/g (PS) and 3.2 mg/g
(CPC-PS), respectively. These results suggested that the
adsorption capacity of the PS and the CPC-PS for BPA and
DCP could remain relatively stable under acidic conditions,
but their performance deteriorated significantly under alka-
line conditions. In comparison, the BPA adsorption capacity

of the CPC-PS was promoted by 98%, and for DCP, it was
promoted by 122%.

Figure 6B shows the Zeta potential of the PS and CPC-PS
at different pH. The parameter pHp,, which was the pH of a
solution when the net surface charge was zero (Ayranci and
Duman, 2006), was introduced to analyze the relationship
between pH and the Zeta potential of these adsorbents. The
pHp,c of PS was measured to be 2.2, indicating a positive
Zeta potential of PS when pH <2.2. Under such circum-
stances, the BPA and DCP were in their molecular forms.
When pH > 2.2, the Zeta potential of PS turned negative.
After modification, the Zeta potential of CPC-PS showed
an obvious increase, and the pHp,~ of CPC-PS increased
to 3.3. The PS offered carboxyl, hydroxyl, and acylamino
groups that could attract BPA and DCP through hydrogen
bonding (Jang et al. 2018). The enhanced adsorption capac-
ity of CPC-PS could be attributed to the combination of the
solubilization of CPC (Rehman et al. 2020) and the surface
adsorption by PS.

Compared to DCP, the BPA adsorption exhibited a
stronger resistance to the pH variation, mainly resulted
from the different pKa values of BPA and DCP. Both the
BPA and DCP were dissociated organics with a pKa value
of 9.60 and 7.89, respectively (Ololade et al. 2018). When
the pH was close to or beyond their pKa values, the BPA and
DCP were gradually dissociated into anionic forms, causing
a decline in their hydrophobicity. As a result, both the BPA
and DCP adsorption onto the PS and the CPC-PS were seri-
ously inhibited under alkaline conditions. In addition, the

Fig.6 Effect of initial pH on 30
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surfaces of the PS and the CPC-PS were also negatively
charged, which would repulse the BPA and DCP anions and
lead to a further decline in their adsorption capacity.

Effect of ionic strength on BPA and DCP adsorption

Practical wastewater usually contains a certain number of
salts, and thus, the effect of ionic strength on BPA and DCP
adsorption should not be overlooked. In this work, the effect
of ionic strength on BPA and DCP adsorption was investi-
gated with NaCl (0~0.25 M) as a typical example (Fig. 7).
As the NaCl concentration increased, the adsorption capaci-
ties of the PS for BAP and DCP were first promoted from
12.3 and 5.4 mg/g to 14.8 and 6.2 mg/g, and then dropped to
13.1 and 5.4 mg/g, respectively. In comparison, the adsorp-
tion capacities of the CPC-PS were first improved from 24.4
(for BPA) and 12.2 (for DCP) mg/g to 25.7 and 13.1 mg/g,
and then declined to 24.6 and 12.1 mg/g. The increase in the
ionic strength could compress the electrical double layer,
which would further enhance the interactions between sur-
factants and pollutants (Che Man et al. 2014). Generally, the
ionic strength showed a limited impact on the BPA and DCP
adsorption onto the PS and the CPC-PS.

Effect of adsorbent dosage on BPA and DCP
adsorption

Figure 8 illustrates that the removal efficiency of either BPA
or DCP was improved as the adsorbent dosage increased.
With 1~10 g/L PS or CPC-PS supplemented, the BPA
removal efficiency was improved from 14.7% (PS) and
25.6% (CPC-PS) to 63.6% and 83.4%, while the removal
efficiency of DCP increased from 6.5% (PS) and 15% (CPC-
PS) to 45.1% and 71.0%, respectively. At a dosage range
of 10-15 g/L, the adsorption rate of both the PS and the

— 30 [ |ps+BPA [ |CPC-PS+BPA
ke i PS+DCP | |cPC-PS+DCP
25 1 - A & I I
£
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= L
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© | - K
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©
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000 005 010 0.15 020 0.25
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Fig. 7 Effect of ionic strength on BPA and DCP adsorption onto the
PS and the CPC-PS
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Fig. 8 Effect of adsorbent dosage on BPA and DCP adsorption onto
the PS and the CPC-PS

