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AbstractA nitrogen and phosphorus co-doped carbon sphere was synthesized and prepared by a two-step hydro-
thermal activation pyrolysis method using agricultural materials, in which forestry waste walnut shells, urea, and phos-
phoric acid were used as carbon, nitrogen, and phosphorus sources, respectively, for the efficient treatment of heavy
metals Cr(VI) in wastewater. On this basis, a supercapacitor with high capacitive performance was investigated. The
adsorption capacity of the N, P co-doped carbon sphere (N2PC) was optimal for Cr(VI), and the abundant functional
groups on the surface of the carbon spheres significantly promoted the adsorption and reduction of Cr(VI). The
adsorption capacity of the carbon material was up to 100.55 mg/g at 318 K, and the pseudo-second-order kinetic
model and the Langmuir adsorption isotherm model were used to describe the adsorption process. Before and after
adsorption, the material was applied to the electrode material of the supercapacitor, and the capacitive performance of
the adsorbed material was satisfactory as well as with excellent cycling stability which 93% capacity retention even after
5000 cycles.
Keywords: Walnut Shell, N, P Co-doping, Adsorption Mechanism, Supercapacitor

INTRODUCTION

The pollution of water bodies by heavy metal ions has become
a concern worldwide in the context of industrial development and
the continuous improvement of human quality of life [1,2]. Chro-
mium (Cr) has a strong redox activity and is one of the typical heavy
metal pollutants that is found in large quantities in wastewater dis-
charges from metallurgical [3], electroplating [4], and textile indus-
tries [5]. If not treated properly, the wastewater will not only have
a deleterious effect on water resources but also seriously damage
the ecosystem, posing an extremely serious threat to human life [6].
Chromium is available in a variety of oxidation states, with hexava-
lent chromium [Cr(VI)] receiving the most attention: it is a thou-
sand times more toxic than Cr(III) and is capable of causing muta-
tions, teratogenicity, and carcinogenicity [7]. Therefore, it has become
an objective of current research to propose reasonable solutions for
the effective removal of chromium ions from wastewater before
discharge into the environment.

Solvent extraction [8], ion exchange [9], membrane filtration [10],
adsorption [11], as well as electrochemical [7] treatment tech-
niques are the traditional techniques for removing heavy metals
from water, with adsorption being the most popular due to its high
efficiency, low cost, and simplicity of operation. And compared to
other methods, adsorption technology mainly uses adsorbent mate-
rials to remove pollutants from wastewater. The adsorbent can also

be recycled and reused without causing secondary pollution [12]
and has great potential for environmental restoration. Therefore, the
choice of adsorbent becomes key in wastewater treatment technol-
ogy. According to previous research, biochar material obtained from
biomass in an anaerobic environment through a heat treatment
process has a highly efficient adsorption capacity for heavy metals
and is a meaningful adsorption material [2,13,14]. However, con-
ventional biochar’s high cost and poor reusability are not condu-
cive to its widespread application. Therefore, a high adsorption effi-
ciency, environmentally friendly, low-cost, and reusable biochar
adsorbent is a topic worthy of further study.

The advantages of abundant biomass sources, low cost, and
renewable sources have become an ideal substitute for petroleum-
based materials. Using agricultural waste to prepare biochar reduces
the waste of resources and environmental pollution from waste bio-
mass and facilitates environmental management and resourceful
reuse [15]. In general, the selection of biomass affects some import-
ant physicochemical properties, such as the surface active func-
tional groups of the biochar [16]. Studies have shown that walnut
shells have high strength and excellent chemical stability [17], and
as typical agricultural waste are often used to prepare biochar by
pyrolysis. Therefore, the application of the abundant, low-cost, and
easy-to-use agricultural waste walnut shells for the removal of pol-
lutants in the field of adsorption has a high ecological benefit.

