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adsorption†

Yifei Wang, a Xiuming Wei,a Ruochu Zhang,a Yingfeng Wu,a

Muhammad Usman Faridb and Haiou Huang*ac

Recovering the adsorption capacity of multi-walled carbon nanotubes (MWCNT) is of importance to the

sustainable use of MWCNT for the adsorption of pharmaceuticals and personal care products (PPCP). In

this study, different regeneration approaches, including chemical desorption, sonication, and thermal

treatment were compared for their efficiencies in regenerating the adsorption capacities of a MWCNT

for acetaminophen (AAP), ibuprofen (IBU), and triclosan (TCS). Among chemical solutions possessing

different levels of hydrophobicity, pH and salt concentrations, a NaCl solution at a concentration of

0.1 M outperformed others due to the replacement of the adsorbed PPCP by Na+, and hence

regenerated the used MWCNT. However, the higher desorption ratio of TCS and IBU (mainly governed

by p–p interactions) than that of AAP (dominated by hydrogen-bonding interactions) was due to the

smaller bond interactions of p–p interactions than hydrogen-bonding interactions. Furthermore,

sonication of the MWCNT immersed in the NaCl solution increased the adsorption capacities of MWCNT

by 4.9–33.7%, 36.8–46.9% and 1.1–6.8% for AAP, IBU, and TCS, respectively, possibly because the high-

energy pulsation induced by sonication weakened the adhesive interaction between MWCNT and PPCP.

Furthermore, thermal regeneration of the MWCNT at 380 �C led to the vaporization and/or oxidation of

the adsorbed PPCP, while it maintained the characteristics of the MWCNT. Overall, these results imply

that thermal regeneration is potentially the most effective approach for regenerating MWCNT.
1. Introduction

As an important class of emerging contaminants, pharmaceu-
tical and personal care products (PPCP) have drawn broad
attention due to their high consumption in modern society and
frequent release into the environment.1 A variety of carbona-
ceous materials have been applied for the adsorption of PPCP
and other organic pollutants, such as activated carbon,2 gra-
phene,3 fullerene,4 and single-/multi-walled carbon nanotubes
(SWCNT/MWCNT).5 Among them, MWCNT have been most
widely studied due to abundant pore structures, small diame-
ters, large specic surface areas, and good antibacterial
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hemistry 2017
properties.6 However, current market prices of MWCNT range
between $100–45 000 kg�1 as compared to those of $0.67–75 kg�1

for activated carbon.7–9 Due to the relatively high cost of CNT and
chemical pollution produced by the used CNT, effective methods
to regenerate the adsorption capacity ofMWCNT are immediately
sought for sustainable use of MWCNT as adsorbents in envi-
ronmental applications.

At present, methods for adsorbent regeneration include
thermal regeneration,10 chemical regeneration,11 bio-regenera-
tion,12 and microwave radiation regeneration.13 Among them,
chemical desorption has been widely studied for the regenera-
tion of CNT adsorbents. According to the literature, four major
types of solute-CNT interactions govern the adsorption/
desorption of organic contaminants on CNT; these interac-
tions include p–p bond interactions, electrostatic interactions,
hydrophobic interactions, and hydrogen-bonding interac-
tions.14,15 Effective chemical regeneration methods may be
developed by altering these interactions to enhance desorption
of adsorbate. For example, dipolar solvents such as methanol
and ethanol can reduce the attractive hydrophobic interaction
between organics and CNT, which has been used to desorb dyes
from CNT.16 Moreover, variations in solution pH were found to
RSC Adv., 2017, 7, 52719–52728 | 52719
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affect the strength of hydrogen bonds between PPCP and CNT
to affect PPCP adsorption/desorption;17 this effect may be
applied to desorb PPCP from CNT.

In addition to chemical regeneration, sonication of CNT in
aqueous suspension has been studied for recovering PPCP from
CNT adsorbents. According to Feng et al.,18 ultrasonic treatment
was efficient in desorbing tetracycline and carbamazepine from
MWCNT. In principle, sonication may weaken the cohesive
interaction between CNT and aqueous chemicals through high-
energy pulsation and/or pyrolysis-induced adsorbate collapse
and fragmentation. These effects are affected by the ultrasonic
frequency19 and an optimum frequency of 60 kHz has been
found in a previous study.20

