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ABSTRACT

In this study, three-dimensional (3D) porous network carbon nanotubes/reduced graphene oxide
composite hydrogels (CNT-rGH) were synthesized through a facile hydrothermal method for
the removal of macromolecular humic acid (HA). Brunauer-Emmett-Teller analyses indicated
that incorporation of carboxylated multi-walled carbon nanotubes (COOH-MWCNT) renders
the hydrogels with increased surface area, larger mean pore diameter, and higher intensity of
mesoporous and macroporous structure. Such improvement was shown to facilitate adsorption
site exposure on hydrogels, which enhanced the HA adsorption capacity. Incorporation of 50%
proportion of COOH-MWCNT in the CNT-rGH (CNT50-rGH) exhibits optimal adsorption perfor-
mance for HA. In addition, the initial aqueous pH value and the ionic strength were systematically
studied to evaluate their impacts on HA adsorption by the CNT50-rGH. Adsorption kinetics
data show that HA adsorption onto CNT50-rGH is in agreement well with pseudo-second-order
kinetic model, indicating the principle and mechanism of chemisorption. The Langmuir model
is the most relative adsorption isotherm to depict the HA adsorption, and the maximum HA
adsorption capacity of the CNT50-rGH is determined at 270.27 mg/g. Through the XDLVO the-
ory and controlled experiments reveals that hydrogen bonding interaction is the main adsorption
mechanism of CNT50-rGH for HA adsorption.
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1. Introduction

Humic acid (HA), a typical natural organic matter
(NOM), is widely present in the aqueous environment,
where the decomposition and transformation of animal and
plant residues occur [1]. HA is a macromolecular polymer

* Corresponding authors.

consisting of an aromatic ring and an aliphatic ring skele-
ton with a large number of -OH, -COOH, and C=0O groups
[2]. The presence of HA is undesirable for the water sup-
ply industry. HA is not risky to public health, but HA in
drinking water can induce undesirable taste, color and
odor [3]. Furthermore, they can lead to membrane fouling
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and flux decline in the membrane filtration processes [4].
Most importantly, HA can combine with chlorine or chlo-
ramine to form carcinogenic, teratogenic and mutagenic
disinfection by-products such as haloacetic acids and tri-
chloromethanes during disinfection processes of drinking
water [5]. Therefore, the HA removal is highly desirable to
provide clean, healthy and high-qualified drinking water.

In recent years, different water treatment methods such
as membrane filtration, coagulation, advanced oxidation,
ion exchange technique, and adsorption technique have
been investigated for HA removal [6-10]. Among these
methods, adsorption is an advantageous method for drink-
ing water treatment due to its design simplicity, operation
convenience, absence of chemical additives, and reduced
operating costs [11]. Activated carbon is one such substance
widely used in drinking water treatment to remove con-
taminants [12-15]. However, activated carbon has limited
impact on macromolecule HA removal because HA cannot
access its microporous structure [16]. Therefore, it is neces-
sary to develop new adsorbents to remove HA from water.
Hydrogel adsorbents have attracted enormous interest in
the treatment of contaminants, showing excellent adsorp-
tion capacity due to their unique characteristics such as
three-dimensional porous network structure, high water
content and high surface area [17]. In addition, hydrogel
adsorbents prevent aggregation, increase internal struc-
ture mass transport and minimize potential environmental
pollution by being conveniently recyclable [18].

With the development of two-dimensional (2D) atomic
monolayer nanomaterials, graphene oxide (GO) has been
widely investigated because of its large specific surface
area (SSA) and the richness of oxygen-containing func-
tional groups (-OH, -COOH, C=0 and C-O-C). Moreover,
the excellent mechanical properties of GO are preferable
to prepare three-dimensional (3D) network hydrogels [19].
However, pure reduced GO hydrogel (rGH) possesses
lower surface area and less active sites due to the dense
lamellar structures formed by van der Waals and mt—t stack-
ing interactions between graphene sheets [20]. To solve
this problem, many researchers tailored its microstructure
by adding nanoparticles such as lignosulfonate [21], Fe,O,
[22], MoS, [23], polyacrylonitrile [24] and carbon nano-
tubes (CNT) [25,26]. CNT can be visualized as hollow cyl-
inders rolled from graphitic carbon sheets with nano-scale
diameters and micron-scale lengths [27]. CNT are widely
applied in biomedicine as well as electricity, energy and
environmental remediation because of their unique prop-
erties such as a hollow and layered structure, large specific
surface area, high flexibility, low mass density, outstanding
thermal properties, large mechanical strength and superior
hydrophobicity [28]. CNT were therefore added into GO to
prepare three-dimensional porous network hydrogels as
their addition can increase their surface area, hierarchically
porous structure and hydrophobicity [25]. Pollutant adsorp-
tion by CNT enhanced GO composite aerogels for sub-
stances like dyes, oils and oxytetracycline has been studied
[25,26]. However, few have reported pollutants adsorption
onto carbon nanotubes/reduced graphene oxide composite
hydrogels (CNT-rGH), much less the behavior and mech-
anisms of HA adsorption onto CNT/reduced GO hydro-
gels. It was hypothesized that inclusion of the CNT/GO

may lead to the increasing of the surface area; Adsorption
sites of the composite hydrogel should therefore increased
due to the rise in surface area, mean pore diameter and
the intensity of mesoporous and macroporous structures.
Hence, the adsorption capacity of composite hydrogel for
HA was improved.