To obtain adsorbent materials for efficient removal of pollutants,
heteroatom doping, and chemical activation are the main meth-
ods to improve the performance of biochar [1,2]. Chemical activa-
tion (KOH, ZnCl2, H3PO4) can increase the specific surface area and
pore size distribution of biochar [18]. The number of adsorption
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sites on the biochar surface can be increased by heteroatom dop-
ing (nitrogen, phosphorus, sulfur, etc.), improving surface activity
and enhancing the adsorption and reduction of Cr(VI) in water
[19]. Among these, nitrogen and phosphorus have received much
attention. Studies have shown that nitrogen-doped biochar has abun-
dant nitrogen-containing functional groups to adsorb heavy metal
ions and a large number of -electron enrichment sites to form p-
bonds with heavy metals [20]. Phosphoric acid, as a low-corrosive
acid, is used to activate the biomass to facilitate the formation of
pores and increase porosity. It is meaningful that N and P co-dop-
ing can further improve the physicochemical activity of the biochar
material due to the synergistic effect [21] compared to the doping
of single heteroatoms, achieving a more excellent adsorption effect.

In addition, in the field of renewable energy storage, supercapac-
itors have received much attention due to their long life cycle and
fast charging and discharging characteristics compared to conven-
tional batteries [22]. The development of electrode materials is
essential to improving energy storage performance and increasing
the potential for practical applications. Activated carbon’s high spe-
cific surface area, rich porous structure and functional groups, and
high intrinsic electrical conductivity can be used as electrode materi-
als for supercapacitors [23-25]. Surface modification, heteroatom
doping, and metal hybridization of activated carbon are beneficial
for improving capacitive performance. In recent years, there has
been much research on chromium and its compounds as electrode
materials for supercapacitors [26], and chromium oxides and mixed
oxides provide higher specific capacitance for supercapacitors [27].

Along with the high efficiency and cost-effectiveness of adsorp-
tion technology, there is the problem of waste reprocessing of the
adsorbent after use. Therefore, in this work, we investigated the
preparation of N and P co-doped carbon spheres using agricultural
waste walnut shells as carbon feedstock, urea as nitrogen source,
phosphoric acid as phosphorus source and activator, using a two-
step thermal treatment technique of hydrothermal followed by pyrol-
ysis, and conducted a series of experiments to explore the adsorp-
tion of Cr(VI) on walnut shell-based carbon sphere. In addition,
we attempted to combine adsorption technology and supercapaci-
tors by applying carbon sphere before and after adsorption to elec-
trode materials for supercapacitors to obtain a more sustainable
and green approach that can effectively deal with heavy metal pol-
lution and be used for energy storage technology applications.

MATERIALS AND METHODS

1. Experimental Materials
Agricultural waste walnut shells were procured in the local mar-

ket in Hefei. Potassium dichromate (K2Cr2O7), HCl (36%), NaOH
(96.0%), KOH (85.0%), H3PO4 (85%), urea (NH2CONH2, AR,
99.0%) and polyvinylidene fluoride (PVDF), were purchased from
Sinopharm Chemical Reagents Ltd (China). Nickel foam was pur-
chased from Toray (Japan), N-Methyl pyrrolidone was purchased
from Hefei and the acetylene black was purchased from Shanghai
Maclean’s.
2. Preparation of Carbon Sphere

The walnut shell powder was dispersed in distilled water by super-
generation, urea was added according to the mass ratio of 1 : 0.5,

1 : 1, 1 : 2, and 1 : 3, stirred magnetically for 10 min, then put into a
50 mL PTFE-lined autoclave and reacted hydrothermally at 200 oC
for 12 h. Then, it was washed with anhydrous ethanol and deion-
ized and dried to obtain N-doped hydrothermal carbon. Carbon
and phosphoric acid were blended in a solid-liquid ratio of 1 : 1
(m(g)/v(mL)), while 30 mL of deionized water was added and mac-
erated for 12h. The suspension was then dried in an oven at 105 oC
for 12 h. The resulting mixture was placed in a tube furnace for
direct pyrolysis (400 oC, holding for 1 h, heating rate of 10 oC/min,
N2 atmosphere flow rate of 0.5 L/min). The product was soaked in
10% hydrochloric acid solution for 2 h to remove excess impuri-
ties and ash. The product was then washed repeatedly with dis-
tilled water until the pH of the filtrate=7. After drying, the N and
P co-doped carbon sphere was obtained, noted as NxPBC1-400 (x
represents the mass ratio of walnut shell powder to urea).
3. Characterization of Carbon Sphere

