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Abstract

Adsorption of humic acid (HA) and its effect on sulfamethazine (SMZ)
adsorption by three types of multi-walled carbon nanotubes (MWCNTs) were
investigated. The adsorption isotherms of HA and SMZ were well depicted by the
Langmuir model (R*>0.99). HA adsorption onto MWCNTs increased as pH decreased
and ionic strength increased, and decreased with increasing surface oxygen content of
MWCNTs, implying that electrostatic and hydrophobic interactions were the main
adsorption mechanisms. The presence of HA inhibited SMZ adsorption onto
MWCNTs via competitive interactions, molecular sieving, and pore blockage. HA
adsorbed on the MWCNTs surfaces also altered the electrostatic and hydrophobic
interactions between SMZ and MWCNTs, decreasing the adsorption of SMZ. The
results of micro-Fourier transform infrared spectroscopy suggested that m-m and
hydrogen-bonding interactions of MWCNTs with SMZ and HA, and/or between SMZ
and HA also play an important role in the adsorption process. The current findings
shed light on evaluating the potential utilization of MWCNTs in antibiotics removal

or analysis.

Keywords: humic acid, sulfamethazine, adsorption, MWCNTs
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1. Introduction

Antibiotics, an emerging group of environmental contaminant, are widely applied
to prevent and treat disease in humans and farm animals. However, most of them are
not totally absorbed and metabolized by humans or animals, and 50-90% are

1.2 Sulfamethazine

inevitably discharged into the environment via feces and urine
(SMZ), one of the major sulfonamide antibiotics, is widely used for treating infectious
diseases and promoting the growth of farm animals. It is reported that SMZ
concentrations in feedlot manure are up to 9990 pg kg’ on a dry matter basis *. SMZ
and other sulfonamides reach up to 900 mg kg™ in manure . SMZ residues are also
widely detected in surface water !, groundwater °, and drinking water °, with
concentrations ranging from ng L' to pg L™". It has been suggested that SMZ may be
carcinogenic, as thyroid tumors developed in rats and mice fed with 2.4-4.8 ppm
SMZ over 24 months . Therefore, continued research into the fate, distribution,
biodegradation, and removal of SMZ is both important and necessary.

Many technologies, such as chemical oxidation/reduction, adsorption, and
biological treatment, have been used for the removal of toxic pollutants, and the
adsorption is considered to be one of most effective methods because convenience,
highly efficient, and ease of operation . Carbon nanotubes (CNTs) with a large
specific surface area and pore volume ®° which can serve as excellent adsorbent,
enable CNTSs the potential application in contaminants removal or analysis '* ',

Previous researches have investigated the adsorption of antibiotics onto CNTs and

revealed various adsorption mechanisms. For example, hydrophobic interactions and
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non-electrostatic m-m dispersion interactions are the main adsorption mechanisms
responsible for the adsorption of tetracycline by CNTs 2. However, electrostatic
interactions play a key role in the adsorption of ciprofloxacin and norfloxacin onto
CNTs "%, The adsorption of ciprofloxacin onto four types of CNTs increased as the
pH increased from 0 to 7, then decreased as the pH increased from 7 to 14 .
Norfloxacin adsorption onto CNTs showed a similar trend with increasing pH ',
which was ascribed to changes in the electrostatic interactions between CNTs and
contaminants due to the increase in pH. In general, antibiotics have multiple pK,
values and can exist as positive, zwitterionic, and negative species depending on
solution pH. The contribution of different species to adsorption follows the order

zwitterionic>positive>negative .

Zhang et al. calculated that neutral
sulfamethoxazole contributes>80% to the overall adsorption '® " Furthermore,
adsorption of sulfamethoxazole onto CNTs is controlled by various mechanisms,
including hydrophobic interactions, electrostatic interactions, hydrogen bonds, and
-1 interactions ''®. Previous studies have shown that coexisting cations and anions
also affect the adsorption of antibiotics by CNTs ',

Despite the great potential application, the toxicity of CNTs to organisms and their

20-22 . .
, which must be considered before

risks to environment raised lots of attention
using CNTs in contaminant adsorption or removal. Several pretreatment methods for
CNTs are believed to be effective in alleviating or even avoiding the toxicity of CNTs.

