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Nanoporous carbons (NPCs) derived from metal–organic frameworks (MOFs) are attracting
increasing attention inmany areas by virtue of their high specific surface area, large pore volume
and unique porosity. The present work reports the preparation of an NPCwith high surface area
(1731 m2/g) and pore volume (1.68 cm3/g) by direct carbonization of MOF-5. We examined the
adsorption of three typical contaminants from aqueous solutions, i.e., sulfamethoxazole (SMX),
bisphenol A (BPA) and methyl orange (MO), by using the as-prepared NPC. The results
demonstrated that NPC could adsorb the contaminants effectively, with adsorption capacity
(qm) of 625 mg/g (SMX), 757 mg/g (BPA) and 872 mg/g (MO), respectively. These values were
approximately 1.0–3.2 times higher than those obtained for single-walled carbon nanotubes
(SWCNTs) and commercial powder active carbon (PAC) under the same conditions.With its high
surface area and uniquemeso/macropore structure, the enhanced adsorption ofNPCmost likely
originates from the cooperative interaction of a pore-fillingmechanism, electrostatic interaction,
andhydrogen bonding. In particular, the pH value has a crucial impact on adsorption, suggesting
the significant contribution of electrostatic interaction betweenNPC and the contaminants. This
study provides a proof-of-concept demonstration of MOF-derived nanoporous carbons as
effective adsorbents of contaminants for water treatment.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Nanoporous carbon (NPC) materials have received growing
interest in a variety of applications such as super-capacitors
(Prehal et al., 2017), gas storage (Yang et al., 2012; Kim and Park,
2007) and catalyst supports (Seo et al., 2000). It would be also
highly desirable to develop NPC materials with unique porous
structure andhigh surface area for adsorption of environmental
contaminants (Lee et al., 2014; Ji et al., 2010). Generally, NPC
materials can be prepared by several routes including chemical
ie@dlut.edu.cn (Xie Quan

o-Environmental Science
vapor decomposition, templating synthesis as well as
chemical- or physical-activation. Template-based synthesis
has been considered to be an effective approach, as it allows
designing and manipulating the porous structure of NPC
during preparation (Lim et al., 2012). Therefore, a particular
emphasis should be placed on the selection of suitable
precursors to obtain the expected functionalized NPC
materials.

Metal–organic frameworks (MOFs) are inorganic–organic hy-
brids with tunable pore sizes and functionalities (Sneddon et al.,
).
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2014). As porous structured materials, MOFs are promising
precursors for NPC fabrication due to their significant carbon
contents (Chaikittisilp et al., 2013). Prior studies reported that
MOF-derived NPC could have a high surface area and large pore
volume (Gadipelli et al., 2015; Hu et al., 2010), which are the two
most essential factors that determine the adsorption capacity of
NPC. Meanwhile, the unique porosity of MOF-derived NPC is
another advantage (Chaikittisilp et al., 2012), which makes it
possible to separate contaminants selectively from aqueous
solution (Li et al., 2016).

Contaminant removal by adsorption is an efficient method
due to advantages such as simple operation, high performance
and low cost. The adsorption of organic micropollutants such as
pesticides and medicines has been studied using carbon-based
adsorbents, nanoporous polymers, organoclays and various
other porous materials (Alsbaiee et al., 2016; Byun et al., 2016).
Activated carbon has been used as the most efficient adsorbent;
however, it is flammable and difficult to regenerate (Patel et al.,
2009). In comparison, MOF-derived NPC, with unique pore sizes
and shapes combined with target-specific functionality, have
exhibited their potential for adsorption of environmental pollut-
ants (Lee et al., 2014; Ji et al., 2010).

To the best of our knowledge, the limited reports on removal
of organic pollutants by using MOF-derived NPC materials have
only achieved unsatisfactory results. Lee et al. examined the
separation of a typical dye (methylene blue) by a Fe-MIL-88
derived NPC (Lee et al., 2014). Despite the detailed characteriza-
tion of the prepared adsorbent, the adsorption capacity (83.9 mg/
g) was much lower than that of activated carbon (Bedin et al.,
2016; Uner et al., 2016), which may greatly limit its practical
application. Therefore, it will be of particular importance to
develop more efficient MOF-derived NPC for enhanced adsorp-
tion of organic pollutants in practical water treatment.

