
lable at ScienceDirect

Environmental Pollution 243 (2018) 206e217
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Removal of ciprofloxacin from aqueous solutions by ionic surfactant-
modified carbon nanotubes*

Haibo Li a, b, c, Wenhao Wu b, Xiangxiang Hao c, Shuai Wang a, Mengyang You c,
Xiaozeng Han c, Qing Zhao d, Baoshan Xing b, *

a School of Agriculture, Jilin University of Agricultural Science & Technology, Jilin, 132101, China
b Stockbridge School of Agriculture, University of Massachusetts, Amherst, MA, 01003, USA
c National Field Research Station of Agro-ecosystem in Hailun, Northeast Institute of Geography and Agro-ecology, Chinese Academy of Sciences, Harbin,
150081, China
d Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang, 110016, China
a r t i c l e i n f o

Article history:
Received 16 May 2018
Received in revised form
4 August 2018
Accepted 19 August 2018
Available online 24 August 2018

Keywords:
Carbon nanotubes
Ciprofloxacin
Ionic surfactants
Adsorption
Desorption
* This paper has been recommended for accept
Michele.
* Corresponding author.

E-mail address: bx@umass.edu (B. Xing).

https://doi.org/10.1016/j.envpol.2018.08.059
0269-7491/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Ionic surfactants may impact removal efficiency of organic contaminants from aqueous solution, but
research regarding the adsorption mechanisms on surfactant-modified carbon nanotubes (CNTs) was
limited. In this study, three multi-walled and one single-walled CNTs were used as adsorbents to
investigate the adsorption behavior and mechanisms of ciprofloxacin (CIP) on CNTs modified by ionic
surfactants (cationic CTAB (Cetyltrimethylamnonium bromide) or anionic SDS (Sodium dodecyl sulfate)).
More than 80% (82e88%) of the total removed CIP on CTAB-modified CNTs occurred within the first 6 h,
much higher than that on SDS-modified CNTs (57e78%). Modeling adsorption kinetics demonstrated that
CIP adsorption on surfactant-modified CNTs was controlled by multiple and faster processes, and both
external mass transfer and intraparticle diffusion are limiting factors. Relative to SDS, CTAB was signif-
icantly (P< 0.001) concentration-dependent in suppressing CIP removal. Besides, the increase in 1/n
values of Freundlich model with increasing CTAB concentration suggested that CTAB could be a stronger
competitor for CIP adsorption. Hydrophobic interactions predominated zwitterionic CIP adsorption on all
CNTs tested, while electrostatic interactions could help control ionizable CIP adsorption on surfactant-
modified CNTs depending upon pH. CIP adsorption on modified SWCNTs significantly declined with
increasing ionic strength from 1mM to 100mM relative to those multi-walled CNTs because the more
favorable aggregation of SWCNTs reduced the CIP adsorption, irrespective of which surfactant was added.
Significant desorption hysteresis of adsorbed CIP released by SDS and water was observed, but not by
CTAB, by which 32.6e54.4% of adsorbed CIP were removed. For SDS-modified CNTs, the mean release
ratio (RR) followed an order of MWCNTs (0.075) >MHCNTs (0.058)> SWCNTs (0.057) >MCCNTs (0.049),
significantly (P< 0.001) lower than CTAB-CNTs (0.37e0.56). It can be predicted that the tested surfac-
tants co-existing with CNTs depress removal efficiency of diverse contaminants similar to CIP in aqueous
systems.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The release of antibiotics into the aqueous environments has
become a serious environmental problem, and the fate, bioavail-
ability and environmental risks of the released antibiotics have
ance by Dr. Harmon Sarah
received widespread concerns (Kümmerer, 2011). Ciprofloxacin
(CIP) is one crucial member of fluoroquinolone antibiotics families.
As a broad-spectrum antibacterial chemical, CIP poses serious
threats to organisms and human health by inducing proliferation of
bacterial drug resistance (Yan et al., 2013). CIP can be detected in
wastewater and surface water with concentrations of several
hundreds of ng L�1 (Wang et al., 2010a), and the measured con-
centration near drug manufacturing plants was as high as
50mg L�1 (Larsson et al., 2007). Therefore, it is of great urgency to
develop efficient techniques to remove CIP from the aqueous
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environments and mitigate its inherent risks to the ecosystems.
Carbon nanotubes (CNTs) hold high adsorption capacity and

affinity towards organic compounds (Yang and Xing, 2010), and
thus can be potential adsorbents for water purification. The widely
examined organic contaminants removed by CNTs included PAHs
(pyrene, phenanthrene, naphthalene and their derivatives) (Yang
et al., 2006; Zhao et al., 2012; Wu et al., 2016; Wang et al., 2017;
Shen et al., 2015), surfactants (CTAB, SDS, SDBS, etc.) (Zhong and
Claverie, 2013; Ncibi et al., 2015; Gao et al., 2016; Rossi et al.,
2017), and antibiotics (e.g. sulfamethoxazole, norfloxacin, cipro-
floxacin) (Zhang et al., 2010a; Wang et al., 2010b; Peng et al., 2012;
Li et al., 2014). Studies have been conducted to examine the
mechanisms for CIP removal by adsorbents, including clay minerals
(Li et al., 2011; Wu et al., 2013), chalcogenides (Li et al., 2015a),
carbon nanomaterials (Li et al., 2014, 2015b; Ncibi and Sillanp€a€a,
2015; Chen et al., 2015), where higher adsorption affinity of CIP
for CNTs was observed due to strong hydrophobicity. In addition,
the other adsorption mechanisms, i.e., cation�p stacking (Zhao
et al., 2017), Hydrogen-bonding and electrostatic attraction can
be responsible for CIP adsorption depending on the ionizable forms
of CIP, the surface properties of adsorbents and pH conditions (Li
et al., 2014, 2015b). These interactions along with the surface-
modification by ionic surfactants on CNTs can be expected to con-
trol CIP adsorption.