Thermal treatment has also been investigated in limited
studies for the regeneration of CNT adsorbents. Wei et al.10

found that thermal treatment at 400 �C recovered the adsorp-
tion capacity of an exhausted carbon nanotube for diclofenac
sodium and carbamazepine (CBZ) by 62–78% and 65–72%,
respectively, aer ten reuse cycles. Compared with chemical
desorption, thermal regeneration directly decompose organic
adsorbates without the use of any chemicals.21

Despite the aforementioned ndings in the literature, there
is currently not any systematic report on the efficiencies of
different regeneration methods under conditions relevant to
the application of MWCNT in advanced water/wastewater
treatment. This research gap has largely hindered full-scale
applications of CNT to water treatment and environmental
remediation. Therefore, this study aimed to investigate CNT
regeneration under selected chemical, ultrasonic, and thermal
conditions, for the adsorption of selected PPCP compounds.
The results demonstrate that thermal treatment is the most
efficient approach for CNT regeneration and worthy of future
investigation under broad application conditions.

2. Experimental section
2.1 Chemicals and carbon nanotubes

Reagent-grade triclosan (TCS), ibuprofen (IBU), acetaminophen
(AAP) were purchased from Tokyo Chemical Industry Co., Ltd,
Japan. These chemicals were selected due to their high detec-
tion rates and levels in natural waters in Northern China.22,23

The physiochemical properties of these chemicals are listed in
Table 1. The PPCP chemicals were dissolved into HPLC-grade
methanol (Fisher Scientic, USA) to prepare stock solutions of
1000 mg L�1 for AAP, 250 mg L�1 for IBU, and 500 mg L�1 for
TCS. Other chemicals used in the study were all reagent-grade
and purchased from Beijing Fine Chemical Co., Ltd., China.

MWCNT employed in this study was purchased from Beijing
Boyu Technology Corporation of High-tech New Materials,
China. Characteristics of theMWCNTwere determined by using
approaches specied below and the results are summarized in
Table S1.† It is noteworthy that the MWCNT samples possessed
only moderate adsorption capacities for the studied PPCP
compounds among a group of commercially available CNT
products that we have evaluated (Fig. S1, ESI†), but were
employed herein because they allowed evaluation of the
regeneration efficiency in a relatively short period.
52720 | RSC Adv., 2017, 7, 52719–52728
2.2 Preparation of the MWCNT adsorbent

Prior to each adsorption experiment, 30 mg of MWCNT were
weighted with a digital microbalance (FA2004, Soptop, China)
and dispersed in 30 mL of ultrapure water. Aer sonicating for
30 min with a water-bath sonicator (KQ5200DE, Kunshan Shu-
mei Corp., China), the MWCNT dispersion was drawn into
a plastic syringe and pushed slowly through a at-sheet, poly-
vinylidene uoride (PVDF) membrane (Durapore® HVLP, Mil-
lipore, USA) with a nominal pore size of 0.22 mmand an effective
membrane area of 4.52 � 10�4 m2. The CNT retained on the
membrane surface was then continuously rinsed with ultrapure
water at a constant ow rate of 1 mLmin�1 for 30min to remove
soluble impurities on the CNT and the PVDF membrane.
2.3 Chemical regeneration

In the preliminary experiments, a four-cycle, ltration–regen-
eration experiment was conducted with a bench-scale ltration
system illustrated in Fig. S2.† Specically, prior to the regen-
eration experiment, a feed solution containing 1 mg L�1 of AAP,
IBU, or TCS was prepared by diluting the PPCP stock solutions
into an electrolyte solution consisting of 0.01 M NaCl and at an
adjusted pH of 7.0. During the rst ltration–regeneration
cycle, the feed solution containing 1mg L�1 of PPCP was ltered
through the CNT-loaded PVDF membrane for 45 min. Dynamic
adsorption of the PPCP by the CNT was monitored by online
measurement of the UV absorbance of PPCP in the ltrate.
Subsequently, the CNT membrane was rinsed with 30 mL of
a solution containing 0.1 M of NaCl and having a pH of 7.
During the second cycle, the efficacy of the rst regeneration
was assessed with the ltration of the feed solution for another
45 min. Then aer, the MWCNT was rinsed with 30 mL of 50%
(vol%) methanol. The third cycle was performed with the
ltration of the feed solution, followed with CNT regeneration
with 50% (vol%) ethanol solution. Finally, the fourth cycle was
conducted with the feed solution to assess the regeneration
efficacy of ethanol solution. The ow rates of the feed water and
the rinsing solutions were xed at 1 mL min�1 throughout the
experiment.