Purification of CNTs can reduce the cytotoxicity through releasing the metallic

impurities containing in CNTs which are toxic to cell 3 Surface functionalization
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with carboxylic acid (-COOH) or ammonium can reduce the toxicity although
increasing the biocompatibility and dispersibility of CNTs It was observed that
functionalized CNTs even shown no toxicity in vitro to cells and in vivo in mice .
Natural organic matter (NOM) is suggested to reduce the toxicity of CNTs to bacteria
through coating 6 or show no toxicity to Daphnia magna through stabilizing the
CNTs in solution *’. Thus, understanding the interaction between NOM and CNTSs is
essential for reducing or avoiding toxicity of CNTs while using them for toxicants
removal. In addition, the presence of NOM can also affect the adsorption of
contaminant by CNTs.

However, research on the effect of natural organic matter (NOM) on the
adsorption of antibiotics onto CNTs is limited. NOM is ubiquitous in the environment,
and antibiotic is an emerging group of environmental contaminant; they can coexist in
both water and soil environments. Understanding the effect of NOM on the adsorption
of antibiotics by CNTs is crucial for assessing the fate of antibiotics in the
environment. In general, competitive interactions and pore blockage are considered to
be the two major mechanisms by which NOM inhibits the adsorption of organic
contaminants by CNTs 2829, Although the presence of NOM could increase the total
adsorption sites on CNT surfaces owing to better dispersion of CNTs, adsorption
reduces significantly because of a decrease in the number of available sites for

3

contaminants due to competition and blockage *°. Furthermore, humic acid (HA)

adsorbed onto CNT surfaces introduces polar moieties and lowers the point of zero

charge, which decreases adsorption via hydrophobicity and electrostatic interactions 29
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31 Therefore, it is important to examine the effect of NOM on the interface

interactions between antibiotics and CNTs in solution.

In this study, we selected HA and SMZ as the model NOM and antibiotic,
respectively. Three multi-walled carbon nanotubes (MWCNTSs) with different surface
oxygen contents were chosen as the adsorbents. The objectives of this study were to:
(i) examine the effect of solution pH and ionic strength on the adsorption of HA by
MWCNTs; (ii) elucidate the effect of HA on the adsorption of SMZ by MWCNTs;
and (iii) provide spectroscopic evidence of the adsorption mechanisms using
micro-Fourier transform infrared (u-FTIR) spectroscopy.

2. Materials and methods
2.1. Materials

The three adsorbents were pristine, carboxylated, and hydroxylated MWCNTs
(P-MWCNT, C-MWCNT, and H-MWCNT) with outer diameters of 10—20 nm. The
MWCNTs were synthesized by chemical vapor deposition of methane in hydrogen at
700°C using Ni as the catalyst (Chengdu Organic Chemistry Co. Ltd, Chinese
Academy of Sciences). The surface carbon and oxygen elemental composition of the
MWCNTs was determined by X-ray photoelectron spectroscopy (Thermo ESCALAB
250Xi, UK). The zeta potential versus solution pH was recorded using a zeta potential
analyzer (Nano-Z, Malvern Instruments, UK). The p-FTIR spectroscopic spectra of
the three MWCNTs were measured using a FTIR spectrophotometer (Nicolet 6700,
Thermo Nicolet).