CNTs tend to agglomerate in aqueous solution due to their
strong hydrophobicity (Gao et al., 2016; Ncibi and Sillanp€a€a, 2015),
which reduces interfacial contact between CNTs and organic con-
taminants and decrease their adsorption capacity. Surfactants have
been used to disperse and suspend CNTs in solution with the
assistance of ultrasonication (Han et al., 2008; Clark et al., 2011;
Mohamed et al., 2015; Hou et al., 2018), in order to increase the
adsorption sites on CNTs and enhance the adsorption of contami-
nants (Zhao et al., 2014). However, the strong interactions between
surfactants and CNTs (Shen et al., 2015; Ncibi et al., 2015; L�opez-
L�opez et al., 2016) could reduce the adsorption sites on CNTs for
contaminants, and the solubility of contaminants could be
enhanced in the presence of surfactants (Edsards et al., 1994; Xing
et al., 1996), both of which could inhibit the adsorption of con-
taminants by CNTs. The cationic CTAB (cetyltrimethylamnonium
bromide) has been reported to significantly depress oxytetracycline
adsorption on multi-walled CNTs (Oleszczuk and Xing, 2011), due
probably to the increased solubility of oxytetracycline in the pres-
ence of surfactants (Edsards et al., 1994), and adsorption competi-
tion between surfactants and oxytetracycline on CNTs (Xing et al.,
1996). The adsorption competition was confirmed by the
increasing linearity of adsorption isotherms of organic contami-
nants on CNTs in later studies (Yang and Xing, 2010; Yang et al.,
2010). How the two opposite roles of surfactants played in CIP
adsorption on CNTs may depend largely upon the surface proper-
ties of CNTs altered by surfactants, but the related information is
limited in the literature. Moreover, the mechanisms regarding the
influences of ionic surfactants on CIP removal by CNTs and the roles
of the properties of surfactants were not thoroughly investigated.

Desorption behaviors of organic contaminants were examined
to investigate the release of adsorbates from solid to liquid phase
and thereby assessing their environmental risks in comparison
with adsorption researches (Oleszczuk et al., 2009; Li et al., 2014;
Wang et al., 2011a, 2013). Desorption hysteresis of the hydrophobic
organic contaminants (i.e., PAHs and antibiotics) were observed in
these studies. Adsorption-desorption hysteresis was observed for
CIP on one single-walled CNTs and three surface-functionalized
multi-walled CNTs as examined, where deionized water was used
as release agent (Li et al., 2014). Nevertheless, considering that
surfactants are ubiquitous in the wastewater and also in the
aqueous environments, the presence of surfactants could change
the desorption behavior of CIP on CNTs. However, whether the
desorption hysteresis could take place by using surfactants to
remove the adsorbed CIP is unknown, and the environmental risks
of CIP coexisting with surfactants and CNTs should be reconsidered.

In this study, adsorption and desorption of CIP on single-walled,
pristine multi-walled, hydroxylized multi-walled and carboxylized
multi-walled CNTs modified with a typical cationic CTAB and a
typical anionic SDS (sodium dodecyl sulfate) were investigated.
Different types of CNTs were applied due to their different di-
ameters and surface functional groups. The objectives of this study
were therefore to: (i) examine the removal mechanisms of CIP from
aqueous environment using CNTs as adsorbents treated with
cationic and anionic surfactants; (ii) evaluate the influence of sur-
factants on CIP adsorption behavior differing in pH and ionic
strength based on the hypothesis that surfactants introduction may
vary CIP adsorption behavior on CNTs depending on pH changes,
and that NaCl together with ionic surfactants could depress CIP
adsorption on CNTs; and (iii) investigate the desorption behavior of
CIP on CNTs using ionic surfactants as ‘washing’ agents.

2. Materials and methods

2.1. Materials

The carbon nanotubes (CNTs) used in this study included single-
walled CNTs (SWCNTs, purity> 98%), pristine multi-walled CNTs
(MWCNTs, purity> 98%), hydroxylized multi-walled CNTs
(MHCNTs, purity> 98%), and carboxylized multi-walled CNTs
(MCCNTs, purity> 98%). All the CNTs were purchased from
Chengdu Organic Chemistry Co., Chinese Academy of Sciences.
Selected physicochemical properties of the CNTs are listed in
Table S1 (Supplementary data). Ciprofloxacin (CIP, purity� 98%),
Cetyltrimethylamnonium bromide (CTAB, purity� 99%), and So-
dium dodecyl sulfate (SDS, purity� 98.5%) were purchased from
the Sigma-Aldrich Corporation. The chemical properties of CIP are
listed in Table S2, while the properties of CTAB and SDS are listed in
Table S3.

2.2. Batch adsorption

CIP (30mg L�1), CTAB (200mg L�1) and SDS (200mg L�1) were
respectively dissolved in deionizd water containing 0.01M CaCl2
and 200mg L�1 NaN3 as stock solutions (pH 7.5± 0.1). Diluted CTAB
or SDS solution (10, 20, and 40mg L�1) together with a certain
amount of CNTs was added to 15mL Teflon-lined screw cap vials.
These vials were sealed and shaken in a rotary shaker at room
temperature for 72 h, and thereafter centrifuged at 4000 rpm for
20min to separate the CNTs and solution. The supernatants of CTAB
or SDSwere carefully discarded and the same volume (15mL) of CIP
solutions (5e30mg L�1) were supplied into the batch vials. The
vials were resealed and shaken in the rotary shaker at room tem-
perature for 72 h which was sufficient to reach apparent equilib-
rium (Li et al., 2014), and thereafter centrifuged at 4000 rpm for
20min. The CIP concentrations in the supernatants were deter-
mined using a UVeVis spectrophotometer (Shimadzu 1214, Japan)
at the wavelength of 275 nm. Therefore, the amounts of CIP
adsorbed by CNTs were calculated by mass difference. Pre-
experiment results showed that the CIP (conc. 30mg L�1) mass
recovery was 100% after adding into vials without adsorbents
(CNTs) for 3 days, indicating that CIP adsorption onto the surfaces
and caps of the vials could be negligible.