Therefore, in this study, three-dimensional (3D) porous
network hydrogels with GO and carboxylated multi-walled
carbon nanotubes (COOH-MWCNT) nanoparticles were
synthesized through a facile hydrothermal method [29].
A nitrogen adsorption apparatus was used to analyze the
as-prepared hydrogels. The results show that COOH-
MWCNT nanoparticles can improve the performance of
hydrogels by increasing their SSA, mean pore diameter and
intensity of mesoporous and macroporous structures. The
optimal hydrogel was used to adsorb HA and the adsorp-
tion behaviors and mechanism were investigated. Finally,
XDLVO theory and the HA adsorption-controlled experi-
ments between hydrogel and aerogel were used to explore
the mechanism of HA adsorption by hydrogels. A new
insight for HA adsorbent development is found in CNT50-
rGH as a promising adsorbent for HA removal from drink-
ing water.

2. Materials and methods
2.1. Chemicals

Graphene oxide (GO) (purity: 99%; layer thickness:
0.8-1.2 nm; sheet diameter: 0.5-5 um) and COOH-MWCNT
powder (purity: >95%; diameter: 5-15 nm; length: 10-30 pum)
were purchased from Nanjing XFNANO Materials Tech
Co., (Nanjing, China). HA was obtained from Aladdin
Industrial Corporation (Shanghai, China). Sodium hydrox-
ide, hydrochloric acid, and sodium chloride (analytical
grade) were ordered from Kelong Chemical Reagent Factory
(Chengdu, China). All chemicals were used as received and
ultrapure water was used throughout the experiments.

2.2. Material preparation

A CNT-rGH was prepared through a facile hydrother-
mal method. Typically, GO (0.5 g) was dispersed in ultra-
pure water (100 mL), keeping ultrasonication for 6 hin anice
bath to obtain the resulting aqueous GO dispersion (5.0 mg/
mL). 1.5 mL of the GO solution, 7.5 mg of COOH-MWCNT
powder and 3.5 mL of ultrapure water were added into a
50 mL beaker. Uniform solution was obtained after 2 h of
ultrasonication in the ice bath. The mixture was sealed in a
16 mL Teflon-lined autoclave, kept at 120°C for 8 h without
any interference to produce CNT-rGH. After cooling down
to room temperature, the prepared CNT-rGH was used
immediately in the HA adsorption experiments, to avoid
water loss from CNT-rGH. The aerogel for CNT-rGH was
prepared by freeze dryers. Place the hydrogel with water
in a —18° refrigerator overnight. Then it is placed in a freeze
dryer, the freezing temperature is -50°C, the system vac-
uum is 0.12 mbar, and the freezing time is 24 h. CNT-rGH
preparations have different GO to COOH-MWCNT weight
ratios of 7:3, 5:5, 3:7 and were denoted as CNT30-rGH,
CNT50-rGH, CNT70-rGH respectively. Pure rGH without
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COOH-MWCNT nanoparticles and pure COOH-MWCNT
(C-MWCNT) without GO were also prepared with the same
method, but only pure C-MWCNT did not form hydrogel.

2.3. Characterization

Scanning electron microscopy (SEM, S4800, Hitachi,
Japan) and transmission electron microscopy (TEM, JEM-
2100F, JEOL, Japan) were used to explore the micromor-
phology of the samples. Nitrogen adsorption apparatus
(Autosorb iQ, Quantachrome, USA) was applied to analyze
the specific surface area (SSA) and pore size distribution
of the as-prepared adsorbents. Surface functional groups,
elemental composition and chemical state of the adsor-
bents were characterized using Fourier-transform infrared
spectroscopy (FTIR, Spectrum 100, Perkin Elmer, USA) and
X-ray photoelectron spectroscopy (XPS, ESCALAB 250xi,
Thermo Fisher Scientific, USA), respectively. Raman spec-
troscopy was analyzed by a Raman microscope (InVia,
Renishaw, UK, excited at 532 nm). Surface hydrophilic-
ity was quantified by measuring water contact angle via
a sessile drop method using a contact angle goniometer
(OCA15EC, Dataphysics, Germany). Prepared adsorbents
was zeta potential of the adsorbents surface was measured
by Mastersizer 3000 (Malvern, UK). Moreover, a laser par-
ticle analyzer (Zetasizer Nano ZS90, Malven, UK) was
utilized to measure zeta potential and particle size of HA
solution. The concentration of the HA solution was deter-
mined by UV-Vis spectrophotometer (254 nm, UV-2600,
Shimadzu, Japan).