The efficacy of chemical regeneration was evaluated based
upon variations in the adsorption capacity of MWCNT aer
chemical regeneration, benchmarked to that of the pristine
MWCNT. The ltration–regeneration experiment was conduct-
ed with a bench-scale ltration system illustrated in Fig. S2.†
Specically, prior to the regeneration experiment, a feed solu-
tion containing 1 mg L�1 of AAP, IBU, or TCS was prepared by
diluting the PPCP stock solutions into an electrolyte solution
consisting of 0.01 M NaCl and at an adjusted pH of 7.0. During
the rst ltration–regeneration cycle, the feed solution con-
taining 1 mg L�1 of PPCP was ltered through the CNT-loaded
PVDF membrane for 45 min. Dynamic adsorption of the PPCP
by the CNT was monitored by online measurement of the UV
absorbance of PPCP in the ltrate. Subsequently, the CNT
membrane was rinsed with 30 mL of a solution containing
0.1 M of NaCl and having a pH of 7. Aer that, the efficacy of the
rst regeneration process was assessed with the ltration of the
feed solution for another 45 min.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Physico-chemical properties of acetaminophen, ibuprofen and triclosan

Compound Structure
Molecular weight
(g mol�1)

Boiling point
(�C)

Water solubility
(mg L�1) log Kow pKa

Triclosan (TCS) 287.5 120.0 10 4.76a 7.9a

Ibuprofen (IBU) 206.3 157.0 21 3.97a 4.4/4.9a

Acetaminophen (AAP) 151.2 387.7 14 000 0.46a 9.4a

a P. Westerhoff, Y. Yoon, S. Snyder, E. Wert, Fate of endocrine-disruptor, pharmaceutical, and personal care product chemicals during simulated
drinking water treatment processes, Environmental Science & Technology, 39 (2005) 6649–6663.
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2.4 Ultrasonic regeneration

A dual-channel membrane ltration system was employed for
paired testing of CNT regeneration with and without sonication
(Fig. 1). During each experiment, two similar CNT lters were
installed in parallel onto the dual-channel ltration system. The
feed solution was ltered simultaneously through the two lters
at a constant ow rate of 1 mL min�1 for 120 minutes. The
ltrate was collected at regular intervals for the measurement of
PPCP concentration. Aerwards, the used membrane lters
were immediately placed into two separate glass beakers, each
having 30 mL of 0.1 M NaCl solution. One of the two beakers
with the membrane lter was placed into the aforementioned
water bath sonicator and sonicated at a frequency of 40 kHz for
15–60 min. The other beaker with the control lter was kept
quiescently in the 0.1 M NaCl solution for the same period.

Aer determining a suitable ultrasonic time, multi-cycle
experiments with ultrasonic regeneration were carried out for
Fig. 1 A schematic diagram of the bench-scale membrane filtration sys

This journal is © The Royal Society of Chemistry 2017
ve consecutive cycles to investigate the variations in the
adsorption capacity of the CNT for the targeted PPCP
compound aer multiple regeneration steps. All dynamic
adsorption and regeneration experiments were conducted at
a room temperature of 25 � 2 �C and repeated at least twice to
validate the repeatability of the results.
2.5 Thermal regeneration

Given a melting point of ca. 177 �C for PVDF, loading MWCNT
onto the PVDF membrane would result in damage to the PVDF
material during the thermal regeneration process. Therefore,
the efficacy of thermal regeneration was not assessed based
upon dynamic ltration experiments as used for chemical and
ultrasonic regeneration studies, but instead, by the static
adsorption method described below. Specically, during each
batch of static adsorption experiments, 30 mg of MWCNT were
massed and added into a series of amber glass vials, each
tem employed in the ultrasonic regeneration experiments.