For the investigation of adsorption kinetics, adsorption of
20mg L�1 CIP on CNTs pretreated with CTAB or SDS of different
concentrations (0, 10, 20, and 40mg L�1) was investigated from 0 to
72 h. The CIP concentration was detected in the UVeVis
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spectrophotometer at time 0 h, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, 36 h,
48 h, and 72 h, respectively. The adsorbed amount of CIP by CNTs at
each time was again calculated by mass difference. All samples
were run in duplicate.

2.3. Effects of pH and ionic strength

To determine the effects of pH on CIP adsorption by CNTs pre-
treated with surfactants, the single concentration point adsorption
experiments were conducted at pHs of 5, 7, and 10 at room tem-
perature. Changes in pH values after surfactant treatments were not
significantly observed. The pHs were adjusted by 0.1M NaOH or
0.1M HCl solution.

To determine the effects of ionic strength on CIP adsorption by
CNTs pretreated with surfactants, adsorption experiments were
conducted with NaCl solution concentration adjusted to 1mM,
10mM and 100mM (mmol L�1), respectively. The initial concen-
trations of CIP, CTAB, and SDS were all 20mg L�1. Also, CIP
adsorption on CNTs without surfactants was investigated. Noting
that the concentration of CaCl2 and NaN3 as diluted from CIP stock
solutions were kept the same for all treatments, thus the impacts of
these salts on CIP adsorption could be negligible. All experiments
were conducted in duplicate.

2.4. Zeta potential measurement

The zeta potential of as-received and ionic surfactants (CTAB
and SDS) modified CNTs was measured with a Malvern Zetasizer
(Malvern Instrument, UK). The zeta potentials of the suspensions of
the four as-received CNTs under pH values 1, 2, 3, 4, 5, 6, 7, 8, 9, and
10 were determined to obtain the point of zero charge (PZC).
Additionally, the zeta potentials of CTAB- and SDS-modified CNTs
with surfactant concentration of 10, 20, 40mg L�1 were measured
under pH conditions of 5, 7, and 10 respectively, so that the elec-
trostatic interactions between ionized CIP and charged surface of
CNTs could be identified.

2.5. SEM (scanning electron microscopy) analysis

The particle morphology of CNTs before- and after-adsorption of
surfactants and CIP was solely examined by a scanning electron
microscope (SEM) equipped with an energy dispersive X-ray
microanalysis (FEI Quanta 200FEG). CNTs particles were firstly
mounted on an aluminum stub and then SEMwas operatedwith an
accelerating voltage of 30 kV.

2.6. FTIR analysis

The Fourier Transform infrared (FTIR) spectra before and after
CIP adsorption were determined by NICOLET 6700 FTIR (Thermo
Scientific, USA) using the KBr pressing method. The spectra were
obtained by accumulating scans (32) at a resolution of cm�1 in the
range of 4000-400 cm�1.

2.7. Desorption experiments

Desorption experiments were conducted directly after the
equilibrium of CIP adsorption by CNTs without addition of surfac-
tants at pH condition of 7.5± 0.1. The supernatant was carefully
removed from each vial and 15mL 20mg L�1 surfactant (CTAB or
SDS) solution and deionizd water as well was added subsequently.
The vials were resealed and then shaken for an additional 72 h.
After centrifugation, the CIP concentration in the supernatant was
quantified by the UVeVis spectrophotometer, and the adsorbed
amounts of CIP by CNTs were calculated by mass difference.
Repeated procedures were conducted for the second and third
desorption cycles.
2.8. Data analysis

All adsorption models were fitted with SigmaPlot 10.0. The
statistical analysis was conducted by SPSS 16.0. One-way analysis of
variance (ANOVA; F-test) was conducted to compare the difference
among treatments.
3. Results and discussion

3.1. Adsorption kinetics

3.1.1. Modeling adsorption kinetics
The contact time is regarded as one of the important factors

affecting the adsorption process. Fig. 1 and Fig. S1 showed the dy-
namic process of CIP adsorption onto the four CNTs with or without
the treatments of surfactants (CTAB or SDS) under different initial
concentrations. For CNTs with no surfactant (NS-CNTs), a sharp
decrease (>60%) in CIP solution concentration took place within the
first 6 h and accounted for 61e81% of the total CIP removal. Simi-
larly, 82e88% and 57e78% of the total CIP removal occurred within
the first 6 h on CNTs modified with 20mg L�1 CTAB (CTAB-CNTs)
and SDS (SDS-CNTs), respectively. This linear phase may be related
to the time needed to saturate the external surface of the carbo-
naceous agglomerates, and thereafter a transition phase was
observed as the adsorption rate began to decrease attributable to
the slow diffusion of CIP molecules within the porous structure
(8e12 h) (Ncibi and Sillanp€a€a, 2015). Finally, the adsorption dy-
namic curve slowly leveled off. The decrease in CIP adsorption rate
with increasing contact time can be a result of gradual saturation of
adsorption sites (Wang et al., 2011b).

The adsorption kinetics was fitted resorting to Lagergren
pseudo-first order, pseudo-second order and Elovich models in
terms of their wide uses (Konggidinata et al., 2017). These model
equations (available in Supplementary data) are used to test the
experimental data. The calculated kinetic parameters for pseudo-
first order, pseudo-second order, and Elovich models are shown
in Table 1 and Table S4. For both pseudo-first order and pseudo-
second order models, the calculated rate constants of k1 and k2
for CNTs treated with surfactants were higher than those CNTs
without treatments, indicating that CIP adsorption on surfactant-
modified CNTs was a faster process due to the reduced adsorp-
tion sites for CIP as a result of surfactant adsorption (Ncibi and
Sillanp€a€a, 2015). For CTAB-CNTs, the adsorption rates (k1 and k2)
increased significantly (P< 0.001) with CTAB concentration
increased from 10 to 40mg L�1, demonstrating that the higher
CTAB concentration the fewer adsorption sites could be available
for CIP adsorption. In contrast, the statistical significance in
adsorption rates was reduced for CIP adsorption on CNTs treated
with different SDS concentrations (10e40mg L�1). This discrep-
ancy between the two surfactants could be attributed to the varied
surface properties of CNTs after surfactant introduction, as dis-
cussed below.