2.4. Batch adsorption experiments

Batch adsorption assays were conducted in an orbital
shaker (150 rpm, SHA-82A, Changzhou Putian Instruments
Manufacturing Co., Ltd., China) at 25°C for 24 h. Adsorption
kinetic evaluation were performance in conical flasks for
48 h with 500 mL of 30 mg/L HA solution and 30 mg of
CNT-rGH, the pH value pH was adjusted at 6. Adsorption
isotherm study was carried out in conical flasks for 24 h,
mixing 100 mL of 5-50 mg/L HA solution with 6 mg of CNT-
rGH at pH 6. The ionic strength assays were performed in
30 mg/L of HA solutions at different concentrations of NaCl
(0.001, 0.01, 0.1 mol/L). The impact of aqueous pH value
on HA removal was investigated by mixing 30 mg/L of HA
solutions into varying pH (6, 7.5, 9). At specified time peri-
ods, 3 mL of aqueous mixture was collected and filtered
(0.45 pm PES membrane, Millipore) for subsequent anal-
ysis. The concentrations of HA were measured by UV-Vis
spectrophotometer at a wavelength of 254 nm. All these
experiments were conducted for three times and depicted
using the mean values (relative errors less than 5%). HA
adsorption capacity of CNT-rGH (g, mg/g) was calculated
by the following formula:

Cc,-C
T <1>

where C; and C,(mg/L) are the respective initial and residual
concentration of HA; V (mL) is the initial volume; and m (mg)
is the weight of CNT-rGH.

2.5. XDLVO theory

XDLVO theory is used to quantitatively evaluate the
total interaction energy between absorbent (hydrogel)
and colloid pollutant (HA) in this study. According to the
XDLVO model, the formula for calculating total interaction
energy is as follows:

U = Uy + Uy + UGE @
where UP™V is the total interaction energy between absor-
bent and colloid. UL¥, UF and UA? are van der Waals
interaction energy (LW), electrostatic interaction energy
(EL) and acid-base interaction energy (AB), respectively.
Subscripts 4, I, and c represent absorbent, bulk feed solu-
tion and colloid, respectively. The interaction energies is
determined using Egs. (3)—(5).
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where y, minimum equilibrium cut-off distance, is
0.158 nm. a_represents the radius of spherical colloids.
y is separation distance between absorbent and colloid.
A normally 0.6 nm, is the aqueous decay length of AB
interaction. ¢, the dielectric permittivity of water, is
6.95x107°C?/Jm.  and ( are the zeta potential of colloid and
absorbent, respectively. k is inverse Debye screening length.

K =232x10° (Y2 )% (6)

where ¢, is the concentration of ion 7, and z, is the valence
state of ion i.

When absorbent and colloid, both immersed in bulk
feed solution, solid molecules exhibit adhesive free energy,
determined using Eqs. (7)—(8).

AGHY =2 = ) =) )

861 =217 (Vo +; =\ )+ 2 (Vo + s =) ©
o[\ +e)

where AG:" and AG)’ are LW and AB free energies of
adhesion.

When solid material (absorbent or colloid) is immersed
in bulk feed solution, solid molecules exhibit adhesive
free energy, determined using Egs. (9)—(11).

AG,, = AGH + AG? )

sls sls
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AGH =2 = (VY =)
AG™® =2 y;(z\/f—\/f)u y,’(Z\/E—\/E)—AL/y:y; (11)

where AG  is free energies of cohesion. AGLY and AG/? are
LW and AB free energies of cohesion.

YW is LW component of the surface tension. y* and y~
are the respective parameters of acceptor and donor within
electronic interaction. The relationship between solid surface
contact angle and solid-liquid surface tension parameters
is revealed by using the extended Young's Egs. (12)-(14).

(10)

TOT Lw AB

Y=y Y (12)

YA =247y (13)

(YZLW o Y;fyl')(l-t-cosﬁ): 2(Jy§wv}w Y +\/v;vf) (14)

where y™T and y*® is the total surface tension and the
surface tension of AB component, respectively. 0 is con-
tact angle, Y%, y* and vy, can be calculated with solid sur-
face contact angle measured by known parameters of the
surface tension of three probe liquids (Table S1).

3. Results and discussion
3.1. Material characterization

SEM images in Fig. S1 display the surface morpholo-
gies of COOH-MWCNT and GO materials. It is clear that
GO shows irregularly stacked sheet, and COOH-MWCNT
exhibits a flexible and spaghetti-like network. After
hydrothermal treatment, a black cylinder of free-stand-
ing CNT50/rGH was observed, wherein the GO sheets
were successfully reduced with the existence of COOH-
MWCNT (Fig. 1a). The morphologies of as-obtained sam-
ples were evaluated using SEM and TEM. As shown in
Fig. 1b, the well-defined rGH, with an interconnected 3D
porous network and crumpled structures, is in good agree-
ment with previous publications. With the introduction of
COOH-MWCNT, Fig. 1c shows that a small amount of spa-
ghetti-like COOH-MWCNT were uniformly distributed in
CNT30-rGH; Fig. 1d shows that more spaghetti COOH-
MWCNT were uniformly distributed in CNT50-rGH; Fig.
le shows that serious agglomeration occurred on the sur-
face of the CNT70-rGH due to excessive COOH-MWCNT;
For the pure C-MWCNT, there was no obvious 3D porous
network structure without the addition of GO (Fig. 1f)
because the COOH-MWCNT cannot form hydrogel by
itself. The appearance of CNT-rGH network is ascribed
to the partial overlap or amalgamation between rGO
nanosheets and COOH-MWCNT from hydrogen bonding
and m-m staking. The typically wrinkled structure of rGH
was further confirmed by the TEM image (Fig. 2a). As for
the CNT50-rGH, COOH-MWCNT were uniformly distrib-
uted on the reduced GO nanosheets where close interac-
tion between the two materials is established as consistent
with corresponding SEM image in Fig. 2b.