To address these challenging problems, we in this study
prepared a NPC material by direct carbonization of MOF-5, and
investigated the adsorption performance towards three typical
pollutants, sulfamethoxazole (SMX), bisphenol A (BPA) and
methyl orange (MO). The selection of these target pollutants
was based on the fact that they are frequently detected
substances in aquatic environments and highly toxic to ecosys-
tems (Zhang et al., 2015; Benotti et al., 2009; Sun et al., 2014). First,
we fabricated the NPCmaterials by using direct carbonization of
the MOF ([Zn4O(BDC)3], BDC = terephthalicacid). Second, follow-
ing characterization of the morphology and pore structure, the
adsorption kinetics and isotherms were investigated. Third, the
adsorption capacities of the as-prepared NPC were evaluated
in comparison with those of other promising adsorbents,
i.e., single-walled carbon nanotubes (SWCNTs) and commercial
powdered activated carbon (PAC). In addition, the adsorption
properties of the three contaminants onNPC and the effect of pH
were discussed. Based on these studies, a possible adsorption
mechanism was elucidated.
1. Experimental

1.1. Materials and methods

MOF-5 was synthesized by using the methods described in a
prior study (Zhao et al., 2011). Terephthalic acid (BDC) and zinc
nitrate hexahydrate were dissolved in diethylformamide, and
then heated up to 130°C for 4 hr. After cooling down to room
temperature, the solids were washedwith acetone and dried
at 60°C. The MOF-5 was carbonized directly to fabricate the
NPC. Briefly, a quartz boat containing MOF-5 powder was
placed into a vacuum tube furnace, where the samples were
heated from room temperature to 1000°C under the protec-
tion of argon gas at the heating rate of 10°C/min. Then the
temperature was maintained for 8 hr and the NPC was
obtained after natural cooling under the protection of Ar
gas.

Single-wall carbon nanotubes (SWCNTs, purchased from
Chengdu Organic Chemicals Co., Ltd., China), were
pretreated according to the methods reported by Lu and
Chiu (2006). In brief, the SWCNTs were heated at 350°C for
30 min to remove the amorphous carbon, followed by
purification using hydrochloric acid (HCl, 10 mol/L) to
remove residual metal catalyst. Finally, the SWCNTs were
washed with milli-Q water until the pH value was nearly
neutral. Similarly, PAC (purchased from Sinopharm Chem-
ical Regent Co., Ltd., China) was pretreated by HCl (10 mol/L)
and washed with Milli Q water before the adsorption
experiments.

The stock solutions of SMX (98 wt%, J&K Chemical. Ltd.),
BPA (96 wt%, J&K Chemical. Ltd.) and MO (96 wt%, Tianjin
Damao Reagents Co.) with the concentration of 100 mg/L were
prepared by dissolving the solids in Milli-Q water. Selected
physicochemical properties of the contaminants are listed in
Table 1.

1.2. Characterization and analyses

The morphology and pore structure of NPC were observed
by using field emission scanning electron microscopy
(FE-SEM, S-4800 Hitachi, Japan) and transmission electron
microscopy (TEM, Tecnai G2 S-Twin, FEI, USA). The specific
surface area was obtained by the multi-point Brunauer–
Emmett–Teller (BET) method and calculated from the
adsorption–desorption isotherms of N2 at 77 K. The total
pore volume (Vtotal) and micropore volume (Vmicro) were
calculated by the BJH method and derived from the V-t plot,
respectively. The pore size distribution was calculated by
the density functional theory (DFT) method. The chemical
composition of NPC was measured by using X-ray photo-
electron spectroscopy (XPS, Thermal ESCALAB 250, USA),
implemented on a surface analysis system based on Al Kα
radiation. The powder X-ray diffraction measurement
(XRD) was performed on a Rigaku D/MAX-2400 X-ray
diffractometer. The Fourier transform infrared spectrosco-
py (FT-IR) spectra were recorded by a Vertex70, Bruker
Vector FT-IR spectrometer. The Raman spectra were ob-
tained by using a micro-Raman system 2000 spectrometer
(Renishaw, UK), which was operated with He–Ne laser
excitation. The Zeta potential of the adsorbents was
measured at different pH values in 10 mM KCl solution by
Zetasizer nano-ZS equipment (ZS 90, Malvern, UK). The
solution pH was adjusted by HCl (1 mol/L) and NaOH (0.1 mol/L)
prior to the measurements.