The better fitted pseudo-second order and Elovich model than
first order model as shown by higher r2 and lower MWSE (mean
weighted square errors) values (Table 1) demonstrated that CIP
adsorption on CNTs regardless of whether it is treated with sur-
factants or not is controlled by multiple processes (Chen et al.,
2015). The pseudo-second order model generally assumes that
the rate limiting step during the adsorption process is a chemical
adsorption (Chen et al., 2015; Li et al., 2015b).



Fig. 1. Adsorption kinetics of CIP on single-walled CNTs (SWCNTs), pristine multi-walled CNTs (MWCNTs), hydroxylized multi-walled CNTs (MHCNTs) and carboxylized multi-
walled CNTs (MCCNTs) treated with surfactants CTAB (20mg L�1) and SDS (20mg L�1), respectively.
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3.1.2. Rate controlling step analysis
The Weber-Morris intra-particle diffusion model (see the Sup-

plementary data) was generally used to test if film diffusion or
intra-particle diffusion was the rate-limiting step (Agnihotri et al.,
2004; Bedin et al., 2016; Konggidinata et al., 2017). In this study,
the plots of qt against t0.5 (h0.5) for all treatments were not straight
lines and could not pass through the origin (Fig. S2), thus indicating
that intra-particle diffusion was not the sole rate-limiting step and
the CIP adsorption should be governed by more than one mecha-
nism (Drweesh et al., 2016). The adsorption process in porous solids



Table 1
Adsorption kinetics of CIP onto CNTs treated with CTAB or SDS. The initial concen-
tration of surfactants is 20mg L�1.

Sorbent Surfactant mg L�1 Pseudo-first order kinetics

qe k1 r2adj P-value MWSE

SWCNTs NS 0 130.4 0.303 0.9617 <0.0001 0.0162
CTAB 20 35.5 1.022 0.9180 <0.0001 0.0137
SDS 20 57.3 0.202 0.9341 <0.0001 0.0641

MWCNTs NS 0 92.7 0.223 0.9772 <0.0001 0.0135
CTAB 20 39.6 0.900 0.9291 <0.0001 0.0120
SDS 20 51.5 0.493 0.9014 <0.0001 0.0310

MHCNTs NS 0 95.8 0.202 0.9770 <0.0001 0.0183
CTAB 20 42.7 1.078 0.9485 <0.0001 0.0082
SDS 20 77.8 0.693 0.9262 <0.0001 0.0276

MCCNTs NS 0 85.5 0.265 0.9603 <0.0001 0.0271
CTAB 20 39.3 0.725 0.9353 <0.0001 0.0140
SDS 20 74.6 0.633 0.9365 <0.0001 0.0146

Pseudo-second order kinetics

qe k2 r2adj P-value MWSE

SWCNTs NS 0 147.1 0.002 0.9990 <0.0001 0.0062
CTAB 20 40.2 0.017 0.9985 <0.0001 0.0586
SDS 20 67.6 0.003 0.9925 <0.0001 0.0362

MWCNTs NS 0 104.2 0.003 0.9991 <0.0001 0.0108
CTAB 20 44.4 0.016 0.9992 <0.0001 0.0361
SDS 20 60.6 0.006 0.9958 <0.0001 0.0778

MHCNTs NS 0 108.7 0.002 0.9985 <0.0001 0.0049
CTAB 20 46.1 0.028 0.9991 <0.0001 0.0075
SDS 20 90.1 0.006 0.9933 <0.0001 0.1101

MCCNTs NS 0 96.2 0.003 0.9988 <0.0001 0.0078
CTAB 20 43.1 0.020 0.9991 <0.0001 0.0072
SDS 20 84.0 0.007 0.9988 <0.0001 0.0283

Elovich model

a b r2adj P-value MWSE

SWCNTs NS 0 1.11 22.4 0.9334 <0.0001 0.0160
CTAB 20 9.69 3.37 0.9767 <0.0001 0.0005
SDS 20 1.15 11.2 0.9877 <0.0001 0.0057

MWCNTs NS 0 1.09 18.2 0.9378 <0.0001 0.0299
CTAB 20 5.66 4.01 0.9619 <0.0001 0.0014
SDS 20 1.71 7.31 0.9828 <0.0001 0.0017

MHCNTs NS 0 1.08 19.2 0.9604 <0.0001 0.0188
CTAB 20 13.0 3.56 0.9231 <0.0001 0.0015
SDS 20 2.50 7.77 0.9433 <0.0001 0.0018

MCCNTs NS 0 1.15 15.3 0.9572 <0.0001 0.0121
CTAB 20 3.94 4.37 0.9330 <0.0001 0.0026
SDS 20 1.77 9.07 0.9482 <0.0001 0.0034

The calculation methods of radj2 and MWSE were referred to Li et al. (2014).
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can be separated into four stages as follows: (1) bulk diffusion; (2)
film diffusion (external mass transfer); (3) intraparticle diffusion;
(4) adsorption onto the active sites (Waranusantigul et al., 2003).
The present study showed three stages of CIP adsorption process in
which film diffusion and intra-particle diffusion were distinct,
noting that stage (1) can be neglected because the solution was
stirred sufficiently during adsorption process and the stage (4) is
very rapid and cannot be regarded as rate limiting step (Li et al.,
2015a; Zhang et al., 2011)]. The film diffusion was significant and
fast (within several hours) in the early stage of CIP adsorption,
during which the introduction of surfactants increased the thick-
ness of the boundary layer (Ci) as compared with that without
surfactant treatments and thereafter depressed CIP adsorption rate
(Fig S3). In this stage, CIP adsorption accounted for 83.8 and 70.3%
on average of the total CIP removal by CTAB- and SDS-CNTs,
respectively, higher than that on NS-CNTs (66.3%). This indicated
that the film diffusion controlled the CIP adsorption by CNTs. In
contrast, CIP adsorption by intra-particle diffusion accounted for
26.1%, 14.7% and 18.7% on average of the total CIP removal for NS-,
CTAB- and SDS-CNTs, respectively. That is, CIP molecules can
gradually reach adsorption sites in the interstitial spacing between
neighboring CNTs and in the grooves and curved surfaces of the
periphery of CNT bundles (Fierro et al., 2008). Intra-particle diffu-
sion of CIP consumed longer time (five folds) than film diffusion
(Fig S3), thus playing a more predominant role in limiting CIP
adsorption rate on all CNTs. Both film and intraparticle diffusions
could act as limiting factors controlling CIP adsorption process on
CNTs. However, theywere suppressed with CTAB or SDS introduced
into CIP-CNTs systems considering the sharp decline of the
adsorption rates (line slope) (Fig.S3).