Scanning electron microscopy (SEM) (Gemini 500, Carl Zeiss,
Germany) and energy dispersive spectroscopy (EDS) (Aztec Ulti-
mMax100, Oxford), as well as field emission transmission elec-
tron microscopy (TEM, JEM2100FLASH, JEOL, Japan) were used
to analyze information on the surface morphology as well as the
composition of the carbon sphere before and after adsorption. Char-
acteristic parameters such as specific surface area and pore struc-
ture of the carbon sphere were measured by nitrogen adsorption
and desorption isothermal experiments (77k) (TriStar II 3020, USA).
Fourier infrared spectroscopy (FT-IR) (Thermo Nicolet 67 spec-
trometer, USA) was used to determine the functional groups on
the surface of the carbon sphere. The elemental composition, con-
tent, and valence of the sample surface were analyzed and tested
using X-ray photoelectron spectroscopy (XPS) (ESCALAB 250Xi
Thermo, USA). The structure of the material was analyzed using a
micro confocal laser Raman spectrometer (Raman) with an exci-
tation wavelength of 532 nm and a spectral range of 800-2,000
cm1 argon ion laser (LabR AM HR Evolution, HORIBA JOBIN
YVON, France). The conductivity of the sample was measured by
the Tianjin Noray Sindal RTS-9 four-probe resistivity tester.
4. Adsorption Experiments

Intermittent adsorption experiments were carried out in 100 mL
conical flasks under different conditions to investigate the adsorp-
tion performance of the carbon sphere on Cr(VI). First, 2.8287 g
of K2Cr2O7 was dissolved in 1,000 mL of distilled water to prepare
a reserve solution of Cr(VI) at a concentration of 1,000 mg/L and
sealed for use, and all adsorption solutions were obtained by dilu-
tion of the reserve solution during the experiments. Through the
series NxPC carbon sphere adsorption of Cr(VI) under the same
conditions, the results showed that N2PC adsorption of Cr(VI) has
the best effect, and N2PC as the object of study systematically investi-
gated the Cr(VI) solution initial PH (2-8), the amount of carbon
sphere input, concentration (20-400 mg/L), adsorption temperature
(298 K, 308 K, 318 K) and other influencing factors on the adsorp-
tion process. The mixture was shaken in a constant temperature
oil bath at 120r/min. The adsorbed suspension was filtered through
a 0.22m microporous filter and the concentration of the filtrate
was measured by UV-Vis spectroscopy at 257 nm to calculate the
adsorption of Cr(VI) ions by NxPC. All experiments were repeated
three times. The equations for the adsorption quantity q and removal
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rate D are given in Eqs. (1) and (2), respectively:

(1)

(2)

where Ct and C0 (mg·L1) are the concentration of Cr(VI) at
time t and initial, respectively; V(L) is the volume of the absorbent
solution; m (g) is the mass; qt (mg·g1) is the adsorption capacity
at time t; and D is adsorption rate.

To study the kinetic properties of Cr(VI) adsorption by N2PBC1-
400, 0.1 g of N2PC was put into a conical flask of 50 mL Cr(VI)
solution (20-400 mg/L, pH=2) and shaken at 25 oC, 200 rpm for
24 h, and the concentration of Cr(VI) in the adsorption solution
was measured at different times (1-1,440 min). In this study, the
kinetic data obtained were analyzed using four kinetic models: the
proposed primary adsorption kinetic model in Eq. (3), the pro-
posed secondary adsorption kinetic model in Eq. (4), the Elovich
model in Eq. (5), and the intraparticle diffusion model in Eq. (6).

(3)

(4)

(5)

(6)

where k1 (min1) and k2 [g(mg·min)1] are the proposed pri-
mary and the proposed secondary adsorption kinetic model rate
constant, respectively; qe (mg·g1) is the adsorption capacity at bal-
anced; A and B (g·mg1) are the Elovich constant; the kid (mg·g1·
min1/2) and C are the Intraparticle diffusion constant.