The concentrations of SMX and BPA were determined
by a high-performance liquid chromatograph (HPLC, Waters



Table 1 – The physicochemical properties of SMX, BPA and MO.

Chemicals Molecular size (Å) Molecular weight
(g/mol)

pKa Solubility (mg/L)

Sulfamethoxazole (SMX) H2N

O

O

S O

N

CH3

N

H 13.3 × 4.7 × 3.8
(Ji et al., 2010)

253.27 1.8, 5.6
(Ji et al., 2010)

369.77 (Ji et al., 2010)

Bisphenol A (BPA) OH OHC

CH3

CH3

10.68 × 5.87 × 3.83
(Schafer et al., 2006)

228.29 9.6, 10.2
(Zheng et al., 2013)

120–300
(Zheng et al., 2013)

Methyl orange (MO) N N SO3NaN

CH3

CH3

15.8 × 6.5 × 2.6
(Teng et al., 2012)

327.33 3.42
(Dutta and Dutta, 2014)

5000
(Kucukosmanoglu et al., 2006)
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2695, Waters, USA) equipped with a C18 column (15 cm ×
4.6 mm × 5 μm) and a UV detector at a column temperature of
30°C. The flow rate was 1 mL/min. The SMX was determined
at the wavelength of 265 nm with a mobile phase of
acetonitrile containing 0.1% acetic acid solution (V:V = 40:60).
The BPA was detected at the wavelength of 280 nm with a
mobile phase of methanol:water (V:V = 70:30). The concentra-
tion of MO was measured by using a UV–visible spectropho-
tometer (UV7504, China).

1.3. Adsorption experiments

The batch adsorption experiments of SMX, BPA and MO
were carried out in 50 mL quartz vessels containing 40 mL
liquid volume of contaminant solutions. Two milligrams of
adsorbent was added into each quartz vessel, which was
sealed and placed in an orbital shaker with a rotation
speed of 200 r/min at 20°C. The contaminant concentra-
tions used in the kinetics and isotherm experiments were
15 mg/L and 10–100 mg/L, respectively. The initial solution
pH values in the kinetics experiments were recorded as 5.8
(SMX), 6.0 (MO) and 6.3 (BPA), the change of which was
negligible during the experiments. The contaminant
amount adsorbed on adsorbents, qt (mg/g), was calculated
by Eq. (1):

qt ¼
C0−Ctð Þ � V

m
ð1Þ

where C0 (mg/L) and Ct (mg/L) are the initial concentration of
contaminants and the concentration at time t (min), respectively.
V is the volume of the solution and m is the weight of the
adsorbent.

In order to investigate the effect of pH, the adsorption
experiments were carried out at initial concentrations of
30 mg/L for SMX and BPAwhile 50 mg/L for MO. The pH values
of solutions were adjusted in the range of 2.0–11.0 by using
HCl (1 mol/L) and NaOH (0.1 mol/L). The single-concentration
point adsorption coefficient (Kd) was applied to represent the
relative ratio of the contaminants adsorbed on NPC and in
solution after reaching adsorption equilibrium, which was
calculated as follows:

Kd ¼ qe=Ce ð2Þ

where qe (mg/g) and Ce (mg/L) are the adsorbed amounts of
the contaminant on the adsorbents and the concentration of
contaminant in solution at equilibrium.
2. Results and discussion

2.1. Characterization of adsorbents

The SEM and TEM images of NPC are displayed in Fig. 1, and
compared with those of SWCNTs and PAC. The NPC and
MOF-5 exhibited the same cubic texture with a cube side
length of 10 μm as shown in Fig. 1a and b, indicating that the
carbonization process did not damage the morphology of the
precursor. This result was in agreement with that reported by
Pachfule et al. (2012). In addition, the pore structures on the
NPC surface are clearly visible in Fig. 1c. Fig. 1d and e shows
the morphology of the SWCNTs, which had a tubular texture
with diameter of 10 nm. In comparison, the random structure
of PAC can be observed in Fig. 1f.