3.2. Modeling adsorption isotherms

Adsorption isotherms of CIP on CTAB-CNTs or SDS-CNTs are
presented in Fig. 2. Besides, the SEM images of single-walled CNTs
(SWCNTs) before and after surfactants and thereafter CIP adsorption
were shown in Fig. S4, where the agglomerated SWCNTs were
entangled as porous networks and forming heterogeneous surfaces.
The SWCNTs agglomeration could develop more micro-scaled
porosity than the multi-walled CNTs (Ncibi and Sillanp€a€a, 2015)
and larger specific surface areas (SSA) (Table S1), thus facilitating
diffusion of CIP molecules (line slope, Fig. S2) and leading to higher
CIP adsorption capacity. The CIP adsorption capacity significantly
(P< 0.001) decreased with the increased initial concentration of
surfactants from 0 to 40mg L�1 (Fig. 2). The significantly sharp
decline in CIP adsorption capacity occurred on CTAB-CNTs compared
with SDS-CNTs. In general, the CIP adsorption decreased in the order
of SWCNTs>MHCNTs>MWCNTs>MCCNTs, and tended to increase
with increases in SSA (Table S1). As expected, the SSAs sharply
decreased after modification of surfactants, e.g., SSA decreased (to
144.5m2 g�1) by 73.1% for CTAB-modified SWCNTs, and (to
152.5m2 g�1) by 71.6% for SDS-modified SWCNTs (calculated by BET
results using 150mg SWCNTs treated with 20mL CTAB or SDS so-
lution with concentration of 2000mg L�1). The similar results were
obtained for MHCNTs with the data as 74.9 (decreased to
117.0m2 g�1) and 60.3% (to 185.2m2 g�1). These results could ac-
count for the significant decrease in CIP adsorption on surfactant-
modified CNTs.

The adsorption isotherms of CIPs on CNTs were fitted with the
Freundlich, Langmuir, and DubinineAshtakhov models [see the
Supplementary data], which can help better understand the
adsorption behavior of organic contaminants on CNTs. The fitting
results are listed in Table 2, Table S5, and Table S6.

The adsorption isotherms weremuch better fitted by Freundlich
model and Dubinin-Ashtakhov (DA) model relative to Langmuir
model as indicated by lower MWSE and higher r2adj values (Table 2,
Table S5, and Table S6). Some recent studies supported Langmuir
model (Shen et al., 2015; Li et al., 2015a; Ncibi and Sillanp€a€a, 2015;
Robati et al., 2016), in that the adsorbents used had homogeneous
and uniform surface characteristics (Dada et al., 2012). In contrast,
the better fitting results from Freundlich model suggested that the
rough CNTs surface provides heterogeneous multi-sites for
adsorption (Li et al., 2015c), and diverse interactions occur between
the adsorbates and adsorbents. This surface heterogeneity can be
confirmed by the 1/n values which indicated highly heterogeneous
distribution of adsorption energy leading to uneven distribution of
CIP on CNTs surface (Fig. S4). Similarly, Chen et al. (2015) suggested
that CIP adsorption on grapheme oxide (GO) may be controlled by
the heterogeneous chemisorption noting that the CIP isotherm
fitted slightly better with the Freundlich model (R2¼ 0.996) than
the Langmuir model (R2¼ 0.968). For CTAB-CNTs, the 1/n values
increased when CTAB concentration increased from 0 to 40mg L�1

(Table 2), suggesting that the linearity of the adsorption isotherms
increased and CTAB was a strong competitor for CIP adsorption
(Yang and Xing, 2010). In contrast, SDS was aweaker competitor for
CIP adsorption in terms of the decreasing 1/n values as SDS



Fig. 2. Adsorption isotherms of CIP on single-walled CNTs (SWCNTs), pristine multi-walled CNTs (MWCNTs), hydroxylized multi-walled CNTs (MHCNTs) and carboxylized multi-
walled CNTs (MCCNTs) pretreated with different concentrations of CTAB and SDS solution. NS, CTAB 10, CTAB 20, CTAB 40, and SDS 10, SDS 20, SDS 40, represented no surfactant,
CTAB and SDS solution concentration as 10mg L�1, 20mg L�1, and 40mg L�1, respectively.
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Table 2
Adsorption isotherms fitting results of CIP onto CTAB modified CNTs using
Freundlich model under different concentration of surfactants.

Sorbent Surfactant mg L�1 Freundlich model (FM)

KF 1/n radj
2 MWSE

SWCNTs NS 0 86.56 0.307 0.994 0.0083
CTAB 10 45.78 0.367 0.972 0.0034

20 25.53 0.380 0.991 0.0008
40 13.67 0.448 0.962 0.0037

SDS 10 84.49 0.245 0.925 0.0090
20 76.16 0.269 0.913 0.0126
40 56.57 0.272 0.950 0.0050

MWCNTs NS 0 69.49 0.340 0.960 0.0099
CTAB 10 60.56 0.307 0.969 0.0062

20 31.62 0.385 0.955 0.0067
40 12.59 0.458 0.960 0.0046

SDS 10 60.76 0.353 0.970 0.0067
20 55.56 0.271 0.978 0.0043
40 65.49 0.187 0.937 0.0110

MHCNTs NS 0 104.7 0.191 0.952 0.0120
CTAB 10 55.90 0.296 0.966 0.0054

20 28.76 0.322 0.952 0.0044
40 10.75 0.399 0.976 0.0015

SDS 10 83.18 0.179 0.969 0.0056
20 83.56 0.129 0.987 0.0021
40 78.42 0.130 0.927 0.0109

MCCNTs NS 0 72.44 0.337 0.989 0.0026
CTAB 10 66.88 0.190 0.999 0.0023

20 39.54 0.265 0.995 0.0007
40 15.14 0.371 0.937 0.0095

SDS 10 82.85 0.238 0.931 0.0179
20 75.04 0.162 0.962 0.0079
40 75.75 0.158 0.988 0.0026

The calculation methods of radj2 and MWSE were referred to Li et al. (2014).
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concentration increased (Table 2). For most cases of CIP adsorption
on CTAB- and SDS-modified CNTs as indicated by DA modeling
(Table S6), the maximum adsorption capacity (Q0) and the
adsorption affinity (as indicated by E values) declined sharply with
concentration of surfactants increased from 10 to 40mg L�1. Thus,
introduction of either CTAB or SDS to CNTs significantly depressed
adsorption capacity and affinity for CIP, as discussed below.

