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Cr(VI) in water severely affects human health. In this study, a kind of novel 3D porous carbon material
(3D-PCM) was prepared using glucose and urea via two-stage-hydrothermal and activation method for
Cr(VI) removal in wastewater. The SEM demonstrate that 3D-PCM has a developed pore structure, and
BET test shows that its specific surface area reaches 1554.77 m?/g. Batch adsorption experiments showed
that the best pH is about 2.0 The Cr(VI) adsorption process on 3D-PCM follows pseudo-second-order
kinetics and Freundlich model, and the maximum adsorption capacity reaches 837.19—951.65 mg/g
(25—45 °C), which is higher than those of similar adsorbents in the world. Through the combination of
chemical characterization and adsorption model analysis indicate that the main adsorption mechanisms
on 3D-PCM include electrostatic interactions, ion complexation, physical adsorption, reduction and
hydrogen bonding. Moreover, the multi-ion competitive simulation and adsorption and regeneration
experiments showed that 3D-PCM has excellent selectivity and regenerative performance for Cr(VI)
adsorption. Economic analysis shows that the manufacturing cost of 3D-PCM is low. Therefore, 3D-PCM
is an effective and reusable material for Cr(VI) removal, and its preparation method is green and sus-
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tainable, which is expected to improve the problem of Cr(VI) pollution in water.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The environmental problems caused by heavy metal emission in
industry are very serious (Ramalingam et al., 2018). Chromium is
one of the common heavy metals, primarily concentrated in elec-
troplating, mining, leather and other industries produced in
wastewater and domestic sewage (Kumar et al., 2015; Zehhaf et al.,
2015; Kera et al., 2016). There are two main forms of chromium:
Cr(VI) and Cr(Ill). Among them, Cr(IIl) is one of the trace elements
in human body, which generally exists in sediment or adsorption
state, which is difficult to migrate in the environment, and is easy to
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be converted into Cr(OH); precipitation, resulting in less harm.
(Ramalingam et al., 2018). In contrast, Cr(VI) is usually present in
wastewater as oxygen anion due to the formation of oxygen anions,
it is difficult to fix hexavalent chromium in clay minerals in the
environment, so its fluidity is high. Moreover, Cr(VI) is present as an
anionic oxide, it can enter the cell through an anionic channel easily
accumulated in the human body and severely affects human health
with a high carcinogenicity (Legrouri et al., 2017; Xu et al., 2019).
The World Health Organization (WHO) stipulates that the
maximum Cr(VI) content limit in surface water is 0.1 mg/L, and the
allowable limit drinking water is 0.05 mg/L (Xu et al., 2019). The
content of Cr(VI) in wastewater discharged from actual industry is
100 mg/L or even higher (Ballav et al., 2014). Therefore, it is urgent
to treat industrial wastewater containing Cr(VI) to reduce its harm
for humans after entering the environment.

Many methods have been tried to remove Cr(VI) in wastewater:
adsorption, chemical precipitation, membrane filtration, electro-
chemical, catalytic reduction, and biological treatments (Pradhan
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et al,, 2017; Yang et al., 2019; Zhu et al., 2019; Lv et al., 2019; Wang
et al,, 2020). Among them, the adsorption is based on the different
adsorbents and can be used to remove a certain ion. Therefore,
adsorption is widely used to eliminate pollution. The adsorbents
currently used for Cr(VI) removal include carbon-based materials
(Guetal, 2013), biomass (Nameni et al., 2008), MOF (Li et al., 2017),
oxide and agricultural residues (O’Connell et al., 2008). However,
because Cr(VI) usually present in wastewater as oxygen anion, the
adsorption capacity and selectivity of most adsorbents to Cr(VI) are
low. Therefore, the synthetic of materials with a high performance
and selectivity for Cr(VI) elimination has become one of the most
pressing problems.

Carbon-based adsorbents are considered excellent materials for
removing Cr(VI) because of their advantages of having a low cost,
good adsorption capacity (Pakade et al., 2019). Among them, carbon
spheres are considered to be an excellent material because of their
high reactive activity. However, the specific surface area of carbon
spheres is low, so that it is difficult to store pollutants and the
adsorption ability of Cr(VI) is not high enough. Fortunately, the
chemical activation treatment can increase specific surface area
and surface defects, and improve the adsorption capacity of Cr(VI)
by using activator to form pores in carbon spheres. Chromium
anions can be electrostatically trapped by positively charged spe-
cies, such as ammonium salts (Pan et al.,, 2019). Moreover, N in
materials can release electrons to reduce Cr(VI), and the surface of
the material can form defects to capture the Cr(VI) due to the
incorporation of the N (Pakade et al., 2019). Therefore, the incor-
poration of N may improve the adsorption performance of an
adsorbent for Cr(VI). During the different N doped, pyridinic-N and
pyrrolic-N play a key role in the adsorption reaction. Our research
showed that the N of secondary hydrothermal is almost pyridine-N
and pyrrole-N compared with direct nitrogen doping N, which is
very beneficial to removal of Cr(VI). Therefore, hydrothermal re-
action again for N modification based on first step hydrothermal
synthesis of highly active carbon spheres is a better method.