The N2 adsorption–desorption isotherms and pore distribu-
tion curves of MOF-5 and the three adsorbents are presented in
Fig. 2. All thematerials showeda type IV isothermwithhysteresis
between the adsorption and desorption curves in the relative
pressure range P/P0 = 0.4–1.0, indicating capillary condensation in
the mesopores (Tang et al., 2015). The sharp rise at low relative
pressure of P/P0 < 0.1 for MOF-5, NPC and PAC suggested the
existence of micropores. The almost vertical tail at P/P0 near 1.0
for NPC indicated the presence of macroporosity (Liu et al., 2008;
Li et al., 2015). The pore size distribution of NPC (Fig. 2b) displays a
hierarchical porous structure with more meso- and macropores
than PAC and SWCNTs, which accorded well with the Vmicro and
Vmeso/macro values (meso- and macroporous volume) listed in
Table 2.

It is notable that MOF-5 presents a low special surface area
of 151 m2/g, increasing dramatically to 1731 m2/g after
carbonization. Generally, the solvent molecules on the
MOF-5 surface occupied the pore channels after hydrothermal
synthesis, causing the low surface area of 151 m2/g (Gonzalez
et al., 2005; Liu et al., 2008). As the temperature increased in
the carbonization process, all the solvent molecules were
removed over 300°C, and subsequently, ZnO formed at
temperatures higher than 425°C and was gradually reduced
above 800°C. Finally, Zn metal (boiling point 908°C) vaporized
away with the Ar flow, leaving carbon species alone in the
NPC sample. (Liu et al., 2008; Chaikittisilp et al., 2013). As a
result, NPC displays a high specific surface area of 1731 m2/g
with a pore volume of 2.22 cm3/g, values higher than those of
PAC (901 m2/g and 0.87 cm3/g) and SWCNTs (585 m2/g and
1.15 cm3/g). The typical survey spectra of XPS (Fig. 3(a)) show
the presence of C and O elements in all the adsorbents. There
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Fig. 1 – The scanning electron microscopy (SEM) images of (a) nanoporous carbon (NPC), (b) metal–organic framework-5
(MOF-5), (d, e) single-walled carbon nanotubes (SWCNTs), (f) powder active carbon (PAC) and transmission electronmicroscopy
(TEM) image of NPC.
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was no peak for Zn in NPC due to its evaporation from the
carbon phase at 1000°C. Consequently, only the three ele-
ments of C (95.77%), O (2.98%) and N (1.25%) were determined
in NPC. The XRD patterns of the three adsorbents reveal two
broad peaks in the range 20–30° and 40–45° in Fig. 3b,
corresponding to the (200) and (101) spacing of graphite,
respectively. This result also confirmed the disappearance of
Zn. In the Raman spectra, two obvious bands (D band at
1350 cm−1 and G band at 1580 cm−1) were observed for NPC
and PAC (Fig. 3c), demonstrating the co-existence of defects
and a disordered structure as well as the graphitization of
carbon (Hu et al., 2012). For the SWCNTs, however, only the
G-band was observable, indicating a relatively ideal graphi-
tized structure. The FT-IR spectra given in Fig. 3(d) indicate no
essential differences among the three kinds of adsorbents.
The characteristic bands at 3451 cm−1, 1448 cm−1 and
1116 cm−1 should be ascribed to the stretching vibrations of
\OH, C_C and C\O\C bonds, respectively. The strong band
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Fig. 2 – (a) N2 adsorption–desorption isotherms and (b) pore
at 1638 cm−1 indicates the characteristic C_C vibration of
aromatic rings.

The zeta potential of NPC, SWCNTs and PAC tended to
decline with increasing pH for all the adsorbents (Fig. 4). The
pHiep (the pH value where the zeta potential equals to zero) of
NPC was observed to be 5.6, whereas the pHiep for SWCNTs
and PAC was 3.0 and 3.4, respectively.

2.2. Adsorption kinetics

The kinetics data of the three compounds' adsorption on NPC,
SWCNTs and PACwere fitted best by the pseudo-second-order
kinetics model (Fig. 5), with a higher correlation coefficient (R2)
relative to the pseudo-first-order model as shown in Table 3.
The equations for modeling are presented as Eqs. (3) and (4).
According to Fig. 5, adsorption equilibrium could be reached
within the time of 10 hr for all of the contaminants. The most
rapid adsorption took place in the first two hours, indicating
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distribution curves of MOF-5, NPC, SWCNTs and PAC.



Table 2 – Selected physicochemical parameters of
adsorbents.