Analysis of variance (ANOVA) and multiple comparisons were
conducted to test both the variation of CIP adsorption derived from
the four CNTs and the surfactant concentrations, respectively
(Tables S7-S14). Statistically significant difference in CIP adsorption
was found both among different surfactant concentrations and
among different CNTs. The CIP adsorption on CNTs treated with
CTAB decreased significantly (P< 0.001) as CTAB concentration
increased from 0 to 40mg L�1, indicating that the suppressive effect
of CTAB on CIP removal was concentration-dependent. In contrast,
the CIP adsorption on CNTs treated with SDS depended much less
on SDS concentration (Fig. 2), which could be attributed to the
lower SDS loading than CTAB loading on CNTs. From Fig. 2, higher
CIP adsorption occurred on SDS-CNTs than on CTAB-CNTs, which
could be a result of more adsorption sites available for CIP
adsorption as shown by lower adsorption rates (k1 and k2), as
mentioned above (Table 1 and Table S4). For SWCNTs andMWCNTs,
e.g., the calculated SDS loading on average of the three concen-
trations ranged from 10 to 40mg L�1 was about one fourth of CTAB
loading on CNTs, andmuch lower SDS loading occurred onMHCNTs
and MCCNTs. The lower SDS loading on CNTs could be attributed to
strong electrostatic repulsion between the anionic SDS and the
negatively charged surface of CNTs under neutral pH condition, as
identified by zeta potential (from �21.4 to �35.1mV, Fig. S5)
together with FTIR analysis (oxygen-containing functional groups
on CNTs surface, Fig. S7-S10). The oxygen-containing groups likely
made CNTs surface negatively charged (Fig. S5), thereby leading to
electrostatic interactions, p-p interactions and/or Hydrogen-
bonding between the oxygen-containing groups on CIP (Fig. S6)
and CNTs (Fig. S7-S10). Fig. S5 together with Fig. S11 showed that
changes in surface charge of CNTs occurred after surfactant
modification.

The PZCs (the point of zero charge) of CNTs were generally
below 5 (Table S1 and Fig. S5) (Wang et al., 2010a; b; Li et al., 2013,
2015d). That could be further demonstrated from the insignificant
difference (P¼ 0.695) between the adsorption of CIP on pristine
and SDS-modified MCCNTs containing surface-functional group of
eCOOH (Fig. 2, and Fig S9). In contrast, the cationic CTABwas driven
to the negatively charged surface of CNTs under the neutral pH
condition due to electrostatic attraction and resulted in the higher
CTAB loading on CNTs. Either CTAB or SDS is large molecule with
long aliphatic carbon chain which makes it not readily penetrate
the pores of CNTs (Wang et al., 2011b), thus hydrophobic interac-
tion could occur between the long tail of surfactants and the outer
surface of CNTs noting that both are highly hydrophobic (Gao et al.,
2016). As compared with SDS, CTAB molecule holds stronger hy-
drophobicity due to its longer aliphatic tail and electrostatic
attraction ability (as indicated by zeta potential) thereby leading to
higher adsorption capacity on CNTs. Hence, CTAB played more
predominant roles than SDS in suppressing CIP removal. Another
role of surfactants is that they can disperse CNTs aggregates in
aqueous solution producing stable CNTs suspension due to elec-
trostatic repulsion, and more evidently with aid of ultrasonication
(Han et al., 2008; Zhao et al., 2014), allowing diffusion of CIP mol-
ecules and gradual adsorption on the available adsorption sites.
Thus the net influence of ionic surfactants on CIP adsorption on
CNTs shows a tradeoff between the two opposite impacts (Zhang
et al., 2011): the suppressing effects of competitive adsorption for
CIP, and the dispersion effect providing more adsorption sites for
CIP. In the present study, introduction of ionic surfactants
decreased CIP removal, thus the suppressing effects were domi-
nant. This may be due to the as-treated concentrations of surfac-
tants far below critical micelle concentration (CMC) and the
optimal concentration (i.e., 20,000mg L�1 for SDS and 3300mg L�1

for CTAB) for CNTs dispersion where dispersing effects of surfac-
tants on CNTs could be enhanced (Han et al., 2008). Zhao et al.
(2014) showed that ultrasonication could well help cationic sur-
factant NaC to disperse graphene allowing increased phenanthrene
adsorption. However, ultrasonication was not applied in this study,
so the dispersing effect of CTAB and SDS with lower concentrations
could not be evidently observed.

3.3. pH effects

The CIP has two pKa values (pKa1¼6.1 and pKa2¼ 8.7), i.e., CIP
can be ionized beyond pH 6.1e8.7 and tend to adsorb to CNTs with
opposite surface charge. The effects of pH under 5, 7 or 10 on CIP
adsorption on CNTs (Fig. 3) were examined considering the three
forms of CIP (CIPþ, CIP±, and CIP�) depending upon pH conditions as
shown by our previous study (Li et al., 2014). The removal capacities
of CIP generally peaked at around pH 7 due to the lowest solubility
and highest hydrophobicity of zwitterionic CIP (CIP±), and there-
after declined until pH< 6.1 or pH> 8.7 where CIP was in the form
of CIPþ or CIP� (Li et al., 2011, 2014). For both CTAB- and SDS-
SWCNTs, the single point CIP (20mg L�1) adsorption capacities
significantly increased (P< 0.001) at pH 7 and pH 10 relative to
those at pH 5, while no significant difference occurred between CIP
adsorption at pH 7 and at pH 10. Similar results were obtained for
all MWCNTs. This can be ascribed to the strong hydrophobicity on
the surface of SWCNTs and MWCNTs which are lack of surface
oxygen-containing functional groups. The CTAB adsorption on CNTs
by hydrophobic interactions between CNTs and aliphatic chain of