The sorption isothermal data were described by two isothermal
adsorption equation models, Langmuir and Freundlich, which are
defined in Eqs. (7) and (8), respectively. The basic properties of the
Langmuir isotherm were represented by the dimensionless separa-
tion factor RL, in Eq. (9):

(7)

(8)

(9)

In the above equations, Ce is the Cr(VI) equilibrium concentra-
tion. The qmax (mg/g) is the maximal adsorption capacity, and kL

(L/mg) is a Langmuir constant. The kF (mg(1n)·Ln·g1) and n are the
Freundlich constants related to the relative adsorption capacity of
the adsorbent and the energetic heterogeneity.

The thermodynamic parameters were calculated from the fol-
lowing equations:

(10)

(11)

(12)

where G0 (kJ·mol1) is the Gibbs free energy, S0 and H0 are
the enthalpy and entropy, respectively; R (8.314 J·K1·mol1) is the
gas constant, T (K) is the temperature; K0 is the dimensionless
thermodynamic equilibrium constant, kg is the constant of the best
isotherm model fitted, C0 (1 mol·L1) is the standard concentra-
tion,  (dimensionless) is the coefficient of activity.
5. Electrochemical Performance Testing

The electrochemical activity of the carbon sphere was tested
using the CHI660E electrochemical workstation from Shanghai
Chenhua, using a Hg/Hg2O electrode, a Pt foil, and a glassy car-
bon electrode modified with carbon sphere as the reference elec-
trode, counter electrode, and working electrode for the three-cell
system. All measurements were carried out in a 6 M KOH solu-
tion. Carbon sphere, acetylene black, and polyvinylidene fluoride
(PVDF) were mixed in a mass ratio of 8 : 1 : 1, adequately ground
with the addition of an appropriate amount of N-methyl pyrroli-
done and then uniformly distributed on nickel foam, dried at
80 oC for 2 h, then pressed by a hydraulic press at 10 MPa to form
a specific shape of the sheet for the working electrode, where the
active substance loading was 2 mg/cm2. The specific capacitance of
the electrodes was calculated from the discharge curves at differ-
ent current densities in Eq. (13).

(13)

where C (F/g) is the specific capacitance, I (A) is the charge/dis-
charge current, t (s) is the discharge time, V (V) is the voltage change
during discharge (excluding IR drop) and m (g) is the mass of active
material on a single electrode.

RESULTS AND DISCUSSION

1. Morphological Characterization of Carbon Sphere
The morphology of NxPC was characterized by SEM to investi-

gate the surface structure of the sample. As shown in Fig. 1(a-e),
the prepared NxPC samples show distinct clusters of microspheres,
with predominantly spherical particles and smooth surfaces. From
the figure, it can be seen that the samples with or without urea
doping and different nitrogen doping ratios do not cause many
effects on the morphology, and the surface structures of the sam-
ples obtained at the end are microspherical, indicating that the N
element did not change the surface structure of the samples. At
higher magnification (150 W magnification), the spherical mor-
phological structure of the carbon sphere can be found in the low
magnification FE-TEM image in Fig. 1(f), which was still spheri-
cal in shape similar to SEM. And a large number of disordered
layered porous pore structures could be observed in the HRTEM
images in the form of amorphous carbon without graphite crys-
tals, which may facilitate the adsorption of Cr(VI). Fig. 1(h-i) depicts
the elemental distribution of N2PC. It can be seen that the appear-
ance of the N and P atoms is almost identical to that of the C
atoms, indicating that the N and P atoms were successfully doped
into the carbon material and are evenly distributed on the surface
of the carbon skeleton, and the atom ratios of C, O, N, and P were
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85.2%, 10.5%, 2.2%, and 2.1%, respectively. The uniform distribu-
tion of the doped N and P atoms was beneficial to increase the
active groups on the surface of the carbon skeleton. SEM-EDS Fig.

Fig. 1. SEM images of (a) N0PC, (b) N0.5PC, (c) N1PC, (d) N2PC, and (e) N3PC; (f), low-magnification FE-TEM image and (g) HRTEM
image of N2PC; SEM-EDS elemental mapping of (i) N2PC.

Fig. 2. (a) N2 adsorption and desorption isotherms; (b) BJH pore size distributions; (c) Raman patterns and (d) histogram of ID/IG, ID1/IG, ID3/
IG and ID4/IG values of NxPC.