Samples SBET
(m2/g)

Vtotal

(cm3/g)
Vmeso/macro

(cm3/g)
Vmicro

(cm3/g)
Daverage

(nm)

MOF-5 151 0.16 0.11 0.05 4.29
NPC 1731 2.22 1.68 0.54 4.77
SWCNTs 585 1.15 1.12 0.03 7.83
PAC 901 0.87 0.65 0.22 3.90

SBET: Special surface area; Vtotal: total volume; Vmeso/macro: meso- and
macroporous volume; Daverage: average diameter.
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a fast initial transfer of contaminants to the surface of the
adsorbents.

Pseudo‐first‐order kinetics model : ln qe−qt
� � ¼ lnqe−k1t ð3Þ

Pseudo‐second‐order kinetics model :
t
qt

¼ 1
k2qe2

þ 1
qe

t

¼ 1
vo

þ t
qe

ð4Þ
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Fig. 3 – (a) X-ray photoelectron spectroscopy (XPS) survey spectra
spectra and (d) FT-IR spectra of NPC, SWCNTs and PAC.
where qt and qe (mg/g) are the adsorbed amounts of the
contaminants on the adsorbents at time t (hr) and
equilibrium respectively. k1 (1/hr) and k2 (g/mg/hr) are the
adsorption rate constants of the pseudo-first-order and
pseudo-second-order models. v0 (mg/hr/g) is the initial
adsorption rate.

To identify the crucial diffusion step, the kinetics data
were simulated by the intra-particle diffusion model (Eq. (5))
developed by McKay and Poots (1980):

qt ¼ kdt
1
2 ð5Þ

where qt (mg/g) is the amount of contaminant adsorbed on the
adsorbents at time t (hr), and kd (mg/g/hr1/2) is the adsorption rate
constant related to the intraparticle diffusivity.

The adsorption could be divided into three stages, i.e., external
diffusion, intra-particle diffusion and the adsorption of adsor-
bates onto the active sites. In general, the last stage is a rapid
process, and hence the first two stages are proposed to be the
limiting steps that determine the overall adsorption rate. As
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shown in Fig. 6, all the plots of uptake (qt) versus the square root
of time (t1/2) appear to be thenonlinear anddonot pass the origin,
which is indicative of some degree of boundary layer control.
Thus, the intra-particle diffusion should not be the only
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Fig. 5 – The adsorption capacity of (a) sulfamethoxazole
(SMX), (b) Bisphenol A (BPA) and (c) methyl orange versus
time (t) fitted by pseudo-first-order and
pseudo-second-order models.
rate-limiting step (Allison, 2007). For all the adsorbents, the initial
segment of the plot presents a greater slope than that of the
second segment, as shown inTable 4,which followed theorder of
MO > SMX > BPA. This indicated the more rapid transfer of MO
molecules from bulk solution and passing through the boundary
layer of the adsorbent surface compared with that of SMX and
BPA. Consequently, MO presents the largest adsorption rate (v0)
(Table 3). On the other hand, theKd1 value of SWCNTs forMOand
SMX is higher than that of NPC and PAC (Table 4). This means
that the adsorbates may easily diffuse into the inner pores of
SWCNTs (Yu et al., 2009). It is inferred that the relatively large
pore size of SWCNTs should be responsible for the rapid
intraparticle diffusion of the adsorbates, resulting in the higher
Kd1 value.

2.3. Adsorption isotherms

Fig. 7 illustrates the adsorption isotherms fitted by the
well-known Langmuir and Freundlich models, which are
listed as below:

Langmuir model : qe ¼ bqmCe

1þ bCe
ð6Þ

Freundlich model : qe ¼ KFCe
n ð7Þ

where qm (mg/g) is the maximum adsorption capacity of the
adsorbents, and b is the Langmuir constant related to
adsorption energy; KF and n are the Freundlich constants
associated with the adsorption capacity and adsorption
intensity of the adsorbents.

Compared with the Freundlich model, the Langmuir model
for NPC adsorption provided a better fit to all the experimental
data, with R2 ≥ 0.984 (Table 5). This strongly indicated the
possible occurrence of monolayer adsorption (Caliskan and
Gokturk, 2010; Yu et al., 2009). On the other hand, multilayer
adsorption might also take place at an increased equilibrium
concentration because of the hydrogen bonding and
π-electron polarization between contaminant molecules
(Caliskan and Gokturk, 2010). In addition, all the isotherms
were nonlinear because the fitted n values of the Freundlich
model varied over the range of 0.15–0.57. This implied the
presence of heterogeneous adsorption sites on the adsor-
bent surface in association with the involvement of
oxygen-containing groups on the NPC surface (Fig. 3d).