Fig. 3. Adsorption of CIP on CNTs under different pH values. The initial CIP solution concentration was C0¼ 20mg L�1. NS, CTAB 10, CTAB 20, CTAB 40, and SDS 10, SDS 20, SDS 40,
represented no surfactant, CTAB and SDS solution concentration as 10mg L�1, 20mg L�1, and 40mg L�1, respectively. The bars on column are standard deviations (N¼ 3). Different
letters on the top of the bars represent significance at P< 0.05 under different pH conditions.
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CTAB and by electrostatic attraction between the negatively
charged CNTs and cationic CTAB couldmake CNTs surface positively
charged when CTAB concentrationwas above 12.7mg L�1 at pH 6.0
(PZC point) (Manilo et al., 2018). For most of the CTAB-modified
CNTs, the zeta potential kept positive with concentration of 20
and 40mg L�1 under the three pH conditions (except MCCNTs
under 20mg L�1 at pH 10, due probably to its stronger electro-
negativity with COO�) (Fig. S11). For those CNTs at pH 10, the
anionic CIP could thereby be drawn to the positive CTAB-modified
CNTs, where the CIP molecule is completely deprotonated into CIP-
COO-. As a result, CIP adsorption increased relative to that at pH 5
where electrostatic repulsion occurred between cationic CIP and
the positively charged surface of CTAB-CNTs. This increase was
significantly evident for CIP adsorption on CNTs modified with
40mg L�1 CTAB (Fig. 3). SDS could form aggregates on CNTs surface
by solely hydrophobic interactions (Tummala and Striolo, 2009),
this SDS-CNTs systemwas negatively charged at pH 5 (z<�30mV)
as shown on Fig. S11 and other studies (Javadian et al., 2017; Kim
et al., 2018), and then attracted cationic CIP diffusing from liquid
to solid phase, and thereby increasing CIP adsorption on CNTs
relative to that under pH 10 where electrostatic repulsion occurred
between anionic CIP and negatively charged SDS-CNTs. This could
be observed for MHCNTs (PZC¼ 3.26) and MCCNTs (PZC¼ 2.21)
especially for CNTs treated with 40mg L�1 SDS. For MHCNTs under
pH 3.26e6.1, the anionic MHCNTs could draw cationic CIP for
adsorption, and the adsorbed SDS may enhance this process, while
the anionic MHCNTs could repel anionic CIP at pH> 8.7. The similar
results could be expected for MCCNTs. Besides hydrophobic effects
and electrostatic attraction, p-p interactions (or cation-p in-
teractions) and Hydrogen-bond could enhance CIP adsorption on
CNTs (Lin and Xing, 2008; Keiluweit and Kleber, 2009; Wang et al.,
2011a; b; Zhao et al., 2017). However, the roles of these two in-
teractions in CIP adsorption on CNTs depending upon surfactant-
modification along with pH variation could not be readily evident
in the present study, thus further studies are essential. Fig. 4
summarizes CIP adsorption mechanisms as discussed above.

3.4. Ionic strength effects

The effects of ionic strength on CIP adsorption onto CTAB- or
SDS-CNTs at initial concentration 20mg L�1 are depicted in Fig. S12.
The introduction of CTAB tended to decline CIP adsorptionwith the
increase of ionic strength, thus indicating that CTAB played the
similar role in depressing CIP adsorption to NaCl. Previous study
showed that NaCl decreased the adsorption of sulfamethoxazole
and CIP on graphene oxide, and suggested that high ionic strength
increased aggregation of graphene oxide sheets in the aqueous
solution and therefore reduced the antibiotics adsorption (Liu et al.,
2013; Chen et al., 2015). CIP adsorption significantly declined when
NaCl concentration increased from 1mM to 10mM (P¼ 0.003) and
100mM as well (P¼ 0.004) for CTAB-SWCNTs. The similar results
could be observed for SDS-SWCNTs. However, the statistical dif-
ference in CIP adsorption on the three surfactant-modified multi-
walled CNTs among concentrations tested was not significantly
observed. The difference in properties of SWCNTs and multi-walled
CNTs should be responsible for the phenomenon. In contrast to
thosemulti-walled CNTs tested, SWCNTs is more likely to aggregate
in the solution due to its much smaller diameter and higher surface
energy, therefore SWCNTs could be more sensitive to ionic strength
than multi-walled CNTs. So, the readily formed SWCNTs aggregates



Fig. 4. Schematic diagram for adsorption mechanisms of CIP on CNTs. Hydrophobic, electrostatic (O- NH2
þ, O� and O� & SO4

�2), cation-p, and hydrogen bonding interactions can
account for CIP adsorption on CNTs. Competitive adsorption is supposed to exist between CIP and CTAB and SDS as well on CNTs. The interaction as shown by ‘?’ between CIP and
CTAB or SDS with or without CNTs involved remains unclear. CTAB, SDS, and H2O are used as release agents for CIP desorption on CNTs. (CNT image source from https://en.
wikipedia.org/wiki/Carbon_nanotube).
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reduced the CIP adsorption as the ionic strength increased
(Fig. S12). Previous (studies showed that the ionic strength
(ranging) 0.001e0.1M) had negligible impact on adsorption of
phenanthrene and 2-phenylphenol on CNTs because the contri-
bution of salting-out effect (namely, decrease in organic com-
pounds solubility in aqueous salt solutions) was equivalent to that
of the squeezing-out effects (formation of more compact aggregate
structure unfavorable for organic compounds adsorption) from
CNTs due to tighter aggregation or both the salting-out effect and
squeezing-out effect were too weak to exert any changes (Zhang
et al., 2010b). So, in contrast to previous research (Chen et al.,
2015), electrostatic attractions seemed not the unique mechanism
accounting for the ionic strength influence on CIP adsorption
(Fig. 4), and the hydrophobic effect played key roles in CIP
adsorption noting that the solution pHwas not beyond the range of
6.1e8.7 where zwitterionic CIP was dominant.
3.5. Desorption hysteresis