RSC Adv., 2017, 7, 52719–52728 | 52721
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Fig. 2 Adsorption capacities of the MWCNT for acetaminophen,
ibuprofen and triclosan in the pristine form and after the regeneration
by 0.1 M NaCl solution, 50% (vol%) methanol solution, and 50% (vol%)
ethanol solution, successively. Feed PPCP concentration ¼ 1 mg L�1,
pH¼ 7.0, cumulative permeate throughput¼ 62.3 L m�2, CNTmass¼
30 mg, temperature ¼ 25 � 2 �C. The error bars represent the upper
and lower values obtained in duplicate experiments.
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containing 120 mL of PPCP solution at a preset initial concen-
tration of 1 mg L�1. The vials were then sealed with caps lined
with PTFE andmixed by end-over-end rotation in the dark, at an
ambient temperature of 25 � 2 �C for 99 h. In the end of the
adsorption experiment, the MWCNT was separated from the
solution by a PVDF membrane and dried in air. Subsequently,
thermal regeneration of MWCNT was operated by treating the
used and dried MWCNT sample at 380 �C inside a muffle oven
(SX-G36123, Tianjin, China) for 2 h. This heating temperature
was determined based upon the boiling points of the PPCP
compounds (Table 1) and the thermal stability of the MWCNT
(Fig. S3, ESI†). Aer the thermal treatment, the adsorption
capacity of the regenerated MWCNT was determined in another
batch of static adsorption experiments following the afore-
mentioned protocol. As such, the efficacy of thermal regenera-
tion was assessed based upon the difference in adsorption
capacities between the original and the regenerated CNT
sample. The adsorption–regeneration process was repeated for
ve consecutive cycles to investigate long-term effects of
thermal treatment on the properties and the adsorption
capacities of MWCNT for PPCP compounds.

2.6 Analytical methods

Surface chemical composition and functionality of the MWCNT
samples before and aer regeneration treatments were deter-
mined by a X-ray photoelectron spectroscope (XPS, ESCALAB
250Xi, USA) and a Fourier transform infrared spectroscope (FT-
IR) (Nexus670, Nicolet, USA). For Brunauer–Emmett–Teller
(BET) measurements of the specic surface area (SSA), N2

adsorption data at 77 K were obtained using a high-resolution gas
adsorption analyzer with high vacuum capacity (5 � 10�7 Pa)
(autosorb iQ, Quantachrome), following the standard method for
black carbon samples.24 The air-dried specimens of the CNT
loaded on the PVDF membrane were sputter-coated with gold
and then imaged using a cold cathode eld emission scanning
electron microscope (SEM) (HITACHI S-4800) at 10 keV. Trans-
mission electron microscopy (TEM) images of the MWCNT
samples before and aer the regeneration treatment were
acquired with a FEI TF20 TEM at an accelerating voltage of
200 kV. Moreover, the UV absorbance of the feed solution, the
permeate, and the regeneration wastewater was measured using
a UV-vis spectrophotometer (HACH DR 6000) at wavelengths of
220 nm for TCS and IBU, 242 nm for AAP, respectively, to deter-
mine the concentrations of these compounds. To determine the
thermal stability of MWCNT, 10 mg MWCNT were prepared in
the aluminium oxide pans at a heating rate of 10 �C min�1 to
1100 �C in an atmosphere of air owing at 180 mL min�1 by the
Thermogravimetric Analyzer (HTC3).

2.7 Computing methods

Herein, the adsorption capacity (q) was dened as the ratio of
the total mass of PPCP adsorbed and the total mass of the
MWCNT. Because the total mass of CNT loaded on each
membrane, mCNT, was preset at 30 mg, the surface concentra-
tion of PPCP on the MWCNT, q [mg g�1], is calculated with eqn
(1):
52722 | RSC Adv., 2017, 7, 52719–52728
q ¼ mPPCP

mCNT

(1)

3. Results
3.1 Effect of chemical solution conditions on MWCNT
regeneration

Chemical regeneration of MWCNT by NaCl, methanol and
ethanol solutions resulted in different adsorption capacities for
the regenerated MWCNT sample. The adsorption capacities of
MWCNT regenerated with the ethanol solution were the lowest
for the three studied PPCP compounds (Fig. 2), followed by
methanol. Overall, the regeneration performance of 0.1 M NaCl
solution was better than that of ethanol or methanol.

Moreover, the regeneration efficacy of NaCl solution depen-
ded upon NaCl concentration. When NaCl concentration
increased from 0 to 1.0 M, the adsorption capacity of MWCNT
for AAP was the highest aer regeneration with 0.1 M NaCl
solution compared to that obtained with 0 or 1.0 M NaCl solu-
tion (Fig. S4, ESI†). Therefore, considering the effectiveness in
regeneration and the safety in water treatment operation, 0.1 M
NaCl solution was regarded as the most suitable regeneration
solution for chemical regeneration of the MWCNT.
3.2 Effect of sonication on MWCNT regeneration

Because the power output of the sonicator was xed in this
study, sonication time was the only viable parameter during the
ultrasonic regeneration. The adsorption capacities of the
MWCNT for AAP generally increased as the sonication time
increased from 15 min to 60 min (Fig. 3a–c). Moreover, the
improvement in the regeneration performance was minor for
IBU and TCS when the treatment time exceeded 30 min.
Therefore, 30 min was considered as a suitable time for the
regeneration of MWCNT for IBU removal, while 60 min was
chosen for AAP and TCS.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Adsorption capacities of the MWCNT in the pristine form and after regeneration in 0.1 M NaCl solution with/without ultrasonic treatment,
for AAP, IBU, and TCS, respectively. Feed concentration¼ 1 mg L�1, pH¼ 7.0, cumulative permeate throughput¼ 174 L m�2, CNTmass¼ 30mg,
temperature ¼ 25 � 2 �C. The error bars represent the upper and lower values obtained in duplicate experiments.