S1-Fig. S4 show that the morphology after adsorption of Cr(VI)
was the same as before adsorption, indicating that NxPC is a very
stable carbon material and can adsorb Cr(VI) uniformly.
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2. Structural Composition of Carbon Sphere
The pore structure can also affect the properties of carbon mate-

rials, so N2 adsorption and desorption experiments were carried
out on the obtained carbon spheres to explore information such as
specific surface area and pore size. For nitrogen adsorption-desorp-
tion isotherms, Fig. 2(a) shows that all carbon sphere samples con-
form to a Type IV curve, indicating a mesoporous structure, with
the hysteresis loop of N0PC being more pronounced, indicating
the possession of more mesopores; the rapid increase in N2 ad-
sorption at relatively low pressures indicates the presence of micro-
pores in the samples. This is consistent with the pore size distribu-
tion, Fig. 2(b), where all samples have a micro-mesoporous structure
(1-5 nm), while N0PC has a more abundant mesoporous struc-
ture (4-5 nm). The specific surface area of the sample N0PC after
hydrothermal carbonization and pyrolysis under the same condi-
tions without the addition of urea was only 1,151 m2·g1. The de-
composition of urea during carbonization promoted the genera-
tion of gases causing defects in the carbon sphere, resulting in an
increase in the average pore size and an increase in the specific
surface area, which reached 1,295m2·g1 for N2PC. The larger spe-
cific surface area increased the van der Waals forces [28] and exposed
more active sites, which is more conducive to the adsorption of
Cr(VI). However, some amino functional groups and oxygen-con-
taining active functional groups were further condensed on the
surface of the carbon sphere as the nitrogen source was increased,
and a synergistic effect was formed, resulting in some microfine
pore channels being blocked [29]; while the contact area between

Fig. 3. (a) FTIR spectra of NxPC; (b) X-ray photoelectron spectrum of NxPC and NxPC-Cr; (c) chemical compositions of NxPC; high-reso-
lution XPS of (d)N 1s and (e)P 2p of NxPC. (f) The adsorption capacity of NxPC for Cr(VI) (dosage of adsorbent: 2 g/L; initial Cr(VI)
concentration: 100 mg/L; reaction time: 24 h; temperature: 298 K; pH; 2).

carbon material and phosphoric acid was reduced, an obstructive
effect was produced, and the reaction could not be carried out,
and the pores were not fully developed. Meanwhile, due to the
increase of urea amount, the surface of N3PC had a residue of
urea molecules [25,30], so that the pores virtually filled, which led
to the smaller specific surface area, microporous pore capacity and
pore diameter of N3PC than N2PC, and the excess N had a nega-
tive effect on the atomic doping.

To analyze the effect of heteroatom doping on the chemical
structure of the carbon sphere, all carbon sphere samples were char-
acterized by Raman spectroscopy. All samples had two characteris-
tic peaks at 1,340 and 1,580 cm1: the D peak (disorder peak) and
the G peak (graphite peak), respectively, and the intensity ratio of
the two peaks was usually used as a measure of the degree of the
defect and graphitization of the carbon sphere. As shown in Fig.
2(d), the degree of defects of the N-doped samples were all higher
than that of the non-N-doped samples, indicating that the N ele-
ment modified the carbon sphere and that the N doping led to the
destruction of the crystalline of the carbon structure and produced
more defect sites; the degree of defects of the samples was related
to the active groups on the surface of the carbon skeleton, and the
ID/IG values of N2PC was the largest, which indicated that the car-
bon sphere had the highest degree of disorder, the lowest degree of
graphitization and the most active groups at the N-doping ratio of
1 : 2. The D peak can be subdivided into D1, D3, and D4 peaks to
probe the structure of carbon sphere disorder. The values of ID1/IG

and ID3/IG indicated the degree of graphene layer edge defects and
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the degree of amorphous carbon in NxPC, respectively. As the N-
doping rate increased, the degree of graphene layer edge defects first
increased and then decreased, while the degree of amorphous car-
bon first decreased and then increased. The high ID/IG values could
be attributed to the condensation process of the carbon sphere
samples, where small molecules are converted to conjugated aro-
matic rings while forming numerous defective edges at the boundar-
ies. N2PC had the highest ID1/IG value (1.12) and the lowest ID3/IG

value (0.64), indicating that a large number of amorphous carbon
structures were converted to edge-defective graphitic carbon struc-
tures.