SMZ (purity>99%) and HA were purchased from Sigma-Aldrich Trading Co. Ltd
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(Shanghai, China). The molecular structure and physicochemical properties of SMZ
are listed in Table S1. Elemental composition and relative carbon contributions of HA
are presented in Table S2. All other chemicals and solvents were of analytical reagent
grade or better.
2.2. Adsorption experiments

All experiments were carried out in 40 mL glass vials sealed with Teflon-lined
screw caps. The vials were filled with 5 mg of MWCNTs and 25 mL of background
solution containing 0.02 M NaNO; and 200 mg Lt NaN;. The reaction solutions with
various SMZ and HA concentrations were suspended in a shaker (HZQ-F160, Huamei
Biochemistry Instrument, Soochow) with a rotation speed of 150 rpm at 298K in the
dark. According to preliminary adsorption kinetics experiments, the adsorption
reached equilibrium within 72h (Figure S1).The suspension solutions were filtered
using a 0.45 pm hydrophilic membrane and the SMZ and HA concentrations in the
supernatants were determined. Each treatment was carried out in triplicate.
2.2.1 Adsorption isotherms

A 200 mg L' HA stock solution was prepared by dissolving 200 mg HA in 10 mL
0.1 M NaOH and diluting to 1L. The pH was adjusted to pH 7 using 0.1M HNOs. The
HA stock solution was diluted further to obtain a series of initial concentrations
varying from 5 to 100 mg L' for adsorption experiments.
2.2.2 Effect of pH on adsorption

The effect of solution pH on HA adsorption at a HA concentration of 40 mg L™

was investigated by varying the pH from 3 to 11. During the reaction, solutions were
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readjusted by 0.1M NaOH or HNO; at 2, 12, and 22 h to ensure that the difference
between initial and final pH was<0.1.
2.2.3 Effect of ionic strength on adsorption

To investigate the effect of ionic strength on HA adsorption, 0.01M and 0.1M
NaNO;swere used at HA concentrations varying from 10 to 80 mg L 'at a solution pH
of 7. The effect of ionic strength on adsorption of SMZ by MWCNTs has been
investigated in a previous study .
2.2.4 Effect of HA on SMZ adsorption

Simultaneous adsorption experiments were conducted at initial SMZ
concentrations varying from 2 to 100 mg L' with HA concentrations of 0, 10, and 30
mg L', All the adsorption isotherm experiments were carried out at pH 7.
2.2.5 Solubility of SMZ

The solubility of SMZ was determined by adding an excess of SMZ to the
background solution, and at 10 and 30 mg L™' HA (pH 2 to 11). Briefly, 100 mg SMZ
was weighed in a 25 ml brown bottle containing 20 mL background solution.
Subsequently, the solution pH was adjusted accordingly using 0.1M NaOH or HNOs.
The solution was sonicated in a water bath for 10 min and rotated in a shaker at 150
rpm for 72 h at 298 K in the dark. Then the same samples were filtered using 0.22 pm
and 0.45 pm membrane after centrifugation at 1000g for 60 min, and the supernatant
was used for SMZ concentration determination using high-performance liquid
chromatography (HPLC, Waters Alliance). Figure S2 shown that the solubility of

SMZ filtered by 0.22 pm only is a little larger than by 0.45 pum, the fluctuation range
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<0.03. The influence of SMZ particle passed through membrane on SMZ solubility
can be ignored.
2.3. Analysis

Supernatants were centrifuged for 10 min at 1000 g and then filtered through a
0.45 pm hydrophilic membrane before HA or SMZ concentration determination. HA
has both hydrophilic and hydrophobic moieties owing to its complex structure and
wide range of molecular weight 32 HA with different structures usually selectively
adsorb onto CNTs **, which may make the single-wavelength method inaccurate for
the determination of HA concentration in equilibrium solution. To eliminate this
possible inaccuracy, the HA absorbance spectrum in the initial (equilibrium) solution
was obtained using a 1800 PC ultraviolet-visible (UV)spectrophotometer (Shanghai
Mapada Instrument Co. Ltd). The results showed no difference in the HA adsorption
peak before and after adsorption (Figure S3). HA concentrations in the range 4 to 40
mg L' linearly correlated with UV absorbance (R*>0.99; Figure S4) at 254 nm in a 1

cm quartz cell 34

. This indicated that using a spectrophotometer at 254 nm was reliable
for determining HA concentration.