Fig. 4 Comparison of the adsorption capacities of the MWCNT for
acetaminophen, ibuprofen and triclosan obtained in five consecu-
tive regeneration circles with ultrasonic treatment at the optimal
regeneration time. PPCP concentration in the feed solution ¼
1 mg L�1, pH ¼ 7.0, cumulative permeate throughput ¼ 174 L m�2,
CNT mass ¼ 30 mg, and temperature ¼ 25 � 2 �C. The error bars
represent the upper and lower values obtained in duplicate
experiments.
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At the optimal sonication condition, the adsorption capacity
of the MWCNT for AAP reached 1.99 mg g�1 aer regeneration
or 96% of that of the pristine MWCNT sample, i.e., 2.13 mg g�1

(Fig. 3a). The ratios of recovery were 95% for IBU (Fig. 3b) and
95% for TCS (Fig. 3c), respectively. Overall, the adsorption
capacities of the MWCNT were effectively recovered by using the
combination of ultrasonic treatment and chemical treatment.

Consistent with the results of adsorption capacity shown in
Fig. 3, sonication time positively inuenced PPCP desorption
from the MWCNT in 0.1 M NaCl solution. The percentages of
AAP and TCS desorbed generally increased with increasing
sonication time, while those of IBU were relatively stable at
15 min and 30 min, but slightly decreased at 60 min. Aer
chemical regeneration without sonication, more than 97%,
87%, and 80% of AAP, IBU and TCS remained on the MWCNT,
respectively. Comparatively, 85% of AAP, 48% of IBU and 60%
of TCS remained on the MWCNT with ultrasonic treatment.
Therefore, ultrasonic treatment promoted the desorption of
AAP, IBU and TCS by 13%, 44% and 20%, respectively, but did
not completely desorb these compounds from the MWCNT.

3.3 Efficacy of chemical/ultrasonic regeneration during
multi-cycle experiments

As stated above, combining chemical and ultrasonic regenera-
tion obviously enhanced PPCP desorption (Fig. S5, ESI†). To
further verify the performance of chemical/ultrasonic regener-
ation, consecutive, multi-cycle ltration was conducted under
similar regeneration conditions.
This journal is © The Royal Society of Chemistry 2017
For AAP, the adsorption capacities of MWCNT in individual
cycles decreased from 1.99 mg g�1 to 1.60 mg g�1, while the
desorbed amount remained at 0.25–0.30 mg g�1 (Fig. S6, ESI†).
In comparison, the adsorption capacity of the MWCNT for IBU
was consistently lower than that for AAP, but the desorbed
amount varied from 0.51–0.77 mg g�1, higher than that for AAP
RSC Adv., 2017, 7, 52719–52728 | 52723
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Fig. 5 Adsorption capacities of the MWCNT for AAP, IBU, and TCS
obtained in five consecutive static adsorption circles. The MWCNTwas
regenerated at 380 �C in air. PPCP concentration in the feed solution¼
1 mg L�1, pH¼ 7.0, CNTmass¼ 30mg, and adsorption temperature¼
25 � 2 �C. The error bars represent the upper and lower values ob-
tained in duplicate experiments.
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(Fig. 4). For TCS, the adsorption capacity and desorbed amount
were both higher than those of other compounds and reached
3.28 and 1.31 mg g�1, respectively. These results show the
inuence of PPCP properties on their adsorption and desorp-
tion during multi-cycle ltration by MWCNT.

Pertaining to temporal variations, the adsorption capacities
of the MWCNT for all PPCP compounds decreased gradually as
the ltration cycles proceeded (Fig. 4). Similar trends were
observed for desorption amounts of the PPCP compounds
(Fig. S6a, ESI†). As a result, relatively stable desorption ratios
were obtained for the three compounds; this trend was more
obvious for AAP and TCS than for IBU. The desorption ratios of
AAP and TCS remained at constant levels aer the rst cycle
(Fig. S6b, ESI†).
Fig. 6 Transmission electron microscope (TEM) images of (a) pristine M
MWCNT, and (d) thermal regenerated MWCNT samples.