Synthesizing the above results, in this work, carbon spheres
were synthesized via the hydrothermal reaction innovatively using
inexpensive glucose as the raw material, and N elements were
further mixed hydrothermal with urea to form N-modified carbon
spheres (NM-CSs), then a KOH activation of NM-CSs synthesis novel
3D-PCM. Novel composite materials are currently one of the hot
materials for metal ion removal, including conjugated composites
(Awual., 2016; Awual., 2016a), organic-inorganic skeleton com-
posites (Awual et al., 2019), optical composites (Awual et al., 2019)
and immobilized surface composites (Awual., 2015, 2016b), etc.
These materials are one of the competitive materials of 3D-PCM in
the market. Compared with these new composite materials, 3D-
PCM has the advantages of higher specific surface area, stronger
selective adsorption performance and green and sustainable syn-
thesis route, but the disadvantage is not as sensitive to metal ions as
these composite materials (Awual., 2017; Awual et al., 2019b).
Therefore, 3D-PCM is more suitable for the treatment of high-
concentration industrial wastewater containing chromium.

In this study, the adsorption ability of 3D-PCM to Cr(VI) was
investigated via a batch adsorption experiments. The structural
properties of the materials and the adsorption mechanism were
investigated using comprehensive physicochemical characteriza-
tion technology and adsorption model calculations. The cost of 3D-
PCM and its potential for large-scale application are analyzed
economically.

2. Experiments and methods

Reagent information are in Text.S1

information.

of the supporting
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2.1. Preparation of NM-CSs

15 g of glucose and 0.375 g of sodium dodecyl sulfate (SDS)
(glucose: SDS = 40:1) were put into a 250 ml hydrothermal reactor,
and 150 ml of distilled water was added, then the rotational speed
of 500 r/min and temperature of 185 °C were set, and the hydro-
thermal reaction last for 3 h. A mixture was collected by 220 nm
filter paper, washed with 95% ethanol and deionized water, oven
dried under 80 °C for 6 h, form the final carbon spheres (CSs).

3 g of carbon spheres and 3 g of urea (CSs: urea = 1:1) were put
into 250 ml hydrothermal reactor, and 150 ml of distilled water was
added, the following steps are consistent with the carbon spheres.
The product was filtered by 220 nm filter membrane, washed with
95% ethanol and deionized water, oven dried under 80 °C for 4 h, to
obtain carbon spheres (NM-CSs).

2.2. Preparation of 3D-PCM

The synthesized NM-CSs and KOH (NM-CSs:KOH = 1:3) were
mixed, and ground for 5—10 min in a mortar, the mixture was
transferred to a beaker with deionized water (ensure deionized
water immersion material), and stirred on magnetic agitator for
24 h with rotational speed of 500—600 r/min. After stirring, dry
moisture at 110 °C using a thermostatic blast dryer. The mixture
was placed in a muffle furnace using Ar gas as a protective gas,
activating under 800 °C for 2 h, and heating rate of 8 °C/min. The
final product was filtered by 220 nm filter membrane after acti-
vation reaction, washed to neutral (pH = 7) with a large amount of
deionized water, then washed with 95% ethanol for 3 times, oven
dried under 80 °C for 4 h, to obtained 3D porous carbon materials
(3D-PCM). The overall synthesis flow chart of 3D-PCM is shown in
Fig. 1a.

2.3. Product characterization

The product was characterized via SEM-EDS mapping, TEM, the
BET specific surface area, Raman spectroscopy, XRD, XPS, element
analysis and the Zeta potential. The specific parameters are in Text
S2 of the supporting information.

2.4. Batch adsorption experiment

Cr(VI) solution was configured with potassium dichromate in
this study. The addition of 0.4 g/L adsorbent to a certain content of
Cr(VI) solution, and the pH of the solution was adjusted using
0.01 mol/L NaOH and HCl. The adsorption process was performed in
a constant temperature shock incubator. The Cr(VI) standard curve
is shown in Fig. S1. The effects of pH (1.5—7), Cr(VI) concentration
(40—800 mg/L), temperature (25—45 °C) and adsorption time
(0.5—12 h) on the adsorption ability were tested. The calculation
formula of the adsorption capacity (Eq. (1)) (Awual and Hasan.,
2015):

(G- GV
m

qe (1)
where g, (mg/g) is the after adsorption reaction reaches equilib-
rium, the adsorption capacity of Cr(VI), m (g) is the amount of 3D-
PCM, Cp (mg/L) is the initial content of Cr(VI), C; (mg/L) is the final
content of Cr(VI), and V (L) is the solution volume.

2.5. Adsorption regeneration experiment

The detailed steps of the experiment are in Text S3 of the sup-
porting information.
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KOH activation

Fig. 1. 3D-PCM preparation flow chart and surface morphology diagram: a is preparation flow chart; b, c is SEM diagram of NM-CSs; d is TEM diagram of NM-CSs; e, f is SEM

diagram of 3D-PCM; g is TEM diagram of 3D-PCM; h is SEM-mapping diagram of 3D-PCM.