CPC-PS slowed down with a final BPA removal efficiency
of 65.8% and 90.2%, and a final DCP removal efficiency
of 52.8% and 80%. The BPA adsorption showed a supe-
rior performance compared to the DCP adsorption, which
might be ascribed to a higher hydrophobicity of BPA (Log
o/w of 3.30) than DCP (Log o/w of 3.09) (Ding et al. 2016;
Joseph et al. 2011). The above results clearly corroborated
the enhanced BPA and DCP adsorption onto the CPC-PS.
Considering the pollutant removal and the adsorbent utili-
zation efficiency, the optimal adsorbent dosage was chosen
as 10 g/L.

Effect of temperature on BPA and DCP adsorption

Figure 9 illustrates the isothermal adsorption curves of BPA
and DCP adsorption onto the PS and the CPC-PS at 25, 35,
and 45 °C. The initial concentrations of BPA and DCP were
set between 20 ~ 150 and 25 ~300 mg/L, respectively. The
adsorption capacity for either BPA or DCP was enhanced
with increasing initial concentrations. Compared to the PS,
the CPC-PS exhibited a superior adsorption performance. It
was interesting that the adsorption of BPA and DCP showed
opposite trends in response to the temperature changes. As
the temperature increased, the adsorption capacity of the
CPC-PS for BPA was reduced, while it was enhanced for
DCP. Such opposite trends might be caused by the differ-
ences in the thermodynamic properties of BPA and DCP
adsorption process, which were discussed later.
Subsequently, the adsorption isothermal model of BPA
and DCP adsorption onto the PS and the CPC-PS was fit-
ted using Langmuir, Freundlich, and linear model, respec-
tively (Table 3). It could be noted that both the BPA and
DCP adsorption onto the PS and the CPC-PS fitted well
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Table 3‘ PaFameters of the Adsorption T(C) Langmuir model Freundlich model Linear model
adsorption isotherms of BPA
and DCP adsorption onto the PS G K R? n K; R? K, b R?
and the CPC-PS
PS+BPA 25 1429 0.0011 0936 1.06 0.18 0999 0.14 0.57  0.998
CPC-PS+BPA 25 270.3 0.0015 0429 1.04 045 0992 0.34 1.86  0.990
35 238.1 0.0014 0481 1.04 036 0.994 0.28 1.49  0.992
45 120.5 0.0022 0.522 113 0.37 0995 0.21 071 0.997
PS+DCP 25 50.5 0.0013 0505 090 0.047 0974 0.10 -243 0970
CPC-PS+DCP 25 714 0.0018 0911 0.84 0.072 0992 022 -420 0.987
35 909 0.0017 0.825 0.86 0.093 0993 025 -—-4.06 0.988
45 704 0.0023 0.840 080 0.073 0995 030 -—5.00 0.994

to the Freundlich and linear models. In comparison, the
BPA adsorption showed a relatively higher correlation
coefficient than that of the DCP adsorption. The Freun-
dlich constant n was close to 1, indicating that the distri-
bution effect of adsorbents on BPA and DCP played an

important role during adsorption. Since the PS contained

carboxyl, hydroxyl, acylamino groups and a series of bind-
ing sites with BPA and DCP (e.g., hydrogen bond), the
BPA and DCP adsorption onto the CPC-PS belonged to
a heterogeneous adsorption of multi-molecular layers. In
addition, the Freundlich constant n of the BPA adsorption
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Table 4 Thermodynamic parameters of BPA and DCP adsorption
onto the PS and the CPC-PS

Adsorption T (°C) AGkImol™' AHkJImol™' ASJmol ' K™!
PS+BPA 25 -122
CPC- 25 —145 —18.9 -14.9
PS+BPA
35 —14.4
45 —142
PS+DCP 25 —11.5
CPC- 25 -13.4 12.2 85.8
PS+DCP
35 —142
45 —-15.1
Table 5 Reusability of the CPC-PS for BPA removal
Cycles 1 2 3 4 5

Adsorptive capacity (mg/g) 243 223  21.7 208 195

was higher than that of the DCP adsorption, suggesting a
favorable adsorption of BPA onto these adsorbents.