52724 | RSC Adv., 2017, 7, 52719–52728
3.4 Thermal regeneration of CNT

The results obtained in ve consecutive thermal regeneration
circles are shown in Fig. 5. The adsorption capacities of
MWCNT during the reuse cycles were higher than that of the
pristine one; this was due to the purication of MWCNT
during the thermal treatment. This nding was consistent
with those of Wen et al.25 and Saini et al.26 For TCS, the
adsorption capacities of the regenerated carbon nanotubes
were 3.59–3.73 mg g�1 during the reuse cycles, resulting in
89.8–93.3% removal of TCS from the feedwater, which was
greater than 72.0% removal obtained by the pristine carbon
nanotube. Similarly, the adsorption capacities of MWCNT for
IBU and AAP were 2.59–3.09 mg g�1 and 3.19–3.83 mg g�1 in
the reuse cycles, respectively, which corresponded to 87.1–
93.2% and 64.8–77.3% removal of the two compounds,
respectively.
3.5 Effects of different regeneration conditions on MWCNT
properties

The adsorption capacities of MWCNT are related to their
surface properties; the latter may be altered during chem-
ical, ultrasonic, and thermal regeneration processes.
Therefore, it is necessary to compare the properties of the
MWCNT in its pristine form and aer different regeneration
processes. As shown in Fig. 6a–c, similar curved and gran-
ular CNT structures were observed under TEM, indicating
that no signicant structural change took place aer chem-
ical, ultrasonic and thermal regeneration processes used in
this study. Furthermore, the XPS results revealed that the
oxygen contents of the MWCNT in the pristine form and
aer chemical, ultrasonic and thermal regeneration were
2.1%, 3.1%, 2.2%, and 2.9%, respectively (Fig. 7 and Table
2). The minor increase in the oxygen content of MWCNT
WCNT, (b) chemical regenerated MWCNT, (c) ultrasonic regenerated

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 XPS C 1s spectrum of (a) pristine MWCNT, (b) chemical regenerated MWCNT, (c) ultrasonic regenerated MWCNT, and (d) thermal
regenerated MWCNT samples.
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aer regeneration was attributed to the formation of C–O,
O]C–O and C–O groups on MWCNT surfaces (Fig. 7).
According to the results shown in Fig. S7,† the main
oxygenated functional groups on the pristine/regenerated
MWCNT samples consisted of C]O, C]O and O–C]O. In
comparison, no noticeable change in the surface composi-
tion of the MWCNT was found aer the ultrasonic/chemical
regeneration process. Overall, the MWCNT used in this study
remained stable under all studied conditions.
Table 2 Chemical properties comparison for the pristine MWCNT and
the MWCNT after chemical regeneration, ultrasonic regeneration and
thermal regeneration

CNT type
Surface oxygen
(%) by XPSb

Specic surface
areab (m2 g�1)

MWCNT 2.1a 137b

Chemical regeneration 3.1a 125b

Ultrasonic regeneration 2.2a 150b

Thermal regeneration 2.9a 136b

a Data from the XPS analysis. b Data obtained using a high-resolution
gas adsorption analyzer with high vacuum capacity (5 � 10�7 Pa)
(autosorb iQ, Quantachrome).

This journal is © The Royal Society of Chemistry 2017
4. Discussion
4.1 General mechanisms for PPCP desorption fromMWCNT

The fundamental mechanisms for CNT regeneration are the
enhanced desorption of the PPCP compounds under controlled
physical and chemical conditions. As stated in the literature,
four types of physico-chemical interactions, including p–p

bond interactions, electrostatic interactions, hydrophobic
interactions, and hydrogen-bonding interactions govern CNT
adsorption of PPCP compounds.27,28 As found in the previous
studies, CNT adsorption of IBU and TCS is dominated by strong
p–p bond interactions between the PPCP molecules and the
CNT surfaces, and this effect becomes stronger as the number
of aromatic rings in PPCP structures increases. Furthermore,
TCS adsorption may also be enhanced by hydrophobic inter-
actions due to the strong hydrophobicity possessed by the
compound.29 In comparison, hydrogen-bonding interaction
plays an important role in AAP adsorption.22

Based upon the adsorption mechanism, the enhanced PPCP
desorption observed during CNT regeneration should be related
to the mitigation of the attractive interactions between PPCP
compounds and CNT surfaces, i.e., p–p bond and hydrophobic
interactions for TCS, p–p bond interactions for IBU, and
hydrogen-bonding interaction for AAP. The detailed
RSC Adv., 2017, 7, 52719–52728 | 52725
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mechanisms will be elaborated below for each kind of regen-
eration method.