Fig. 3a shows the N, adsorption-desorption isotherms
of various adsorbents. The hysteresis loop, observed from
adsorption and desorption isotherms of all type IV adsor-
bents, illustrates the existence of mesopores and macropo-
res inside [30]. As shown in Fig. S2, pure rGH exhibits the
typical H2 hysteresis loop, often associated with ink-bottle
pore shapes [31]. However, other absorbents exhibit H3
hysteresis loops, often associated with slit pores in paral-
lel walls (Fig. 3a). [32]. Fig. 3b shows that the Brunauer—
Emmett-Teller (BET) surface areas gradually increased
from 137.75 to 325.30 m?/g as the proportion of COOH-
MWCNT in the hydrogels increased from 0% to 50%. This
is probably due to the appropriate distribution of COOH-
MWCNT on the reduced GO nanosheets. However, when
the higher amount of COOH-MWCNT was induced, the
BET surface area of CNT70-rGH decreased. This was
mainly ascribed to the agglomeration caused by excessive
COOH-MWCNT. With the increase of COOH-MWCNT,
the mean pore diameter increased gradually: the incorpo-
ration of COOH-MWCNT is thus favorable for pore size
expansion of the adsorbents due to their spaghetti-like
network. The pore size distribution further shows that the
intensity of mesopores and macropores increased after the
incorporation of COOH-MWCNT (Fig. 3c). Interestingly,
rGH and CNT30-rGH pore size distribution peaks are not
obvious. On the other hand, CNT50-rGH exhibits a bimodal
distribution at 44.23 and 76.61 nm and CNT70-rGH exhib-
its three peaks at 41.55, 52.75 and 72.91 nm. C-MWCNT
exhibits only a unimodal peak of 21.4 nm. These findings
indicate that the incorporation of COOH-MWCNT can
alter the 3D pore structure of the adsorbents. With increas-
ing of proportion of COOH-MWCNT in absorbents, their
pore volume increased gradually and mesopores and
macropores dominate (Fig. 3d). Interestingly, CNT70-rGH
has more macropores but less mesopores compared with
CNT50-rGH and C-MWCNT due to agglomeration caused
by excessive COOH-MWCNT. In conclusion, CNT50-rGH
features the largest BET surface area and adequate mean
pore diameter as well as a high intensity of mesoporous
and macroporous structure. It has the potential for consid-
erable adsorption site exposure to further improve pollut-
ant adsorption.

Raman spectroscopy was used to further validate the
interaction of COOH-MWCNT and reduced GO nanosheets
in hydrogels (Fig. 4a). Upon the incorporation of COOH-
MWCNT, the spectra of CNT50-rGH showed different char-
acteristic D (1,342 cm™) and G (1,593 cm™) peaks and 2D
(2,558 cm™) peaks of COOH-MWCNT as indication for the
presence of COOH-MWCNT in CNT50-rGH. The D and G
peaks of CNT50-rGH were significantly upshifted when
compared with those of pure rGH. This might be attributed
to interaction between COOH-MWCNT and reduced GO
nanosheets by which COOH-MWCNT was successfully
embedded in the reduced GO nanosheets. The signal ratio
of D to G peak (I /1)) is widely employed to quantitatively
define carbon materials’ defect. The I /I . ratio of the CNT50-
rGH (1.11) is slightly higher than that of the rGH (0.94) which
suggests that the incorporation of COOH-MWCNT only
introduce minor defects.

The compositional change of the rGH and CNT50-rGH
have been investigated by XPS as shown in Figs. 4c, 4d and
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Fig. 1. (a) Photograph of the scale-up synthesis of CNT50-rGH hydrogels by using 30 mL of GO (1.5 mg/L) and 45 mg of COOH-
MWCNT. SEM images of (b) rGH, (c) CNT30-rGH, (d) CNT50-rGH, (¢) CNT70-rGH, and (f) C-MWCNT.

Table S2. In the C 1s core-level spectrum of rGH, XPS signals
with binding energies (BEs) at 284.6, 285.1, 286.7, and 288.7 eV
are attributed to sp? aromatic rings (C=C/C—C), hydroxyl and
epoxy (C-0), carbonyl (C=0), and carbonyl (O-C=0) groups,
respectively (Fig. 4c and Table S2). After incorporation of

COOH-MWCNT, the C 1s of CNT50-rGH still shows the
presence of C=C/C-C peak (284.7 eV), C-O peak (286.0 eV),
C=0 peak (288.0 eV) and O-C=0 peak (291.0 V) (Fig. 4d and
Table S2). However, the upward peak shift of CNT50-rGH to
greater binding energy and the lower peak of the C-O, C=O
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Fig. 2. TEM images of (a) rGH, (b) CNT50-rGH.
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Fig. 3. (a) N, adsorption/desorption isotherms, (b) BET surface area and mean pore diameter, (c) pore size distribution, and
(d) pore volume of the CNT-rGH samples.