The SMZ concentration in the supernatants was determined using HPLC equipped
with a Waters 484 UV detector at 263 nm and a reverse-phase C18 column (Waters,
5 pm, 3.9 mmx150 mm). The mobile phase was methanol and water with a volume
ratio of 70:30. The injection volume was 30 pL and the flow rate was 1 mLmin . The

retention time was 1.5 min.

2.4. Data analysis
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The equilibrium adsorption data for HA and SMZ fitted the Langmuir (Eq. 1) and
Freundlich (Eq. 2) models:

— qmbce (1)
1 1+ bec,
1

g, =kpe" @)

where gJ(mg g') is the adsorption amount at equilibrium, ¢ (mg g ') is the
maximum adsorption capacity, ¢, (mg L") is the equilibrium concentration in solution,

I=(Um)g=1 (M) is the adsorption coefficient,

b (L mg ") is the affinity parameter, kr (mg
and 7 is the adsorption constant as an indicator of isotherm nonlinearity.
3. Results and discussion
3.1. Characterization of MWCNTs

The specific surface areas of P-MWCNT, C-MWCNT, and H-MWCNT were
similar due to the same outer diameter (Table S3, *). The Cls (~294-282 eV) and
Ols (~537-528 eV) peaks of the MWCNTs deconvoluted from X-ray photoelectron
spectroscopy data revealed the functional groups (Figure 1).The three MWCNTs
showed the same main peaks at 284.4 and 285.5 eV assigned to sp> C=C (attributed to
the graphitic structure) and sp® C—C (attributed to defects in the nanotube structure),
respectively *°. Small peaks for O—-COO (290.9 eV) and C=0 (288.2 eV) were
attributed to carbon atoms attached to different oxygen-containing moieties . For
Ols, the peaks at 533.6 eV were C—O—C, C—O—OH, and C-OH; the peaks at 532.5 eV
were C=0 and O—C=0; the peaks at 531.3 eV were isolated —OH, C=0, and O—-C=0;
the peaks at 530.7 eV were physically adsorbed O or carbonates *°.

The p-FTIR spectra also confirmed the different oxygen functional groups (Figure

S5). The peaks at 1192 cm ™' and 1027 cm™' (P-MWCNT), 1200 cm ™' and 1064 cm ™'
10
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(C-MWCNT), and 1207 cm ' and 1062 cm™' (H-MWCNT) were assigned to the C—O
stretching vibration **** 3’ The peaks at 1706 cm™' (C-MWCNT) and 1705 cm'
(H-MWCNT) were assigned to the C=O stretching vibration of COOH. The peaks in
the region ~3820-3420 cm ' corresponded to OH groups (Figure S5). These
oxygen-containing functional groups are hydrophilic, and thus decrease the
hydrophobicity of the MWCNT surface.

The zeta potential of the MWCNTs decreased with increasing solution pH from 1
to 13 (Figure S6). The point of zero charge of P-MWCNT, C-MWCNT, and
H-MWCNT was 1.7, 2.5, and 4.5, respectively. The zeta potential also reduced with
increasing surface oxygen content at the same solution pH, which was ascribed to
deprotonation of carboxylic groups, making the MWCNT surface more negatively
charged 3
3.2 Adsorption of HA onto MWCNT

The HA adsorption isotherms of the three different MWCNTs fitted the Langmuir
and Freundlich models (Figure 2a, Table 1). The Langmuir model fitted the adsorption
data better than the Freundlich model with a higher R? value (Table 1). The maximum
HA adsorption capacities of the three MWCOCNTs followed the order:
P-MWCNT>C-MWCNT>H-MWCNT (Table 1), which suggests that an increase in
surface oxygen content decreases the adsorption of HA onto MWCNTs (Table S2).
Previous studies have shown that n-w, hydrophobic, and electrostatic interactions are
the predominant mechanisms for the adsorption of organic matter ***’. As the number
of hydrophilic oxygen-containing functional groups increases, the aromatic content of