To investigate in more depth the differences in the functional
groups of the carbon sphere due to the different area ratios and to
analyze the possible reactions of the materials, Fourier infrared spec-
troscopy (FTIR) was used to characterize each carbon sphere mate-
rial. As shown in Fig. 3(a), the absorption peaks around 3,430 cm1

were attributed to the stretching vibration of the O-H bonds in the
alcohol, carboxyl, and phenol groups [31], that around 2,900 cm1

the stretching vibration of C-Hx, the broad band around 1,720
cm1 was associated with the stretching vibration of the C=O
bond, and the absorption peak around 1,620 cm1 was due to the
stretching vibration of C=C [32]. The bands near 1,660 cm1 and
1,110 cm1 were caused by C=N and C-N stretching vibration,
respectively [33], indicating that nitrogen was successfully doped
into the carbon material by mixing urea with walnut shell powder
and successfully modifying the surface of the material to obtain
nitrogen-doped porous carbon, and the intensity of the absorp-
tion peaks increased with the increase of N doping. 1,170 cm1 and
980 cm1 were due to P-O-C aromatic stretching vibration and
1,030cm1 due to P-O stretching vibration [34], indicating the suc-
cessful doping of elemental P into the carbon skeleton, in agree-
ment with the morphological analysis of the carbon sphere de-
scribed above. After the adsorption of Cr(VI), the C=N peak level
of 1,660 cm1 shifted to 1,600 cm1, the C-N, P-O-C aromatic, and
P-O absorption peaks weakened and the C=O bond vibration
increased, indicating that functional groups containing nitrogen,
oxygen, and phosphorus in N2PC were involved in the adsorp-
tion and chemical reactions took place.

To investigate the differences in the chemical structure of the
carbon materials caused by different N-doping rates, XPS was used
to analyze the elemental composition and atomic chemical states
of the different samples before and after adsorption. From Fig.
3(b), the full spectrum of NxPC has four distinct peaks at 133.21,
284.84, 398.93, and 531.71 eV, representing P 2p, C 1s, N 1s, and
O 1s, respectively. The N 1s peak of N0PC is small, and with the
increase of doping, the N 1s peak becomes more and more obvi-
ous, indicating that N was successfully introduced. After adsorp-
tion, the significant signal intensity of elemental Cr in the full XPS
spectrum demonstrates the successful adsorption of Cr(VI) onto
the surface of the NxPC carbon material, in agreement with the
previous conclusions. Fig. 3(c) shows the surface chemical compo-
sition of the NxPC material, the main component of the NxPC
material is elemental carbon with significant amounts of elemen-
tal oxygen (13.5-16.2 at.%), nitrogen (1.3-4.4 at.%) and phospho-
rus (2-2.8 at.%) on the surface, this result is in agreement with the
SEM results above. Urea undergoes condensation reactions during

hydrothermal processes, producing organic nitrogen, and nitro-
gen doping could provide the carbon sphere with more electron
sites to form p- bonds with heavy metal ions, which has a positive
effect on adsorption. The chemical state of N in NxPC was fur-
ther analyzed using high-resolution XPS. The inverse fold prod-
uct of the peak fitted N 1s region is shown in Fig. 3(d), with four
peaks at binding energies of 398.74-398.86 eV, 400.12-400.39 eV,
401.27-401.38eV and 402.53-402.88eV [33], corresponding to pyri-
dinic nitrogen, pyrrolic nitrogen, graphitic nitrogen, N and oxidized
nitrogen, respectively. The relative content of pyrrole nitrogen in-
creased from 23.6% to 39.3% and then decreased to 35.4% with
increasing N sources, and the relative content of pyridine nitrogen
shows the same trend, while graphite nitrogen and nitrogen oxide
show the opposite trend. Pyridine nitrogen and pyrrole nitrogen
were the main components of an N-doped carbon sphere with high
reactivity, which is beneficial for enhancing the redox properties of
carbon materials for close applications in energy storage, adsorp-
tion, and catalysis [35-37]. The P 2p high-resolution spectra of the
N and P co-doped carbon sphere were fitted to the split peaks to
obtain three peaks, P-C (132.6±0.2 eV), P-N (133.5±0.2 eV) and
P-O (134.4±0.2 eV) [38], respectively. The P-N group was a newly
generated group after the addition of urea, and its content increased
and then decreased with the increase of the nitrogen source, with
N2PC reaching a maximum value of 37.19%.
3. Adsorption Performance Evaluation
3-1. Adsorption of Cr(VI) by Different Materials