128
a D
@) ]
2D
C-MWCNT

B D G

&

= 2D

= CNT50-rGH

= D G

rGH
500 10I[][] 15I[][] 2[]I[][] 25I[][] 3000
Raman shift (cm™)
(c) C1s rGH

£l
s
=
@

E ~

@ |C-C
S

I L T L L L L T
282 284 286 288 290 292 294 296
Binding Energy (ev)

M. Liu et al. / Desalination and Water Treatment 253 (2022) 122-137

(b) C-MWCNT
W}QG
w&ﬂv be
. 1390 1720
: 1110~ 1980 !
3 rGH 3420
T
2 1303 § 1720
2 1105 J980
b 3424
= GO
f
1053 1224 1624 1732
3370
L] L] L] L] L] L]
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)
(d) ﬁ C 1s CNT50-rGH
El
-lEv S =
= i S
w
| =y
[1}]
o
£

200 292 294 296
Binding Energy (ev)

L) L] L] L]
282 284 286 288

Fig. 4. (a) Raman spectra of rGH, CNT50-rGH and C-MWCNT. (b) FTIR spectra of GO, rGH, CNT50-rGH and C-MWCNT. C 1s

deconvolution spectra of (c) rGH and (d) CNT50-rGH.

and O-C=0 indicate that COOH-MWCNT was successfully
induced in the reduced GO nanosheets.

Fig. 4b exhibits the FTIR spectra of GO, rGH, CNT50-
rGH and C-MWCNT. GO sheets exhibit few characteristic
peaks at 1,053, 1,224 and 1732 cm™, assigned to stretch-
ing vibrations of the alkoxy, epoxy, and carbonyl bonds,
respectively. Additionally, the skeletal vibration of aro-
matic C=C bonds and the stretching vibration of -OH were
represented by signals at 1,624 and 3,370 cm™. In the FTIR
spectrum of rGH, the intensity of -OH bond (3,424 cm™)
is decreased, as well as the C=0O bonds (1,720 cm™), C=C
bonds (1,580 cm™) and C-O bonds (1,105 cm™). Notably,
the characteristic peak of epoxy C-O-C bond is not dis-
cernible, indicating the completed removal of oxygen-con-
taining groups. Also, the signal of C=C stretching vibration
bands is shifted from 1,624 cm™ (GO) to 1,580 cm™ (rGH),
resulted from m-m stacking interactions between reduced
GO nanosheets. Similarly, the red-shift of -OH stretching
vibration bands from 3,370 to 3,324 cm™ is attributable to

hydrogen bonding between reduced GO nanosheets. After
adding a certain amount of COOH-MWCNT, CNT50-
rGH has similar peak position and lower peak inten-
sity compared with rGH, indicating successful embed-
ding of COOH-MWCNT in CNT50-rGH. CNT50-rGH
have various reactive groups (e.g.,, -OH, -COOH, C=0),
which can provide a large number of hydrogen bonding
donors and acceptors during adsorption of pollutants.

3.2. Effect of COOH-MWCNT mass fraction
on the adsorption capacity

The effects of the mass fraction of COOH-MWCNT in
adsorbents on the HA adsorption capacity were investigated
through a series of controlled experiments. As shown in
Fig. 5a, the amount of HA adsorbed increased from 164.23
to 196.04 mg/g as the mass fraction of COOH-MWCNT
increased from 0% to 50%. When the COOH-MWCNT load-
ing increased to 70% and 100%, the HA adsorption amount
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Fig. 5. (a) Effect of COOH-MWCNT mass fraction on the adsorption capacity of HA on absorbents. (b) Impact of pH on
adsorption capacity of CNT50-rGH. (c) Impact of NaCl on adsorption capacity of CNT50-rGH. Experimental conditions:

PH, i = 6.0, Cppyy = 30 mg/L, Cy

effect adsorption experiments, C_,

decreased to 158.41 and 103.67 mg/g. As CNT50-rGH exhib-
ited the maximum adsorption capacity, it was used for the
subsequent adsorption experiments.

These results indicated that the mass faction of COOH-
MWCNT significantly influenced HA adsorption capac-
ity. With increasing COOH-MWCNT mass faction, linear
COOH-MWCNT and planar GO can be mixed to prepare
porous 3D CNT50-rGH. CNT50-rGH features the largest
BET surface area facilitating adsorption sites exposure.
CNT50-rGH also features higher mean pore diameter and
high intensity of mesoporous and macroporous structures
that are accessible to macromolecular HA, enhancing the
effective exposure of adsorption sites inside CNT50-rGH.
In sum, the considerable increase of adsorption sites would
improve the adsorption performance of CNT50-rGH.
However, excessive COOH-MWCNT would restrain the
formation of three-dimensional porous network and so limit
penetration resulting in reduced HA adsorption capacity.