11
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MWCNTs decreased, which could weaken the m-m interactions between HA and
MWCNTs *!'. These functional groups create a polar region, and reduce the
hydrophobicity of the MWCNT surface *°, which could decrease the HA adsorption
by MWCNTs. In addition, HA contains many functional groups that are easily
negatively charged, and MWCNTs with high oxygen content are more negatively
charged, making adsorption more difficult due to electrostatic repulsion between HA
and the negatively charged MWCNT surface o

The HA adsorption steeply decreased as solution pH increased (Figure 2b).
Generally, solution pH is an important factor affecting the adsorption of HA by CNTs,
which can affect the interaction between functional groups of CNTs and HA, and the
humic acids molecules structure ****. HA has negative charges under the solution pH
of experimental conditions 194 The surface of the MWCNTs positively charged at
low solution pH, but negatively charged at high solution pH (Figure S6). Thus, the
adsorption of HA onto the MWCNTSs occurred easily at low pH through electrostatic
attractions, and then became difficult due to the electrostatic repulsion between the
negative charges of MWCNTs and HA at high pH **. In addition, at high solution pH,
the deprotonation of acidic functional groups in HA, such as carboxyl and phenolic
groups, could increase the hydrophilicity, which may suppress adsorption of HA by
MWCNTs through hydrophobic interactions *°. Hydrogen-bonding interactions
between HA and MWCNTs, which was confirmed by the p-FTIR spectra (Section
3.4), decreased with increasing solution pH. As pH increases, HA molecules become
less coiled and less compact because of electrostatic repulsions o resulting in HA

12
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occupying more sites on MWCNT surface. Therefore, the effect of solution pH on the
adsorption process was the result of a combination of aforementioned mechanisms.

As the ionic strength increased from 0.01 to 0.1M, the HA adsorption increased
by 15-20%, 22-53%, and 43-96% for P-MWCNT, C-MWCNT, and H-MWCNT,
respectively (Figure 3). This implies that electrostatic interactions were the main
adsorption mechanism. An increase in ionic strength can screen the surface charge of
MWCNTs *¥, thus reducing the electrostatic repulsion between the MWCNTs and HA
and increasing the adsorption of HA onto the MWCNTs. The increase was strongly
and positively correlated with the oxygen content of the MWCNTs due to the larger
charge screening effects on these MWCNTs with higher oxygen content. The ionic
strength can also alter macromolecular configurations of HA, which in turn affects the
adsorption of HA onto MWCNTs. The molecular configurations of HA became more
coiled and compact with increasing ionic strength ***°, leading to more HA molecules
occupying the same surface sites of MWCNTSs *’. At higher ionic strengths, the double
layer compression of MWCNT-HA agglomerates can be enhanced, and the
adsorption capacity also increases >>.

The results suggested that MWCNTs surface oxygen contents and solution
properties (pH and ionic strength) can affect the adsorption process of both HA and
SMZ onto MWCNTs. The main mechanisms were ascribed to the hydrophobic and
electrostatic interactions which dominated the adsorption behavior. The hydrophobic
interaction decreased with the increase of surface oxygen contents due to the
introduction of O-containing functional group in MWCNTs surface. The electrostatic

13
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interactions between MWCNTs and HA/SMZ were affected by the ionization level of
functional groups of MWCNTs, HA, and SMZ, which was dependent on solution pH.
Salt ions can also affect the electrostatic interaction between MWCNTs and HA/SMZ
through the charge shielding effect.
3.3 Effect of HA on the adsorption of SMZ onto MWCNTs