Table 4 elaborates the thermodynamic properties includ-
ing the Gibbs free energy (AG), enthalpy change (AH), and
entropy change (AS) of the BPA and DCP adsorption. At
the given temperatures, the AG of BPA and DCP adsorption
onto both the PS and the CPC-PS were negative. The AH of
BPA adsorption onto the CPC-PS was — 18.9 kJ/mol, while
it was 12.2 kJ/mol for the DCP adsorption. These results
were consistent with the different adsorption performance
in response to the temperature changes, indicating that the
effect of temperature on BPA and DCP adsorption onto the
CPC-PS differed. In addition, the AS of BPA adsorption
onto the CPC-PS was — 14.9 J/mol/K, suggesting a decrease
in the degree of freedom during adsorption. However, the
AS of DCP adsorption onto the CPC-PS was 85.8 J/mol/K,
which demonstrated an increase in the degree of disorder
during this process.

Recycling of adsorbents

To investigate the applicability of the CPC-PS, recycling
experiments of BPA adsorption were conducted to measure
the changes in adsorption performance. The regeneration of
adsorbents was achieved by treating with NaOH solution,
and the recycling experiments were performed for 5 rounds.
It could be seen in Table 5 that after 5 cycles of adsorption
and regeneration, the CPC-PS still held a BPA adsorption
capacity of 19.5 mg/g, which was 80.2% of the initial value.
These results suggested that the CPC-PS had a sufficient
mechanical strength and stability during the adsorption and
regeneration cycles.

@ Springer

Proposed adsorption mechanism

According to the aforementioned results, an underlying
mechanism of BPA and DCP adsorption onto the CPC-PS
was proposed, which is shown in Fig. 10. Under acidic and
neutral conditions, the CPC-PS exhibited a better BPA or
DCP adsorption in their molecular forms, indicating almost
no electrostatic attraction existing between the adsorbents
and the pollutants. Based on the adsorption capacity, Zeta
potential and content of element N of the CPC-PS and the
PS, it could be validated that the CPC loading onto the PS
was mainly ascribed to the electrostatic attraction between
the cationic head-group and the negatively charged PS. In
addition, the formation of CPC hemimicelles on the surface
of PS could further enhance the adsorption capacity of PS
for hydrophobic organic pollutants.

Considering that the PS contained a large amount of
lignin, which endowed the CPC-PS with abundant ben-
zene-ring structures, such benzene-ring structures could
trigger the formation of n-r stacking between the adsor-
bents and the BPA and DCP. Besides, n-n stacking could
also form between the pollutants within the hemimicelles,
which would further enhance the adsorption process. The
FT-IR spectra illustrate that the CPC-PS contained carboxyl,
hydroxyl, and amide groups, which could adsorb both BPA
and DCP from water through hydrogen binding. As a result,
the enhancement mechanism of the CPC-PS for BPA and
DCP adsorption was proposed and achieved mainly through
three pathways, namely, the solubilization of hemimicelles
for hydrophobic organic pollutants, the n-x stacking between
benzene-ring structures, and the hydrogen bonding between
the adsorbents and the pollutants.

Conclusions

This work used cationic surfactant CPC to modify PS as
an effective adsorbent (CPC-PS) to remove hydrophobic
BPA and DCP from water. Compared to the raw PS, the
CPC-PS showed a superior adsorption performance. The
BPA and DCP adsorption belonged to the pseudo-second-
order kinetics, and fitted better to the Freundlich model. The
BPA adsorption onto the CPC-PS PS was exothermic, while
the DCP adsorption was endothermic. Regeneration of the
CPC-PS using NaOH underscored a high applicability of
this adsorbent. The primary enhancement mechanisms of the
CPC-PS were proposed to be the solubilization of hemimi-
celles for hydrophobic organic pollutants, the n-x stacking
between benzene-ring structures, and the hydrogen binding
between the adsorbents and the pollutants. This work pro-
vides a cost-effective and high-efficient method to modify
biomass wastes, and extends their reuse as adsorbents to
remove hydrophobic organic pollutants.
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Fig. 10 Proposed mechanism of
BPA and DCP adsorption onto
the CPC-PS
hemimicelles
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