3.3. Influence of pH and ionic strength

As depicted in Fig. 5b, initial pH also plays a criti-
cal role on the performance of HA removal by CNT50-
rGH. For instance, the HA adsorption amount decreased

=0.01 M, m/V =0.06 g/L, t = 24 h for controlled experiments, where pH.
=0.001-0.1 M for NaCl effect adsorption experiments.

= 6.0-9.0 for pH

initial

significantly when pH increased from 6.0 to 9.0 that could
be assigned to the change of surface charge of CNT50-rGH
and HA in different pH conditions. HA is composed of
various compounds terminated with abundant carboxylic
and phenolic groups [33]. With increasing pH from 6.0
to 9.0, the HA solution is supposed to have more nega-
tive charges due to the deprotonation of carboxyl groups
(pKa of 3.0) [33]. Moreover, the isoelectric point (IEP) of
CNT50-rGH was measured around 5.0 (zeta potential at
pH 4-10 is shown in Fig. 53), suggesting that CNT50-rGH
was negatively charged at pH > 5.0. Therefore, with the
pH increasing from 5.0 to 10.0, the surface of CNT50-rGH
has increasingly more negative charge. In this context, as
the pH increased from 6.0 to 9.0, electrostatic repulsion
between CNT50-rGH and HA gradually intensified causing
decreased HA adsorption amount.

Ionic strength was another key parameter to be
addressed on the adsorption capacity of CNT50-rGH for HA
removal. Fig. 5¢ shows that HA adsorption is significantly
enhanced with increasing concentration of NaCl from 0.001
to 0.1 mol/L. The results indicated that the NaCl concentra-
tion significantly influenced the HA adsorption capacity.
The positive charge of sodium ions can weaken the repul-
sive interaction between CNT50-rGH and HA. Moreover,
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HA molecules adsorbed on CNT50-rGH may be interaction
with sodium ions, and sodium ions adsorbed on CNT50-
rGH can also adsorb HA again, so the HA adsorption was
enhanced [34]. In addition, HA molecules in the high salt
solution are in coiled spheres, exhibiting favorable transfer
capability from aqueous environment onto the solid surface
of the CNT50-rGH [35].

3.4. Adsorption kinetics

Adsorption kinetics were utilized to evaluate the HA
adsorption mechanism onto CNT50-rGH. Fig. 6a shows the
kinetics of HA adsorption onto CNT50-rGH. In Fig. 6a, HA
adsorption capacity (q,) of CNT50-rGH increased rapidly in
the first 4h (contributing 70% of the equilibrium adsorption
capacity). Then, the adsorption rate slowed down gradu-
ally, apparent adsorption equilibrium reached at around
24 h at a capacity of 196.04 mg/L. This trend is ascribed
to the large quantity of adsorption sites on CNT50-rGH’s
surface, as well as the significant concentration gradient
between HA and CNT50-rGH at the initial stage. As the
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adsorption sites are gradually occupied and the concentra-
tion gradient wanes, it becomes difficult for HA to capture
the remaining adsorption sites [36].

The equilibrium time data were analyzed by pseudo-
first-order [Eq. (15)] and pseudo-second-order kinetic mod-
els [Eq. (16)]:

k

In(q —g,)=Ing ——1 ¢ 15
n(q,—q,)=1Ing, 303 (15)
t 1 t

L £ (16)
9 ka a,

where g, (mg/g) and g, (mg/g) are HA sorption capacity at
equilibrium and time ¢ (min); k, (min™) and k, (g/(mg-g)) are
the rate constants for the pseudo-first-order model and pseu-
do-second-order model.

Data fitting results are summarized in Table 1. According
to Fig. 6a and Table 1, pseudo-second-order kinetic model
registers a larger correlation coefficient (R?) for CNT50-rGH,
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Fig. 6. The plots of HA adsorption on CNT50-rGH for (a) pseudo-first-order kinetic model and pseudo-second-order kinetic model,

(b) intraparticle diffusion model, (c) Langmuir model and Freundlich model. Experimental conditions: pH,

C
t =24 h for isotherm adsorption experiments.

initial 6.0, COHA =30 mg/L,

et = 0-01 M, m/V =0.06 g/L, t =48 h for kinetic adsorption experiments; pH = 6.0, C,,, = 5-50 mg/L, C, ., =0.01 M, m/V =0.06 g/L,
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Table 1
Parameters for the kinetic sorption data using different sorption models
Pseudo-first-order Pseudo-second-order
Sorbent Dep (mg/g) k1/10‘3 (L/min) Decn (mg/g) R? k2/10‘5 (g/(mg-min)) Decar (mg/g) R?
CNT50-rGH 196.04 6.67 142.21 0.9862 6.50 204.08 0.9929
than pseudo-first-order kinetic model. More importantly, Langmuir model:
pseudo-second-order kinetic model is selected to depict
HA adsorption onto the CNT50-rGH, because it presents a < _ 1 + C (18)
closer equilibrium adsorption value (g, = 204.08 mg/g) to g, Kgq, 4,
the experimental values (4, = 196.04 mg/g). The adsorp-
tion of HA is then controlled by chemisorption-involved Freundlich model:
valency forces via electronic sharing and swapping between
HA and hydrogel [37]. . Ing, = lln C +InK, (19)
To further investigate the rate-controlling step of HA n
adsorption on CNT50-rGH, adsorption results were also ) o
fitted by applying intraparticle diffusion model according Temkin adsorption isotherm:
to the following equation (Fig. 6b):
q,=KlogC,+ A (20)

q, =kt +C (17)
where k, is rate constant of intraparticle diffusion, C is con-
stant of intraparticle diffusion.