The NPC demonstrated a higher adsorption capacity
towards the three kinds of contaminants than both SWCNTs
and PAC. As shown in Table 5, the qm values for SMX, BPA and
MO on NPC were 625 mg/g, 757 mg/g and 872 mg/g respec-
tively, 1.02–3.23 times higher than those on SWCNTs and PAC.
In addition, the NPC also presents higher adsorption capacity
than those reported in previous studies. For example, the
adsorption capacity of activated carbon towards SMX was
185.19 mg/g as reported by Caliskan and Gokturk (2010), while
the qmvalues of biochar towards SMXwere lower than 10 mg/g
(Sun et al., 2016). For BPA, the adsorption capacity on SWCNTs
was reported to be 199 mg/g in Liu's work (Liu et al., 2014),
while the qm value of MO adsorption onMOF-235 calculated by
Haque et al. (2011) was 477 mg/g. Taken together, these
compounds exhibit the largest qm values for adsorption on
the NPC.



Table 3 – Summary of parameters for adsorption of SMX, BPA and MO on three adsorbents fitted by pseudo-first-order and
pseudo-second-order models.

Compound Adsorbent Pseudo-first-order model Pseudo-second-order model

k1 (1/hr) R2 qe (mg/g) v0 (mg/hr/g) k2 (g/mg/hr) R2

SMX NPC 4.76 0.9185 237.5 1979.2 0.035 0.9745
SWCNTs 6.98 0.9652 146.6 1954.5 0.090 0.9934
PAC 8.14 0.9396 110.6 1627.1 0.13 0.9739

BPA NPC 2.34 0.9236 179.4 618.6 0.019 0.9769
SWCNTs 3.17 0.9726 103.4 492.4 0.046 0.9741
PAC 3.17 0.9624 139.0 595.0 0.031 0.9908

MO NPC 5.99 0.9247 294.1 5994.1 0.069 0.9937
SWCNTs 9.54 0.9693 266.7 2205.0 0.031 0.9938
PAC 4.72 0.9531 239.2 2460.3 0.043 0.9780
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2.4. Influencing factors of adsorption

The specific surface area should constitute the most impor-
tant factor having a crucial impact on the adsorption capacity
of a specific adsorbent. As shown in Table 2, NPC possesses
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Fig. 6 – Plot of intra-particle diffusion model for adsorption of
three contaminants on (a) NPC, (b) SWCNTs and (c) PAC.
the highest SBET value (1731 m2/g) compared with PAC
(901 m2/g) and SWCNTs (585 m2/g). In addition, the meso/
macroporous volume (1.68 cm3/g) accounted for 76% of the
total pore volume (Vtotal) for NPC, higher than the Vtotal values
of SWCNTs (1.15 cm3/g) and PAC (0.87 cm3/g). This unique
property of NPC should be responsible for its possession of the
highest adsorption capacity observed here.

Among all the investigated compounds, despite the lower
hydrophobicity of MO, its adsorption capacity on NPC was
higher than that of BPA and SMX. For NPC, the micropores
accounted for 24% of the pore volume (Table 2), with the peak
in the distribution at 1.1 nm, as presented in Fig. 2b. For the
cylindrical or ellipsoidal pores of NPC, it is the second-widest
dimension of an adsorbate molecular that determines its
accessibility to the pores; while for slit-shaped pores, the
smallest dimension of the pollutant molecule is the deter-
mining factor (Zhang et al., 2010). Therefore, the pore-filling
mechanism would affect these compounds' adsorption owing
to their second-widest dimension being lower than 1.1 nm
(Table 1) (Ji et al., 2010; Dubinin, 1975; Ismadji and Bhatia,
2001). Moreover, it is notable that π-electron polarization
and hydrogen bonding could also occur between contaminant
molecules or between the adsorbents and contaminants.
However, the electrostatic interaction does not appear likely
to influence the adsorption under the experimental pH values
(5.8 for SMX, 6.3 for BPA and 6.0 for MO) because of the pHiep

value 5.6 for NPC. Therefore, the qm sequence of
MO > BPA > SMX is a consequence of the collective contribu-
tion of pore-filling mechanism, π-electron polarization and
hydrogen bonding.