3. Results and discussion
3.1. Characteristic description

The morphological properties of the NM-CSs and 3D-PCM are
shown in Fig. 1b—h. SEM (Fig. 1a and b) shows that after N modi-
fication, the carbon sphere still maintains the spherical structure of
the main body. TEM (Fig. 1c) shows that the modified carbon sphere
is not hollow and that the porosity is very low. Through KOH
activation, the NM-CSs were KOH etched to form 3D-PCM with a
well-developed pore structure (Fig. 1e and f). This result is also
confirmed via the TEM diagram (Fig. 1g) and specific surface area
test (Table 1) of 3D-PCM. After KOH activation reaction, the specific
surface area of 3D-PCM increased from 4.21 to 1554.77 m?/g, which
was very high, and the pore volume increased and pore size
decreased, which increased the adsorption of nanopores (Table 1).
The N, adsorption-desorption curves show that the 3D-PCM curve
is of the I type, confirming that the adsorbent is primarily micro-
porous (Fig. S2). This study further tested the 3D-PCM (Fig. 1h)
using SEM-EDS mapping and found that the N elements were
successfully modified in the material and the N and O groups were
well distributed in the material, while the functional groups of the
adsorbed Cr(VI) were primarily N and O groups. Therefore, the 3D-
PCM adsorption sites were uniformly distributed. The surface
structure of 3D-PCM is almost unchanged after adsorption reaction,
while the EDS mapping shows that Cr(VI) is uniformly adsorbed on
the material, which further confirms that the 3 adsorption sites are
uniformly distributed (Fig. S3).

Table 1
BET specific surface area and pore size distribution.

Raman spectroscopy can characterize the basic properties of
adsorbent (Liu et al., 2015). The NM-CSs and 3D-PCM were so tested
in this study (Fig. 2a). The D-band and G-band characteristic peaks
of carbon materials were found in both materials. Among them, the
D-band is about 1340 cm ™! and the G-band is about 1580 cm ™!
(Sun and Li, 2004). Among these peaks, D-band indicates lattice
defects in the material, a G-band indicates in-plane stretching vi-
brations sp? the hybridization of C atoms (Xu et al., 2018). The G-
band peak of the NM-CSs is substantially higher than that of the D-
band, which indicates that the lattice degree is high. The D-band
and G-band peak intensities of 3D-PCM were basically equal
(Ip = Ig), indicating that 3D-PCM belonged to amorphous carbon,
and there was more amorphous carbon in internal disorder. This
result may be attributable to the incorporation of N elements and
the KOH activation reaction. The study found N can increase the
structural defects of the material lattice, while KOH etching de-
stroys a part of the lattice structure; thus, the D-band peak of 3D-
PCM clearly increases (Wang et al., 2018). This study used XRD to
test the crystallinity of NM-CSs and 3D-PCM (Fig. 2b), The results
show that the XRD diffraction curves and diffraction peaks of NM-
CSs and 3D-PCM coexist, confirming the presence of lattice and
amorphous lattice structures in the material (Liang et al., 2020).
NM-CSs and 3D-PCM presented a wide diffraction peak near
20 = 24°, which was formed by interlayer stacking of the graphite
phase. Combined with JCPDS 75—1621, 20 = 24° belongs to the
(002) surface of graphitic, indicating that NM-CSs and 3D-PCM
belong to a graphite phase structure, similar to that of graphitic
carbon (Yuan et al., 2008).

Name BET surface area (m?/g) Average pore size (nm) Total pore volume (cm?®/g)
NM-CSs 4.21 13.65 0.01
3D-PCM 1554.77 1.78 0.69
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Fig. 2. Raman Spectra and XRD diagram of NM-CSs and 3D-PCM: a is Raman Spectra diagram; b is XRD diagram.

In this work, to explore the elemental content and chemical
structure of the adsorbent, an XPS analysis and elemental analysis
of NM-CSs and 3D-PCM were performed. Elemental analysis found
that the N element was successfully modified into the material
(Table 2), which that proves Fig. 1h result. Because sodium dodecyl
sulfate is involved in the synthesis process of the material, S ele-
ments also exist in the material. After activation treatment, the
content of O element in the material decreased slightly, which
because of the reduce of oxygen groups by KOH high temperature
etching. The XPS test found that the C 1s, O 1s and N 1s peaks
existed in the adsorbent (Fig. 3). In C 1s peak, existence of two C-
groups, the characteristic peak at 286.4 eV represents the C—C, C=C
and CHy, and at 287.1 eV represents the C—N and C—OH; in O 1s
peak, existence of two O-groups, the characteristic peak at 531.7 eV
represents the C=0 and at 533.0 eV represents the -C-O-; in N 1s
peak, there are three N-groups, the characteristic peak at 399.0 eV
represents the pyridinic-N, a at 400.3 eV represents the pyrrolic-N,
and at 406.1 eV represents the oxidic-N (Okpalugo et al., 2005). The
emergence of N 1s peaks further confirms the conclusion drawn
from Fig. 1h and Table 2 that N elements can be effectively incor-
porated by hydrothermal treatment. Studies have found that N
functional groups play a highly important role in adsorption of
Cr(VI), and pyrrole N is particularly effective (Ko et al., 2018). The
XPS results confirmed the presence of more oxygen-containing
functional groups as well as pyridinic-N and pyrrolic-N in 3D-
PCM, which indicates that 3D-PCM has an good ability for removal
of Cr(VI), which can effectively reduce the harm of Cr(VI) in the
environment.