The fitting results are given in Table S3. According to
Fig. 6b and Table S3, the adsorption data linear fitting could
be divided into two segments. The diffusion coefficient of
the first stage related to the diffusion in the macropores
and mesopores is larger while the diffusion coefficient of
the second-stage related to diffusion in the micropores is
smaller. Given that neither plot passes through the origin,
boundary layer diffusion also has an effect on the mass
transfer rate. HA adsorption kinetic are therefore affected
by three steps: boundary layer adsorption, mesopore and
macropore adsorption, and micropore adsorption.

3.5. Adsorption isotherm

In addition to the adsorption mechanism of HA onto
CNT50-rGH, adsorption isotherm tests were carried out to
study the surface properties of CNT50-rGH, and adsorp-
tion affinity between CNT50-rGH and HA. Fig. 6¢c shows
the equilibrium adsorption capacity of CNT50-rGH for
HA increased with the increment of the equilibrium con-
centration of HA. The equilibrium adsorption amount
(9,) of CNT50-rGH for HA increased rapidly at a low HA
equilibrium concentration, then the increase of g, slowed
down gradually until the value of g, reached 206.68 mg/g
(Fig. 6¢). To further reveal the mechanism, adsorption iso-
therm results were fitted by applying Langmuir [Eq. (18)]
and Freundlich models [Eq. (19)].

Table 2
Isotherm parameters for HA adsorption onto CNT50-rGH

where C, (mg/L) is HA concentration at equilibrium;
g, (mg/g) is HA adsorption capacity at equilibrium; K, (L/mg)
is Langmuir constant; g, (mg/g) is maximum HA adsorp-
tion capacity; K, [mg/g:(L/mg)""] is Freundlich constant;
n is adsorption intensity. K and A are adsorption equilibrium
constants of Temkin adsorption isotherm.

The fitting results were given in Table 2. According
to Fig. 6¢c and Table 2, Temkin model exhibits a larger
correlation coefficient (R?) value for CNT50-rGH than
Langmuir and Freundlich model. The maximum adsorp-
tion amount calculated by Langmuir model for CNT50-rGH
is 270.27 mg/g, which is better than previously published
adsorbents (Table 3). The high adsorption capacity of HA
indicates that CNT50-rGH is a promising adsorbent for
water treatment.

3.6. Adsorption mechanism

The surface tension for materials calculated by contact
angles in Table 4 according to Eqgs. (12)—(14) were used to
describe the apolar and polar characteristics of materials.
As shown in Table 5, CNT50-rGH and HA have higher y*¥
values that suggest apolar properties of these materials.
CNT50-rGH has more electron donor component (y~) but
relatively little electron acceptor component (y*), revealing
its high electron donor monopolarity. The higher vy~ values
are probably due to these existing reactive groups (e.g.,
-OH, —-COOH, C=0) in the CNT50-rGH. Similar to CNT50-
rGH, the HA colloid, containing -OH, -COOH, C=O groups,

Langmuir Freundlich Temkin
9, (mg/g) K, (L/mg) R Ky [mg/g-(L/mg)""] n R K A R
270.27 0.104 0.96 33.99 1.78 0.87 180.61 163.2 0.97
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also features high electron donor monopolarity. Moreover,
hydrogen bonding interaction occurs between these func-
tional groups crossing CNT50-rGH and HA molecules,
facilitating the aggregation and adsorption of HA onto
CNT50-rGH.

The free energy of cohesion (AG,) calculated by
parameter data of surface tension in Table 5 according to
Egs. (9)-(11) was used to provide qualitative insight into
the potential interactions between absorbent and pollut-
ant. A positive value indicates that the material surface has
hydrophilic characteristics, while a negative value shows
hydrophobic characteristic [53]. As shown in Table 5, the
AG,, values of CNT50-rGH and HA are positive: hydro-
philic surface of CNT50-rGH is then unfavorable for
the adsorption of hydrophilic HA through hydrophobic
adsorption interaction.

The interaction energies between adsorbent and pol-
lutant are important factors affecting the adsorption
capacity. Hence, XDLVO theory was selected to further
quantitatively study the total interaction energy (LIXP™°)
between CNT50-rGH and HA (Fig. 7). Positive value of
LXP™O represents a repulsive force, which is unfavorable
to adsorption and vice versa [53]. The value of U)P'V© was
calculated according to Egs. (2)—(8). As shown in Fig. 7,
the value of UP'V© was positive. It means a repulsive force
that is unfavorable for HA adsorption to CNT50-rGH.
According to XDLVO theory, U}P™° is the sum of LW
interaction energy (ULY), AB interaction energy (UAP),

ale

and EL interaction energy (UF'). UMW, UA® and ULT are all
positive value unfavorable for HA adsorption to CNT50-
rGH. This finding indicates that hydrophobic interaction
(including ULY and UjP) and electrostatic interaction
(UFL) are not the main adsorption mechanisms.