4.2 Potential mechanisms of chemical regeneration

Different chemical solutions should alter PPCP–CNT interac-
tions based upon the nature of the interactions. Firstly, the use
of methanol or ethanol solution reduces the polarity of the
solvent phase as compared to water, which mitigates the
hydrophobic interaction between the adsorbate and the
MWCNT. This trend was indeed observed with TCS as the
adsorption capacity of the MWCNT for TCS was recovered aer
regeneration with methanol or ethanol solution (Fig. 2).
Secondly, unlike methanol or ethanol, sodium and chloride
ions at moderate concentrations are capable of weakening
PPCP–CNT interactions by replacing cationic or anionic adsor-
bates from CNT surfaces, thus enhancing adsorbate desorption.
An analogue may be made with the elution effect observed in
liquid chromatography (LC) analysis. Moderate concentration
salt solutions are commonly used as the mobile phase to elute
organic compounds from different types of LC columns to
achieve the purpose of organic separation. For example, Chin
et al.30 and Zazouli et al.31 used salt solutions as mobile phases
to effectively separate humic substances and pharmaceutical
compounds (cephalexin, tetracycline, acetaminophen, indo-
methacin and amoxicillin) for LC analysis. Therefore, when the
used CNT were regenerated by NaCl solution, enhanced
desorption of TCS, IBU, and AAP were observed (Fig. 8).

This “salting-out” effect is dependent of chemical properties
of the adsorbate. Aer chemical regeneration with NaCl solu-
tion, the desorption ratio was 2.6% for AAP, 13.2% for IBU and
21.6% for TCS (Fig. S6†). The relatively low desorption of AAP
may be due to existence of strong hydrogen bonding interaction
between AAP and CNT surfaces. The absolute interaction energy
was 2.3 kcal mol�1 for p–p bond interactions32 as compared to
the hydrogen-bonding interaction energy of 3.84 kcal mol�1.33

4.3 Potential mechanisms of ultrasonic-enhanced chemical
regeneration

In principle, sonication of liquids creates cavitation air
bubbles.18,19 As the sonication proceeds, these air bubbles will
grow in size and then collapse within a few microseconds. The
violent collapse produces powerful hydromechanical shear
forces at the adjacent water/solid interface, thereby enhancing
the detachment or desorption of adsorbates from the solid
Fig. 8 The potential mechanism of chemical regeneration, ultrasonic re

52726 | RSC Adv., 2017, 7, 52719–52728
surface.34,35 Moreover, high temperature and pressure produced
inside the collapsing cavitation bubbles may also weaken the
cohesive interaction between CNT and PPCP.36

As found in this study, when ultrasonic treatment was
employed in combination with chemical regeneration, the
desorption of AAP, IBU, and TCS was enhanced by 4.0–11.2%,
27.4–38.8% and 14.5–21.3%, respectively (Fig. 3). Consistent
with what stated above, the p–p bond interaction governs the
adsorption of IBU/TCS while hydrogen-bonding interaction is
primarily responsible for AAP adsorption. The shear force
formed during the ultrasonic treatment would counteract the
p–p bond interaction and the hydrogen-bonding interaction.
The smaller interaction energy of p–p bond interaction than
the hydrogen-bonding interaction resulted in the greater
enhancement in TCS and IBU desorption than AAP desorption.
Moreover, the stronger attraction between TCS and CNT than
that between IBU and CNT led to greater enhanced desorption
of IBU than that of TCS. Consequently, the desorption ratio
enhancement of ultrasonic treatment followed the order of IBU
> TCS > AAP.