3.2. Adsorption studies

3.2.1. Effect of the pH, Cr(VI) content and temperature on
adsorption

The pH value of the adsorption solution has a great influence on
the adsorption reaction because under different pH conditions, the
existence of ions will change (Awual et al,, 2016; Awual, 2019).
When the pH < 2, Cr(VI) mainly as HyCrO4; when the 2<pH < 6.8,
Cr(VI) mainly as HCrOz and Cr,03~; when the pH > 6.8, Cr(VI)

Table 2

Element analysis table.
Name C (%) H (%) 0 (%) N (%) S (%)
NM-CSs 61.61 1.225 32.946 3.58 0.133
3D-PCM 60.43 1.369 30.053 0.66 0.160

mainly as CrOZ~ (Wu et al.,, 2013). Moreover, the pH affects the Zeta
potential of the adsorbent surface and changes the electrical
properties of the 3D-PCM. Therefore, the adsorption process of
Cr(VI) on 3D-PCM under different pH conditions must be studied.
The Zeta potential of 3D-PCM under different pH (2—6) conditions
was tested. The results showed that (Fig. 4a) the zero charge point
(PHpzc) of 3D-PCM was approximately 2.5, and when pH > 2.5, the
surface of 3D-PCM was negatively charged, this time with Cr(VI), to
produce a like charge repulsive effect; when pH < 2.5, the 3D-PCM
surface was positively charged, and there was electrostatic
adsorption on Cr(VI). In this work, content of Cr(VI) as 100 mg/L, the
pH was 2, and the NM-CSs and 3D-PCM usage as 0.4 g/L were set.
The adsorption properties of Cr(VI) on 3D-PCM were tested under
different pH (1.5—7) conditions. The adsorption capacity of Cr(VI)
by NM-CSs was significantly lower than that by 3D-PCM. Therefore,
KOH activation treatment was necessary and effective for the
adsorption reaction (Fig. 4b). As shown in Fig. 4b, the best
adsorption pH is near 2, and as the pH increases, the adsorption
performance gradually decreases, which corresponds to the results
of the zeta potential test. When pH < 2, 3D-PCM adsorption ca-
pacity of Cr(VI) will decrease, because at this point, Cr(VI) mainly
exists as HyCrOg4, which cannot produce electrostatic adsorption.
Interestingly, the actual chromium containing wastewater is
generally acidic, which is very favorable for 3D-PCM adsorption of
Cr(VI) reaction.

The higher the content of Cr(VI) is, the greater the content dif-
ference between adsorbent and solution will be, and the potential
energy of solvent produced by a concentration difference will push
Cr(VI) near the adsorbent, which will affect the adsorption reaction
(Liang et al., 2020). In addition, the adsorption time is also an
important factor affecting the adsorption process (Awual et al.,
2019c). The Cr(VI) content to 40—400 mg/L, the adsorbent usage
to 0.4 g/L, the pH was 2, and the change in 3D-PCM ability in
0.5—12 h was investigated. The results show that (Fig. 4c) with the
increase Cr(VI) content, the adsorption ability of Cr(VI) also in-
creases, which agrees with the conclusion that the concentration
difference drives Cr(VI) to the adsorbate and the contact rate be-
tween adsorbent and Cr(VI) increases. The 3D-PCM removal rate of
Cr(VI) was over 99.99% in the range of 40—100 mg/L (0.4 g/L of
adsorbent), and the solution changed from orange to clear and
transparent (Fig. 4e). When the Cr (VI) content is higher than
200 mg/L, 3D-PCM removal rate of Cr (VI) begins to decrease, which
is because the limited amount of adsorbent used was not sufficient
to completely remove Cr(VI). Therefore, in practical applications,
when the Cr(VI) content is below 100 mg/L, 3D-PCM usage can be
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set to 0.4 g/L. When the Cr(VI) content exceeds 200 mg/L, the thermodynamics, and temperature has a certain effect on adsorp-
adsorbent dose must be increased to ensure the removal effect. tion. The concentration of Cr(VI) was set as 800 mg/L, the dosage of
The 3D-PCM adsorption of Cr(VI) is in keeping with the laws of 3D-PCM was 0.4 g/L, the adsorption time was 24 h, and the pH was
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2, the adsorption ability of 3D-PCM to Cr(VI) below 25—45 °C was
investigated. The results found that (Fig. 4d) with the increase in
temperature, the adsorption ability increased by approximately 14%
from 837.19 mg/g to 951.65 mg/g, which proved that the increase in
temperature benefited the adsorption, due perhaps to the increase
in the molecular motion rate and contact probability with adsor-
bent. The temperature is generally above room temperature (25 °C)
in an actual wastewater treatment plant, which benefits the higher
effect of 3D-PCM.

Based on the results of different pH, Cr(VI) initial concentration
and temperature effects on the adsorption process and perfor-
mance, this study found that the optimal removal conditions for the
treatment of chromium containing wastewater using 3D-PCM in
real life are as follows: adsorption pH = 2 and adsorption tem-
perature 45 °C.When the Cr(VI) content is below 100 mg/L, 3D-PCM
usage can be set to 0.4 g/L, when the Cr(VI) content exceeds
200 mg/L, the adsorbent dose must be increased to ensure the
removal effect.