The adsorption mechanism of HA adsorption onto
CNT50-rGH was further explored by freeze-drying CNT50-
rGH in the form of aerogel and compared with CNT50-
rGH. In Fig. S4, the aerogel presents a decreased HA
adsorption capacity from 196.04 to 103.41 mg/L. The bound
water in CNT50-rGH provides additional hydroxyl groups
that are a source of more hydrogen bonding donor and
acceptor during adsorption [54]. Therefore, the hydrogen
bonding interaction of CNT50-rGH was stronger than the

Table 4
Physico-chemical properties of CNT50-rGH and HA

aerogel with little bound water. The increase of hydrogen
bond interaction leads to the significant increase of HA
adsorption capacity of hydrogel, indicating hydrogen bond
interaction is the main adsorption mechanism of HA onto
CNT50-rGH.

In summary, the main adsorption mechanism of CNT50-
rGH for HA is hydrogen bonding interaction. Neither
hydrophobic interaction nor electrostatic interaction is
the main adsorption mechanism.

4. Conclusion

In summary, a 3D porous network of CNT/reduced
graphene oxide composite hydrogel was successfully syn-
thesized using COOH-MWCNT as a tailor for surface area,
mean pore diameter and pore structure. Adsorption sites
of the composite hydrogel increased due to the rise in sur-
face area, mean pore diameter and the intensity of meso-
porous and macroporous structures. Hence, the adsorption

CNT50-rGH

4000 |

'_

LW
< 3000 == Uge
o AB
E - Ualc
LlCJ - - U, EL

alc
.s 2000 - UalcxoLvo
©
o
2
£ 1000

Distance

Fig. 7. Interaction energies between CNT50-rGH and HA.

Material Contact angles (°) Zeta potential Colloid size
Ultrapure water Glycerol Diiodomethane (mV) (nm)

CNT50-rGH 23.6 35.9 21.6 -18.6 /
HA (pH =6; NaCl =0.01 M) 66.5 84.7 72.6 -24.9 276.3

Table 5

Surface tension and the free energy of cohesion (mJ/m?) of CNT50-rGH and HA
Material Al Y Y YAB yTor AGEY AGAH? AG,,
CNT50-rGH 47.30 0.29 47.80 7.48 54.77 -9.75 33.62 23.87
HA (pH =6; NaCl =0.01 M) 21.43 0.40 41.39 24.46 29.56 -0.0031 24.46 24.46
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capacity of composite hydrogel for HA was improved.
Adsorption kinetics experiments show that HA adsorption
by composite hydrogel agreed with pseudo-second-order
kinetic model, demonstrating the dominance of chemisorp-
tion. Adsorption isotherm experiments show that HA
adsorption by composite hydrogel agreed with Langmuir
model which was used to calculate a maximum adsorption
capacity of 270.27 mg/g. XDLVO theory and the HA adsorp-
tion-controlled experiments between hydrogel and aero-
gel reveal that hydrogen bonding interaction is the main
adsorption mechanism rather than electrostatic interaction
and hydrophobic interaction. Therefore, this study offers
a novel insight for subsequent developments of ultrahigh
capacity adsorbents for macromolecular HA removal.
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Fig. 54. HA adsorption capacity of CNT50-rGH (hydrogel) and
aerogel for CNT50-rGH. Experimental conditions: pH = 6.0,
Cyya=30mg/L, C,,=0.01 M, m/V=0.06 g/L, t =24 h for adsorp-
tion capacity comparison of CNT50-rGH (hydrogel) and aerogel
for CNT50-rGH.
Table S1
Surface tension properties (mJ/m?) of probe liquids at 20°C
YTOT YLW .Y+ Y_ YAB
Ultrapure water 72.8 21.8 25.5 255 51.0
Glycerol 64.0 34.0 3.9 57.4 30.0
Diiodomethane 50.8 50.8 0 0 0
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Table S2
Partial data of XPS analysis in rGH, CNT50-rGH and HA loaded CNT50-rGH

Ttem Material Cls
C-C,C=C Cc-O C=0 O-C=0
rGH 284.6 285.1 286.7 288.7
Binding energy (eV) CNT50-rGH 284.7 286 288 291
HA loaded CNT50-rGH 284.7 285.3 286.3 288.8
rGH 30.7% 26.8% 21.2% 21.3%
Relative area (%) CNT50-rGH 56.8% 16.9% 10.3% 16%
HA loaded CNT50-rGH 45.2% 12.1% 17.4% 25.3%
Table S3
Parameters of the intraparticle diffusion model for the adsorption of HA on sorbent
Absorbent Intraparticle diffusion model
K.y, (mg/(g min'?)) C, (mg/g) R? K.y, (mg/(g min'?)) C, (ng/g) R?

CNT50-rGH 4.3905 39.509 0.9353 2.7134 98.856 0.9209
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