The effect of HA on the adsorption of SMZ onto MWCNTs was investigated
(Figure 4, Table 2). The adsorption of SMZ was nonlinear and fitted the Langmuir
model well (R* >0.99). The presence of HA suppressed the adsorption of SMZ onto
the MWCNTs, and the degree of inhibition increased with increasing HA
concentration (Figure 4). The SMZ adsorption onto the three MWCNTs decreased by
8.3-11.9% at 10 mg L' HA, and 13.8-19.4% at 30 mg L"' HA. This result can be
explained by the direct competition for adsorption sites between HA and SMZ 2
which made the adsorption of SMZ onto the MWCNT surface more difficult. Figure
S7a shown that 68.3-61.5 % HA was precipitated by 5 mM Ca >, and recovery
percentage of SMZ (Figure S7b) suggests that the adsorption of SMZ onto HA was
small and can be ignored in this study, indicating that SMZ is directly adsorbed onto
the surface of MWCNTs °'. In addition, HA adsorbed onto MWCNTSs increases the
negative charge density on the surface of MWCNTs °, increasing the electrostatic
repulsion between SMZ and HA-coated MWCNTs, thus decreasing SMZ adsorption.
Molecular sieving and pore blockage caused by HA can also suppress SMZ
adsorption 32 HA can improve the dispersion of MWCNTs, leading to the formation
of a stable MWCNT suspension in aqueous solution %633 However, the suspension of

14
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MWCNTs is largely based on continuing sonication. In this study, HA may not have
increased the number of available adsorption sites on the MWCNT surfaces for SMZ
due to the lack of sonication 2*. On the other hand, the increase in the number of
available adsorption sites could have been offset by the adsorption of HA. In sum, the
addition of HA reduced the adsorption of SMZ onto the MWCNTs in this study.

Solubilization effects may reduce SMZ adsorption onto CNTs by increasing the
mobility and desorption of chemicals from CNTs, and always act simultaneously with
competition effects *>. To explore the contribution of solubilization in the present
study, the solubility of SMZ at pH 2 to 11 was also examined. Figure 5 shows that the
solubility of SMZ decreased with increasing solution pH, reaching a minimum value
at pH 6, and then increased with increasing solution pH. The fluctuation range of
SMZ solubility in the presence of 10 and 30 mg L' HA was < 0.05 compared with
that in background solution, which implied that solubilization effects were
insignificant (Figure S8).

The effect of HA concentration on the adsorption of SMZ onto MWCNTs at
different pHs was investigated (Figure 6). In the presence of HA, SMZ adsorption
was inhibited at low solution pH, while adsorption was enhanced at pH>9. The
suppression effect increased with increasing HA concentration in solution. SMZ, an
ionizable compound, has two pK, values of 2.28 and 7.42 (Table S2). The speciation
of SMZ depended on solution pH (Figure S9) >, Previous studies have found that
electrostatic interactions also depend strongly on solution pH *°, while n-n

interactions are independent of solution pH °’. Our previous study suggested that

15



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

RSC Advances

SMZ adsorption onto MWCNTSs is governed by electrostatic and n-r interactions .

At low solution pH, the adsorption of SMZ onto MWCNTs was high; however,
the electrostatic repulsions and competitive interactions increased with the addition of
HA, suppressing SMZ adsorption onto the MWCNTs. At solution pH>9, HA has high
solubility and high mobility, which weaken the competition effect. And at this pH
region, the SMZ adsorption was inherently lower. SMZ is negatively charged, and
adsorption is accompanied by proton exchange, a major driving force is strong
negative charge-assisted H-bonding [(-)CAHB interaction between SMZ and acidic
surface groups of MWCNTs *°°. Humic acid molecules containing acid functional
groups 2°, which may enhance the H-bonding interaction, promote the adsorption of
SMZ onto the MWCNTs. Considering the significantly different effects of HA on the
SMZ adsorption by MWCNTs at different solution pH, more attention should be paid
to solution chemistry during SMZ removal or analysis by MWCNTs.
3.4 p-FTIR analysis

The p-FTIR spectra of the MWCNTs, MWCNT-SMZ, MWCNT-HA, and
MWCNT-SMZ-HA were recorded to reveal the mechanisms of SMZ and HA
adsorption onto the MWCNTs (Figure 7). Some additional peaks appeared at
~1640-1580cm ' in the MWCNT-SMZ spectrum (Figure 7b) compared with the free
MWCNTs (Figure 7a). The peaks at 1636 cm ', 1630 cm ', and 1635 cm' were
assigned to the C=N stretching vibration of SMZ , indicating that the SMZ was
adsorbed onto the MWCNT surface. After SMZ was adsorbed onto the MWCNTs, the
peaks corresponding to the C=C stretching vibration and the C—C skeletal vibration of