3.2.2. Kinetic model

In this work, the solution pH = 2, the temperature to 25 °C, the
adsorbent usage to 0.4 g/L, the Cr(VI) content to 40 mg/L and the
adsorption ability was tested at 30—1440 min. The data was treated
with pseudo-first-order kinetic model (Eq. (2)), pseudo-second-
order kinetic model (Eq. (3)) and general order kinetic model (Eq.
(4)) fitting (Lima et al., 2015).

Gt = qe[1 — exp(—kqt)] (2)
_ qZkot

U=TT qekad) 3)

=qe — Qe : (4)

[kn(ge)™ 't(n — 1) + 1]

where g, is the adsorption capacity of Cr(VI) on 3D-PCM at time t; k;
and k> is the model rate constant; n is the order of the kinetics; and
ky is the N order rate constant.

The kinetic fitting results found that (Fig. 5a, b, ¢ and Table 3),
the pseudo-second-order kinetic and general order kinetic model
R? values were 0.9999, which higher than that of the pseudo-first-
order kinetic model (R* = 0.9993). Moreover, the pseudo-second-
order kinetic and general order kinetic model projected g, values
are 100.27 mg/g and 100.11 mg/g, respectively, closer to the actual
ge values (100 mg/g), therefore, the pseudo-second-order and
general order kinetic model are suitable for explaining the
adsorption reaction of Cr(VI) on 3D-PCM.

According to general order kinetic, in an adsorption reaction, the
order of the adsorption should be consistent with the order of
chemical reaction (Lima et al., 2015). The n value of Eq. (4) is
calculated to be 1.85, which proves that the order of adsorption
kinetics is very close to that of the pseudo-second-order kinetic,
which showed that the 3D-PCM adsorption of Cr(VI) is a dominated
by chemical adsorption, and physical and chemical adsorption
coexist (Ho et al., 2000).

3.2.3. Diffusion model of adsorption

To further explore the control steps of the Cr(VI) adsorption
reaction on 3D-PCM on the basis of kinetics, this study fitted and
analyzed the intraparticle diffusion model (Eq. (5)). The Cr(VI)
content to 40—400 mg/L, the adsorbent usage to 0.4 g/L, the pH was
2, and the change of adsorption performance within 0—12 h was
tested.

Journal of Cleaner Production 306 (2021) 127204

e =Kigt®> + C (5)

03y is the model

where C is the model constant; and Kjg (mg/g-min
diffusion rate constant.

The fitting results (Fig. 5d and Table 4) of the model are indicate
that the 3D-PCM adsorption of Cr(VI) is divided into three stages,
and the equation parameters of model fitting show that the model
without going through zero point, which indicating that the
adsorption reaction controlled by multiple factors, mainly mem-
brane diffusion and intraparticle diffusion (Liang et al., 2019, 2020).
The first stage is 0—120 min, this stage is the surface diffusion stage:
the adsorbent has begun to adsorb pollutants, the adsorption sites
are not occupied by pollutants, a content difference exists between
Cr(VI) solution and adsorbent, and the resulting solvent potential
energy drives Cr(VI) to the adsorbent; thus, the adsorption rate is
faster. Moreover, with the increase in Cr(VI) content, the content
difference increases and the adsorption rate increases. The value of
Kiq; from the slope of the curve verifies this conclusion (Table 4), at
this stage, membrane diffusion plays a key role. The period of
120—480 min is the second stage of adsorption, when the
adsorption sites on the adsorbent are gradually occupied by Cr(VI).
With increase adsorption time, the difference between the Cr(VI)
on the 3D-PCM and the Cr(VI) in the solution becomes progres-
sively smaller, and even the Cr(VI) content on the 3D-PCM is higher
than the Cr(VI) content in the solution. Therefore, the adsorption
rate will weaken and Kjq > is less than Kjq; (Table 4). In this stage,
membrane diffusion and intraparticle diffusion synergistically
control the adsorption process of Cr(VI) on 3D-PCM. After 480 min,
the adsorption process enters the final stage, this phase will achieve
final adsorption equilibrium. The adsorption rate of the adsorbent
in this stage is equal to the desorption rate. With the extension of
time, the adsorption will change again only slightly, and the
adsorption will reach equilibrium.

In order to understand the control factors and adsorption
mechanism of adsorption reaction, the Boyd diffusion model (Eq.
(6)(7)(8))is used to fit the test data, and the results are discussed in
combination with the above model (Ketelle and Boyd, 1947).

2
F=1- (%) exp(—Bt) (6)
_4
F_qe (7)
Bi= —0.4977 — In(1—F) (8)

where B; is the correlation function of F; and F is the ratio of
adsorption capacity at t time to equilibrium adsorption capacity.