Desorption behaviors of CIP from CTAB- and SDS-CNTs are
depicted in Fig. S13. The extent of desorption was described by
release ratio (RR) (Barroso-Bujans et al., 2010) and was calculated
as:where Qe and Q3

e (mg/kg) are the solid-phase concentrations
before desorption and after three cycles of desorption, respectively.
The release ratios (RR) of CIP desorption from CNTs are shown in
Fig. 5. No desorption hysteresis occurred for CIP on CTAB-CNTs as
shown on Fig. S13. This could be confirmed by the significantly
higher (P< 0.001) RR values calculated from the adsorbed CIP
released by CTAB than those by SDS as well as water. The averaged
desorption percentage by taking all initial CIP concentrations pooled
decreased in an order of MHCNTs>MCCNTs>MWCNTs> SWCNTs
and 32.6e54.4% of adsorbed CIP were ‘washed off’ by CTAB. This
could be ascribed to the relatively strong competition (Fig. 4) as
discussed above, where CTAB strongly depressed CIP adsorption
relative to SDS (Fig. 4). Also, similar result suggested that the
adsorbed CIP could be partially removed from birnessite using CTAB
at a low initial concentration (5mM) due to the cation exchange
mechanism (Jiang et al., 2013). In contrast to CIP desorption by CTAB,
significant desorption hysteresis was observed for CIP on CNTs
released by SDS and water as well (Fig. S13). The desorption of CIP
from CNTs could be regarded as a true hysteresis due to 1) no evident
degradation was observed noting that CIP concentrations kept
negligible change during the experimental process; 2) three-day
time was sufficient for adsorption equilibrium as shown by our
previous study (Li et al., 2014); and 3) the supernatant was clearly
separated from CNTs after strong centrifugation. No significant dif-
ference (P¼ 0.479) of RR values was found between CIP desorption
by water and by SDS for SWCNTs. The similar trend occurred for
other CNTs. The mean RR with all CIP initial concentrations pooled
followed an order of MWCNTs (0.075)>MHCNTs (0.058)> SWCNTs
(0.057)>MCCNTs (0.049). The lowest CIP desorption from MCCNTs
could be attributed to electrostatic repulsion in that SDS, adsorbed
CIP, and MCCNTs are negatively-charged, therefore diffusion of SDS
to MCCNTs surface was inhibited. No significant CIP release for all
CNTs by SDS was detected with the initial CIP concentrations ranged
from 5.0 to 10.9mg L�1. Our previous study indicated that the
adsorption energy (E*) decreasedwith increasing CIP loading, i.e., CIP
molecules first occupied the high-energy adsorption sites at low

https://en.wikipedia.org/wiki/Carbon_nanotube
https://en.wikipedia.org/wiki/Carbon_nanotube


Fig. 5. Release ratio (RR) of CIP desorption from CNTs treated with dionized water (H2O), CTAB (20mg L�1) and SDS (20mg L�1), respectively, calculated based on the pooled three
cycles of CIP desorption. SW, MW, MH, and MC represent single-walled CNTs (SWCNTs), pristine multi-walled CNTs (MWCNTs), hydroxylized multi-walled CNTs (MHCNTs) and
carboxylized multi-walled CNTs (MCCNTs).
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concentration and then spread to low-energy adsorption sites (Li
et al., 2014). The lower the CIP concentration, the more energy-
dependent was for CIP desorption. For either CTAB or SDS identi-
fied to adsorb onto the CNTs' surface (Bai et al., 2011), their intro-
duction into CIP-CNTs systems can cause surface competition with
CIP for adsorption on CNTs. The surface competition will help pro-
mote CIP release from the adsorption sites and diffusion from solid to
liquid phase (Zhang et al., 2011). Also, the dispersion and suspension
induced by surfactants may cause slow release of CIP from the
entrapment in micropores and narrow pores with high-energy sites
(Wang et al., 2013). Therefore, larger amount of adsorbed CIP
released by CTAB than by SDS can be attributed to the stronger
ability of CTAB to compete adsorption sites with CIP which was
thereafter replaced (Fig. 5).

RR ¼
�
Qe � Q3

e

�.
Qe (1)

4. Conclusion

The sharp increase of CIP adsorption on CNTs happened within
the first 6 h of contact time for all treatments examined. The
experimental data of CIP adsorption processes could be defined by
multiple kinetic models, and the higher rate constants (k1 and k2)
for surfactant treatments indicated a faster process of CIP
adsorption. Modeling adsorption kinetics demonstrated that CIP
adsorption on CNTs was controlled by multiple processes, both
film and intraparticle diffusions could limit CIP adsorption. Rela-
tive to SDS, CTAB was concentration-dependent in suppressing
CIP removal. Also, increase in 1/n values with increasing CTAB
concentration suggested that CTAB could be a stronger competitor
for CIP adsorption. Hydrophobic interactions predominated CIP
adsorption. The surface zeta potential of CNTs varied with intro-
duction of cationic CTAB and anionic SDS thus electrostatic in-
teractions could help drive ionizable CIP adsorption on charge-
varied surfactant-modified CNTs depending on pH. In contrast to
the three multi-walled CNTs, CIP adsorption on surfactant-
modified SWCNTs significantly declined as ionic strength
increased, due probably to the more favorable aggregation of
SWCNTs, thus reducing the CIP adsorption. Desorption hysteresis
of adsorbed CIP released by SDS and water was observed, but not
by CTAB. The release ratios calculated from adsorbed CIP released
by CTAB were significantly higher than those by SDS as well as
water. Introduction of ionic surfactants into CIP-CNTs systems
could cause surface competition with CIP for adsorption on CNTs.
Thus it can be predicted that surfactants (e.g., CTAB) co-existing
with adsorbents like CNTs tend to suppress contaminant
removal from and purification efficiency of wastewater, therefore
leading higher environmental risk.
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