2.5. Effect of pH values

Fig. 8 reveals the effects of pH on NPC adsorption towards SMX,
BPA and MO. The adsorption patterns of SMX, BPA and MO
behaved in a quite differentmannerwhen the solution pH varied
Table 4 – Parameters for intra-particle diffusion model.

Compound Kd1 (mg/g/hr1/2)

NPC SWCNTs PAC

BPA 51.26 45.41 13.54
SMX 54.29 84.31 38.40
MO 73.52 111.02 44.21
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from 2.0 to 11.0. For SMX, themaximum Kd valuewas obtained at
pH 4. Taking into account the pKa values of 1.8 and 5.6 for SMX
(Table 1), the zwitterionic molecules of SMX (SMX+/−) were
dominant in the pH range of 1.8–5.6, thus the electrostatic
repulsionwas enhanced between the protonated amino group of
Table 5 – Summary of parameters for isotherm models for adso

Compound Adsorbent Langmuir constants

qm (mg/g) R

SMX NPC 625 ± 20.3 0.9
SWCNTs 484 ± 47.3 0.9
PAC 344 ± 30.9 0.9

BPA NPC 757 ± 33.1 0.9
SWCNTs 242 ± 8.59 0.9
PAC 234 ± 9.82 0.9

MO NPC 872 ± 32.4 0.9
SWCNTs 394 ± 40.6 0.9
PAC 850 ± 216 0.8
SMX and positively charged NPC at pH < 1.8. Moreover, the
electrostatic repulsion increased between SMX anion (SMX−) and
negatively charged NPC at pH > 5.6. Therefore, the highest Kd

value occurred at pH 4. On the other hand, the BPA molecule is
the dominant species at pH lower than the pKa1 of 9.6. Thus, the
Kd value decreased at pH > 9.6 due to the electrostatic repulsion
between BPA− and negatively charged NPC. For MO adsorption at
pKa (MO) < pH < pHiep, the electrostatic attractionwasweakened
between MO− and positively charged NPC as the pH increased.
Moreover, the electrostatic repulsion was strengthened between
MO− and negatively charged NPC at pH > pHiep. Hence, it is not
surprising to observe a decreased Kd value in the pH range of 2–
11. These results clearly indicate the important contribution of
electrostatic interaction in the adsorption of the three contam-
inants on NPC.
3. Conclusions

The MOF-5-derived NPCs possessed a high specific surface
area of 1731 m2/g and a high proportion of meso/macropore
volume of 1.68 cm3/g. NPC was shown to have a high
adsorption capacity of 625, 757 and 872 mg/g respectively
towards SMX, BPA and MO, 1.02–3.23 times higher than those
of SWCNTs and commercial PAC. Notably, MO had the largest
adsorption rate among the three compounds for NPC adsorp-
tion, resulting from the rapid transfer of MO molecules from
bulk solution to the boundary of the NPC surface. Moreover,
the fact that NPC exhibited the highest adsorption capacity
towards MO suggested the significant role of adsorbent and
rption of SMX, BPA and MO on different adsorbents.

Freundlich constants

2 KF (mg(1-n)Ln/g) n R2

88 242 ± 24.0 0.24 ± 0.03 0.957
80 27.4 ± 7.88 0.57 ± 0.07 0.955
12 108 ± 26.2 0.26 ± 0.06 0.902
84 177 ± 28.8 0.34 ± 0.05 0.958
80 102 ± 4.02 0.19 ± 0.01 0.996
73 124 ± 7.03 0.15 ± 0.02 0.988
91 195 ± 30.7 0.35 ± 0.05 0.942
55 51.2 ± 7.14 0.43 ± 0.04 0.985
16 170 ± 36.2 0.33 ± 0.06 0.945
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contaminant interactions, such as the pore-fillingmechanism
and electrostatic interaction. The surface area and pore
structure of carbonaceous adsorbents should be of particular
importance in removal of contaminants from aqueous solu-
tion. By virtue of several unique advantages, the MOF-derived
NPC shows considerable potential as an effective adsorbent
for water and wastewater treatment.
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