Fig. 6 showed the fitting lines of the Boyd model to the test data.
The Boyd model fits the adsorption reaction of 40—400 mg/L Cr(VI)
concentrations well, confirming that it is suitable for the inter-
pretation 3D-PCM adsorption Cr(VI). The straight line fitted by the
model is extended without passing through zero point, which in-
dicates that the adsorption reaction is controlled by multiple fac-
tors. This conclusion confirms the results of the pseudo-second-
order kinetic and the intraparticle diffusion model. Therefore, the
adsorption process of Cr(VI) on 3D-PCM mainly chemical adsorp-
tion, and physical adsorption is also involved, process is controlled
by multiple factors.

3.2.4. Equilibrium isotherms
Adsorption equilibrium isotherms can indicate the distribution
of adsorb on the surface of liquid and adsorbent, and also be used to
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Fig. 5. Adsorption kinetics model and intraparticle diffusion model: a, b, c is adsorption kinetics model; d is intraparticle diffusion model.

Table 3
Adsorption Kinetic parameters.

Model name Model related parameters

k; =936 x 1072, g, = 99.48, R? = 0.9993
ko = 4.86 x 1073, g. = 100.27, R? = 0.9999
ky =7.23 x 1073, g, = 100.11, n = 1.85, R? = 0.9999

Pseudo-first-order
Pseudo-second-order
General order

understand the relationship between the content of adsorbate and
the accumulation of adsorbate on the surface of adsorbent at con-
stant temperature, which is of great significance to the design of
materials in wastewater treatment (Awual., 2017). For a solution
pH = 2, temperature of 25 °C, adsorbent amount of 0.4 g/L, and
Cr(VI) content of 40—800 mg/L, the adsorption capacity of adsor-
bent at of 298, 308, and 318 K was measured. The experimental data
were evaluated using Langmuir (Eq. (9)) and Freundlich (Eq. (10))
models in this study.

where Kj, Kr and n is the model constant.

The results of the isotherm are showed that the compare with
Langmuir model, Freundlich model has higher R? value (Table 5),
and the trend of the curve in Fig. 7 tends to the Freundlich model,
indicating that the Freundlich isotherms is suitable for the
adsorption reaction of Cr(VI) on 3D-PCM. Generally, the fitting of
the Freundlich model indicates that the adsorbent is a multimo-
lecular layer, which also agrees with the three-dimensional char-
acteristics of the adsorbent. The n value is more critical in the
Freundlich model, which can show the difficulty of the adsorption
process, the larger the n value, the easier the adsorption. In the
isotherm calculation parameter table (Table 5), the n value of the
three temperature conditions is greater than 1, which shows that
the adsorption of Cr(VI) on 3D-PCMis favorable adsorption, and the
1/n value is less than 0.5, which shows that the adsorption reaction
occurs easily (Liang et al., 2020). In Freundlich model, the Kf value
represents the ability of the adsorbent, the larger the Kf, the higher
the adsorption ability, Kr is greater than 160 for 3D-PCM, which

K; QmaxCe 9 confirms the excellent adsorption performance of 3D-PCM to
"1+ Kce (9) Cr(VI). As the temperature increases, the adsorption capacity at
each point on the isotherm increases accordingly, indicating that an
i increase in temperature promotes the adsorption reaction, which is
qe =Krcp (10) consistent with Fig. 4d conclusion.
Table 4
Parameters of intraparticle diffusion model for 3D-PCM adsorption.
Initial concentration of Cr (VI) (mg/g) Kiq1 (mg/g-min®>) G R? Kiq,2 (mg/g-min®>) G, R?
40 0.88 89.40 0.8170 0.11 97.65 0.8639
100 5.27 165.92 0.9932 1.50 207.79 0.9966
200 5.81 314.52 0.9211 1.51 360.73 0.9852
300 11.35 380.83 0.9994 3.34 467.07 0.9307
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Fig. 6. Linear fitting Diagram between B and t: (a)40 mg/L; (b)100 mg/L; (c)200 mg/L; (d)400 mg/L.

Table 5
Parameters of isothermal adsorption model.
Model 298K 308K 318K
Qmax.exp (ME[g) 837.19 909.09 951.65
Langmuir model Jmax (Mg/g) 862.59 928.83 962.99
K; (L/mg) 0.0180 0.0179 0.0201
R? 0.8280 0.8481 0.8652
Freundlich model Kr (mg/g/(mg/L)"/™) 164.50 166.26 178.52
n 3.89 3.72 3.75
R? 0.9728 0.9746 0.9784

3.2.5. Thermodynamics calculations of adsorption

To further explore the thermodynamic changes and adsorption
mechanisms of the adsorption process, based on the isotherm
model, the changes in free energy (4G°), heat (4H°) and entropy
(4S°) were calculated. The thermodynamic formulas:

K, — 1 OOOKLMadsorbate Cadsorbate

a v (11)
AG® = — RTInK, (12)
AG® = AH° — TAS® (13)

AS°  AHP
ko ==~ S (14)

where R (8.314 J/(mol-K)) is the universal gas constant, and T (K) is
the temperature.
The Langmuir constants (K;) were transformed dimensionless

(Kg) using the method published by Lima et al. (Lima et al., 2019,
2019). Based on Eq. (11)—(14) calculation, it is found that 4G°<0,
and as the temperature increases, the absolute value of the 4G°
increases, confirming that the adsorption reaction of Cr(VI) on 3D-
PCM is spontaneous reaction (Table 6), and the higher the tem-
perature, the easier Cr (VI) is to be 3D-PCM adsorbed, which sup-
ports the conclusion drawn from Fig. 4d and the Freundlich models
(Liang et al., 2019). A temperature increase promotes the adsorp-
tion process.