16
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the benzene ring shifted from 1514 cm ™' and 1392 cm™' to 1509 ¢cm™' and 1390 cm™
for P-MWCNT, from 1506 cm ' and 1387 cm ' to 1510 cm ' and 1389 cm ' for
C-MWCNT, and from 1552 cm ' and 1382 cm ™' to 1527 cm ' and 1394 cm ™' for
H-MWCNT, respectively ¢'. The MWCNT-HA spectrum (Figure 7¢c) showed that the
C=C and C—C vibrations of the benzene ring have a similar shift after the adsorption
of HA: the C=C stretching vibration shifted from 1514 cm ' to 1553 cm 'for
P-MWCNT, from 1506 cm ' to 1557 cm ™' for C-MWCNT, and from 1552 cm ' to
1562 ¢cm ! for HHMWCNT; and the C—C skeletal vibration shifted from 1392 ¢cm ! to
1365 cm™!, from 1387 cm' to 1384 cm ', and from 1382 cm ! to 1380 ¢cm ™' for
P-MWCNT, C-MWCNT, and H-MWCNT, respectively. All of these shifts suggest
that m-m interactions play an important role in the adsorption of SMZ and HA onto
MWCNTs . The MWCNT-SMZ-HA spectrum (Figure 7d) showed that the
co-adsorption of SMZ and HA onto the MWCNTs induced more significant changes
in the p-FTIR spectrum of MWCNTs.

For P-MWCNT, the C—O stretching vibration peak at 1192 cm™' was shifted to
1199 e¢m™' (MWCNT-SMZ), 1202 cm ' (MWCNT-HA), and 1203 cm’'
(MWCNT-SMZ-HA), which can be attributed to the interactions between C—O and

the benzene ring. For C-MWCNT, the C=0 stretching vibrations peak at 1706 cm '

! were shifted to 1711 ¢cm ! and

and the C-O stretching vibration peak at 1200 cm
1198 cm™' (MWCNT-SMZ), 1716 cm™' and 1203 cm™' (MWCNT-HA), and 1708
ecm ' and 1197 ecm™' (MWCNT-SMZ-HA), respectively. For H-MWCNT, the

stretching vibrations of C=0 and C-O were shifted from 1705¢cm ™" and 1207cm ' to

17
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1717 em™' and 1201 cm' (MWCNT-SMZ), 1715 cm' and 1205 cm’'
(MWCNT-HA), and 1699 cm ' and 1212 cm™ ' (MWCNT-SMZ-HA), respectively.
All of these band shifts verify that SMZ, HA, and SMZ and HA were partly adsorbed
onto the MWCNTs by hydrogen bonding via the C=0 or -COO- groups .
4. Conclusion

The adsorption of SMZ and HA onto MWCNTs decreased as the surface oxygen
content increased, due to weakening of the m-m and hydrophobic interactions of
MWCNTs with SMZ or HA. The HA adsorption onto MWCNTs also depended on
solution pH and ionic strength, suggesting that electrostatic interactions play a key
role in the adsorption of HA onto MWCNTs. This work confirmed that the presence
of HA suppresses SMZ adsorption onto MWCNTs at a wide pH range, which can be
ascribed to competitive interactions, molecular sieving, and pore blockage. The
p-FTIR spectra validated that m-n and hydrogen-bonding interactions are the main
mechanisms for the adsorption of SMZ and HA onto MWCNTs. The current findings
shed light on evaluating the potential utilization of MWCNTs in antibiotics removal
or analysis.
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Captions

Fig. 1. The Cls and O1s X-ray photoelectron spectroscopy spectra of P-MWCNT,
C-MWCNT, and H-MWCNT.