Previous studies also reported that sonication of CNT
dispersion may cause oxidation of CNT surfaces by dissolved
oxygen in water.37 The resultant sonochemical changes to CNT
properties would alter the adsorption/desorption of organic
compounds on CNT surfaces. However, the electron micro-
scopic images (Fig. 6) and XPS results (Fig. 7) of this study both
suggest that the surface properties of CNT remained unchanged
aer the ultrasonic regeneration process. Therefore, it is
reasonable to deduce that the enhanced PPCP desorption
observed in this study is primarily attributable to the afore-
mentioned physical effects induced by collapsing air bubbles.
4.4 Potential mechanisms of thermal regeneration

Unlike the chemical or ultrasonic/chemical regeneration,
thermal regeneration of the used MWCNT sample was con-
ducted in air, instead of aqueous phase. Consequently, the
desorption of PPCP from CNT surfaces took place between solid
and gas phase. At a treatment temperature of 380 �C, PPCP
compounds were vaporised into the air. Due to the presence of
oxygen in the air, some PPCP compounds may be further
oxidized at the high temperature. As such, the adsorption
capacity of CNT was effectively recovered for the three studied
compounds (Fig. 5). This nding is in consistent with those
reported in other studies. Wei et al.10 found that thermal
generation and thermal regeneration.

This journal is © The Royal Society of Chemistry 2017
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regeneration successfully desorbed carbamazepine (CBZ) from
the CNT aer ten reuse cycles, and the majority of the adsorbed
CBZ compound was found to be oxidized during the thermal
process.

Broadly speaking, the MWCNT used in this study was ther-
mally stable (mass loss < 5%) up to a heating temperature of
500 �C, based upon the TGA results (Fig. S3, ESI†), conse-
quently, thermal regeneration may be conducted at tempera-
tures higher than 380 �C but under 500 �C if the adsorption
capacity for certain compounds cannot be recovered at 380 �C.
4.5 Applicability of CNT regeneration for water treatment

Among the three studied regeneration methods, chemical
regeneration appeared to be effective only for lightly used
MWCNT sorbent (Fig. 2), i.e., when the MWCNT adsorbed
relatively small amounts of organic contaminants (ca. 0.75–
1.5 mg g�1). When theMWCNT adsorbedmore organics, i.e., ca.
1.5–3.5 mg g�1 (Fig. 3), chemical regeneration alone became
less effective and ultrasonic treatment had to be used in
conjunction with chemical solutions to partially regenerate the
CNT. In comparison, thermal treatment seemed to be the most
robust approach for CNT regeneration, resulting in efficient
recovery of the adsorption capacities of the MWCNT for all
compounds and in repeated reuse cycles (Fig. 5).

Despite the promising performance demonstrated by
thermal regeneration, there are several technical challenges
that need to be overcome for the purpose of full-scale
membrane water treatment. Above all, thermal regeneration
at 380 �C or above is not applicable to CNT–polymer composite
membranes due to the relatively low melting point for poly-
meric materials. For example, the PVDFmembrane employed in
this study has a melting point of ca. 178 �C, and thermal
treatment at 380 �C will cause irreversible damage the
membrane structure. Therefore, ceramic membrane that is
stable at high temperatures may be employed for the prepara-
tion of CNT composite membranes, but this will drive up
membrane costs considering the relatively high expense of
ceramic membranes.

Overall, the regeneration methods investigated in this study
are capable of partially or completely recover the adsorption
capacity of CNT for various PPCP compounds, thereby extend-
ing the life cycle of MWCNT used as the adsorbents for water
treatment. Future work is warranted to optimize the regenera-
tion efficiency, which will allow CNT to become cost-effective
sorbents in the predictable future.
5. Conclusion

Three regeneration methods, including chemical, ultrasonic
and thermal regeneration of MWCNT were compared in this
study for dynamic adsorption of pharmaceuticals and personal
care products. During the chemical regeneration process, 0.1 M
NaCl solution exhibited the best regeneration result and out-
performed methanol and ethanol solutions, possibly by
replacing adsorbed PPCP molecules with sodium or chloride
ions. In contrast, sonication is capable of enhancing chemical
This journal is © The Royal Society of Chemistry 2017
regeneration because collapse of cavitation air bubbles created
shear force at CNT/water interface. As result, the adsorption
capacities of the regenerated MWCNT adsorbent for acetamin-
ophen, ibuprofen, and triclosan increased by 4.9–33.7%, 36.8–
46.9% and 1.1–6.8%, respectively, as compared to those ob-
tained only with chemical treatment. Moreover, thermal
regeneration conducted at 380 �C vaporized and/or oxidized the
three PPCP compounds on CNT surfaces, thus completely
recovered the adsorption capacity of CNT in ve consecutive
reuse cycles. Overall, this study provided baseline information
on the efficacy of existing techniques for regenerating CNT
adsorbents with intended use of membrane water treatment.
Future work is warranted to optimize the regeneration process
in order to achieve cost-effective application of CNTs and CNT
membranes in the predictable future.
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