The 4H° and 45° are calculated by plotting InK; against 1/T and
fitting the intercept and slope of the straight line (Xu et al., 2019).
AH°>0 indicates that the adsorption is endothermic, that is, an
increase in temperature promote to adsorption reaction, which is
consistent with the above results. 45°>0 indicates that the degree
of disorder of the adsorbed solution increases, which is attributed
to the acceleration of molecular motion and water replacement
caused by the absorption of heat (Bhaumik et al., 2016; Xu et al.,
2019).

3.3. Competing ion simulation in wastewater

Generally, in wastewater containing Cr(VI), there are many
competing ions. Therefore, for the experiment, set the Cr(VI) con-
tent at 100 mg/L, add 50 mg/L (general conditions) or 200 mg/L
(limiting conditions, and the concentration of other ions is twofold
that of Cr(VI)) of Ca®*, SO3~, PO3~, CO3~, Mn’*, Zn?>*, Cd?>* and Pb?*
to explore the selective adsorption of Cr(VI) on 3D-PCM.

The multi-ion competition simulation indicated that 3D-PCM
had an excellent selective adsorption on Cr(VI), SO7~, Mn’*(MnO3)
and PO3~ had a slight effect on 3D-PCM adsorption of Cr(VI), and
the other ions had an even slighter effect on 3D-PCM adsorption of
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Table 6 to reduce the harm caused by Cr(VI) discharge to the water and soil
Thermodynamic parameters for the adsorption of 3D-PCM. environment.
T(K) K, (L/mol) AG°(KkJ/mol) AH°(KJ/mol) AS°(KJ/(K/mol))
298 9359 x 10> -16.96 4248 0.224 3.4. Adsorption regeneration
308 9.307 x 10? -17.52
318 1.045 x 10° —18.41

Cr(VI), which was owing to the presence of Cr(VI) as oxygen anions
in water in a form similar to that of SO, Mn’*(MnOz) and PO3~
(Fig. 8) (Zhitkovich, 2005). With Ca®*, SOF~, PO3~, CO3~, Mn’*,
Zn?*, Cd**, Pb?* and Cr(VI) in the nine-ion competition simulation,
when the competitive ion content was 50 mg/L, the 3D-PCM
adsorption ability decreased by only 10.11%; when the competitive
ion content was 200 mg/L, the 3D-PCM adsorption ability
decreased by only 15.44%. Under the extremely competitive con-
dition in which the competitive ion content was twice the Cr(VI)
concentration, the 3D-PCM adsorption ability to Cr(VI) remained
above 84%. 3D-PCM has an excellent selective adsorption for Cr(VI),
and can be applied to a variety of wastewater containing chromium

I 50mg/L
98.82% 95.11% 97.81% 97.47%98.15%97.81%
93.43%9310° w97 250, R

250 100%

N = N

o a o

o o o
! ! N

Adsorption capacity(mg/g)

foul
o
!

o
I

CK Ca” SO PO CO; Mn" zn” Cd™ Pb™ Mix
Competitive ions

Regeneration performance of materials is one of the important
factors in industrial application (Awual, 2019). In this work, seven
times adsorption-desorption regeneration experiment showed that
the adsorption ability of Cr(VI) decreased rapidly in the first four
adsorption cycles (Fig. 9). After the fourth cycle, the adsorption
capacity stabilized at approximately 87.58% of the initial adsorp-
tion. This result shows that 3D-PCM has an good regeneration
adsorption performance for Cr(VI), which can be used for many
times in the actual treatment of wastewater containing chromium
to achieve the purpose of sustainable clean production. To explore
the reasons for the decrease in adsorption capacity, 3D-PCM after 3
adsorption-desorption cycles morphology and elemental compo-
sition were characterized using SEM and elemental analysis. The
results showed that the surface morphology was largely unchanged
after cyclic adsorption, indicating that the physical adsorption was

s 200mg/g

250+ 100% g7 g49, 95.95%96.46%96.46%

96.46%

89.21%91.91%
g 87.86% o4 66%

200+

Adsorption capacity(mg/g)
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Fig. 8. Competitive ion simulation.
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Fig. 9. Adsorption-desorption cycle experiment.

not affected. O and N elements decreased significantly (Fig. S4 and
Table S1), which may be the main cause of the decrease in
adsorption capacity. NaOH destroyed N and O groups such as —OH
and —NH¥, thereby weakening the adsorption.