Fig. 2. Adsorption of HA by P-MWCNT (o ), C-MWCNT (o), and H-MWCNT (A).
(a) Adsorption isotherms (temperature: 298 K; initial pH: 7.0 + 0.1). The solid line is
the Freundlich model isotherm and the dotted line is the Langmuir model isotherm. (b)
Effect of pH on adsorption (initial HA concentrations 40 mg/L; temperature: 298 K).
Fig. 3. Effect of ionic strength (initial pH: 7.0 & 0.1; temperature: 298 K). (a)
Adsorption of HA by P-MWCNT (o0 m), C-MWCNT (oe), and H-MWCNT (A A) at
ionic strengths of 0.01 (o o A) and 0.1 M (m @ A) NaNOs. (b) Ratio of adsorption
capacity of 0.1 M and 0.01 M NaNO;.

Fig. 4. Adsorption isotherms of SMZ without and with HA for P-MWCNT (a),
C-MWCNT (b), and H-MWCNT (c) (temperature: 298K; initial pH: 7.0 + 0.1). The
solid line is the Freundlich model isotherm and the dotted line is the Langmuir model
isotherm.

Fig. 5. SMZ Solubility as a function of solution pH in the absence and presence of HA
at 10 and 30 mg/L.

Fig. 6. Adsorption of SMZ onto P-MWCNT (a), C-MWCNT (b), and H-MWCNT (c)
as a function of pH in the absence and presence of HA at 10 and 30 mg/L (initial
concentration of SMZ 20 mg/L; temperature: 298 K).

Fig. 7. The p-FTIR spectra of MWCNTs(a), SMZ adsorbed onto MWCNTs (b), HA
adsorbed onto MWCNTs(c), and SMZ-HA complexes on MWCNTs (d).
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541
542
543  Table 1 The Langmuir and Freundlich model fitting adsorption isotherm parameters
544  for adsorption of HA onto three MWCNTs.
Langmuir Freundlich
Gona” b RZ ke® o RZ
P-MWCNT  171.6+£3.6  0.170+0.014  0.995 19.2+4.2 0.430+0.053  0.943
C-MWCNT  152.8+1.4  0.192+0.007  0.998 16.2+3.2 0.457+0.048  0.959
H-MWCNT  135.5+2.6  0.118%0.008 0.996 15.4+2.4 0.444+0.039  0.971
545  “Quax: mg'g; b: L'mg ' kp:(mg! Mgt LMy,
546

Carbons
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547
548  Table 2 The Langmuir and Freundlich model fitting adsorption isotherm parameters
549  for adsorption of SMZ onto three MWCNTs.
Langmuir Freundlich
Carbons Batch*® 5 5 3 o N 3
max b R kg n R
P-MWCNT A 61.6+0.9 0.138+0.009  0.997 15.50£2.29  0.311+0.039 0.941
B 56.5+1.6  0.062+0.006  0.994 8.39+1.15 0.405+0.035 0.973
C 53.1£1.0  0.046+£0.002  0.998 5.97+1.01 0.453+0.043 0.968
C-MWCNT A 52.240.7 0.154+£0.009  0.997 14.18+2.13  0.295+0.040  0.933
B 46.0£0.5 0.110+0.004 0.999 10.29+1.69  0.331+0.043 0.937
C 42.1+£0.7 0.068+0.004  0.998 6.63£1.05 0.394+0.040  0.961
H-MWCNT A 34.740.7 0.122+0.010  0.993 8.53+1.11 0.311+0.033 0.953
B 30.6£1.0 0.062+0.006  0.992 4.74+0.86 0.392+0.033  0.948
C 27.0£0.6 0.050+0.003 0.997 3.39+0.52 0.431+0.038  0.971

550
551

552

553

554

555

*Batch A, B and C indicated without HA, with 10mg~L'1 HA and with 30mg~L'1 HA respective;

® Qnax: mg-g'; b: L-mg kg (mg

(1—(1/n)).g»l.L(l/n)).
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