3.5. Economic analysis

In order to explore the possibility of 3D-PCM becoming a large-
scale adsorbent production, it is necessary to calculate the cost and
other factors. The synthesis process of 3D-PCM requires glucose,
SDS, KOH and urea. In China, 1 t of glucose is about 464.86 $, 1 t of
SDS is about 1549.52 $, 1 t of KOH is about 1007.19 $, and 1 t of urea
is about 263.42 $. Based on this price, the raw material cost of 1 g
3D-PCM was calculated in this study, and the calculation results are
shown in Table 7. The raw material cost of 1 g of 3D-PCM is about
0.026 $. Compared with other chromium adsorbents, the prepara-
tion cost of 3D-PCM is lower. Moreover, the synthesis process of
3D-PCM is green and sustainable, without the use of dangerous
reagents, and the adsorbent is not doped with precious metals,
which reduces the risk of secondary pollution after 3D-PCM enters
the environment and is in line with the concept of cleaner pro-
duction. Combined with the high adsorption performance and low
cost, 3D-PCM has the potential to large-scale production and is
expected to reduce the harm of Cr(VI) pollution in the environment.

3.6. Adsorption mechanism

The results of the kinetic and adsorption diffusion model
showed that the adsorption reaction of Cr(VI) on 3D-PCM is mainly
chemisorption, and there is physical adsorption (sections 3.2 and
3.3). The elemental mapping of 3D-PCM after adsorption Cr(VI)

10

Table 7

Price list of raw materials needed to synthesize 1g 3D-PCM.
Raw material Weight (g) Price (¥) Price ($)
Glucose 30 0.09 0.0139
SDS 0.75 0.0075 0.0011
Urea 3 0.0051 0.0009
KOH 9 0.0585 0.0091
Total 42.75 0.1681 0.0260

was performed using the SEM-EDS mapping. It was found that the
distribution of Cr, O, and N on 3D-PCM was similar, confirming that
Cr(VI) was closely related to the N and O groups (Fig. S3) (Ding et al.,
2020). Moreover, EDS analysis found that Cr was mainly Cr(VI) in
3D-PCM, but there was also a small amount of Cr(Ill), which
confirmed that 3D-PCM had a certain reduction effect on Cr(VI)
(Fig. S4). The Zeta potential indicates (Fig. 4a) that when the
pH < 2.5, the surface electrical properties of the 3D-PCM is positive,
and the N is mainly present as NH3 through the electrostatic
interaction adsorption of Cr(VI); when pH > 2.5, the N is mainly
present as —NH— and —NH,-, mainly through ion complex
adsorption of Cr(VI). In this work, FT-IR characterization is used to
compare 3D-PCM before and after adsorption (Fig. S5). It was found
that the stretching vibration of —OH changed near 3418 cm,
which confirmed that there was a specific hydrogen bond between
—OH and —COOH and Cr(VI). In addition, the —NH, near 630 cm ™"
and the C—N group near 1150 cm~! also changed, which indicated
that the N-containing functional group was the active adsorption
site in the material, which also confirmed the above analysis of Zeta
potential. Therefore, the main adsorption mechanisms of Cr(VI) in
3D-PCM include electrostatic interaction, ion complexation,
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Fig. 10. Schematic illustration of adsorption mechanism(a) and performance comparison(b).

physical adsorption, reduction of Cr(VI) to Cr(Ill) and hydrogen
bonding. A 3D-PCM adsorption mechanism of Cr(VI) is shown in
Fig. 10a. In this work, the 3D-PCM maximum adsorption of Cr(VI) on
3D-PCM was 837.19—951.65 mg/g, which is considerably higher
than those of similar adsorbents (Fig. 10b and Table S2). The
adsorption capacity of Cr(VI) by most of the adsorbents is less than
300 mg/g, which is not conducive to the treatment of high-
concentration chromium containing wastewater. However, in real
life, the concentration of Cr(VI) in most industrial wastewater is
extremely high. Therefore, the adsorption capacity of 3D-PCM as
high as 837.19—951.65 mg/g is suitable for actual industrial
wastewater treatment, so as to reduce the harm of Cr(VI) brought
by the discharge of wastewater into the environment and reduce
the negative impact of industrial production.

4. Conclusion

In this work, a novel 3D-PCM was synthesized using glucose and
urea by two-stage-hydrothermal and activation method for
removal of Cr(VI). The preparation process is simple, green and
sustainable. Batch adsorption experiments showed that the 3D-
PCM has a high pH dependence on the adsorption of Cr(VI). The
Cr(VI) adsorption process on 3D-PCM follows pseudo-second-order
kinetics and the Freundlich model, and the adsorption is a spon-
taneous endothermic reaction, the temperature promotes the
adsorption. The maximum adsorption of Cr(VI) on 3D-PCM was
837.19-951.65 mg/g (25—45 °C), which is higher than those of
similar adsorbents in the world. The main adsorption mechanisms
of Cr(VI) on 3D-PCM include electrostatic interaction, ion
complexation, physical adsorption, reduction and hydrogen
bonding. The selectivity of 3D-PCM to Cr(VI) was very high in the
multivariate ion competition system, which breaks through the
problem that most porous carbons are difficult to selectively adsorb
Cr(VI). After seven adsorption-desorption cycles, the adsorption
performance still has more than 87% of the initial adsorption ca-
pacity, which indicated the regeneration performance of 3D-PCM
was excellent. Economic cost analysis shows that 3D-PCM has the

1

potential to large-scale production. Therefore, this study provides a
new method for synthesizing a novel 3D-PCM, and it can efficiently
and selectively remove Cr(VI) from wastewater, which has high
application value and is expected to solve the problem of Cr(VI)
pollution in water.
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