The adsorption performance of NxPC was evaluated by Cr(VI)
adsorption experiments. Fig. 3(f) shows the experimental results
of the adsorption of Cr(VI) in an aqueous solution by NxPC under
the same conditions. All materials show a good adsorption effect
on Cr(VI), and it can be seen that the adsorption effect of NxPC is
much higher than that of N0PC after the carbon materials are co-
doped with N and P. This indicates that the different N content
had a significant effect on the Cr(VI) adsorption performance of
the carbon materials. The equilibrium adsorption capacity of N2PC
was the highest, with equilibrium adsorption capacities of 44.0
mg/g (removal 88.1%), 77.5 mg/g (removal 77.5%), 85.2 mg/g
(removal 56.8%) and 90.0 mg/g (removal 45%) for Cr(VI) adsorp-
tion solutions with initial concentrations of 100 mg/L, 200 mg/L,
300 mg/L, and 400 mg/L, respectively. The adsorption performance
of the carbon material in Fig. 4 was compared with the specific
surface area of the carbon sphere in Table S1. It was found that the
adsorption performance of the carbon material had a positive cor-
relation with the change in specific surface area, which indicated
that specific surface area was one of the important factors influ-
encing adsorbing performance. Note that the specific surface area
of N2PC (1,295 m2/g) was 1.01 times that of N1PC (1,271 m2/g)
and 1.1 times that of N3PC (1,198 m2/g), but for the adsorption
effect, N1PC was very different from N2PC, but N3PC was closer.
This implies that the specific surface area was not the only influ-
encing factor and that the chemical structure of the carbon mate-
rial may have an important influence on the adsorption.
3-2. Factors Affecting the Adsorption of Cr(VI)
3-2-1. Effect of Initial Solution pH on Cr(VI) Adsorption

Solution pH affected the Cr(VI) adsorption process. The effect
of pH on Cr(VI) removal efficiency was investigated by adjusting
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the initial pH from 2.0 to 8.0. As shown in Fig. 4(a), the adsorp-
tion of Cr(VI) maintained a relatively high removal rate at pH=2.
At pH>2, the removal rate of Cr(VI) gradually decreased with the
increase of the initial pH of the solution. Solution pH not only
affects the surface functional groups of carbon materials but also
changes the state of Cr(VI) in the solution. In an acidic environ-
ment, the presence of large amounts of H+ in aqueous solutions
could protonate the nitrogen and phosphorus-containing func-
tional groups on the surface of the carbon sphere, making the sur-
face functional groups more positively charged, thus enhancing
the electrostatic gravitational force between N2PC and HCrO4.
As the pH increased, Cr(VI) existed as Cr2O7

2 and CrO4
2, the hy-

drogen ions in the aqueous solution were decreased, as well as the
surface protonation of the carbon material, the trapping of Cr(VI)
at the adsorption sites on the surface of the carbon sphere was
limited, and the adsorption performance of N2PC on Cr(VI) was
affected greatly. The pH of the solution after adsorption remained
constant at the lower initial value and decreased instead after the
initial value increased, indicating that there was a redox reaction
taking place during the adsorption process and that Cr(VI) con-
sumed hydrogen ions for the reduction reaction. It is clear that the
initial pH of the solution is an important variable affecting the
adsorption of Cr(VI); the pH of the solution was chosen to be 2 in
the subsequent experiments.
3-2-2. Effect of Carbon Sphere Dosage on the Adsorption of Cr(VI)

Fig. 4(b) investigated the effect of the N2PC dose on the ad-

sorption effect of Cr(VI) at an initial concentration of 100 mg/L of
Cr(VI). The results show that the Cr(VI) removal rate increased
gradually with the increase of the carbon sphere input, but the cor-
responding adsorption amount decreased from 86 mg/g to 29 mg/g.
This was because the increase of the carbon sphere input brought
more adsorption sites and the removal rate increased, but then led
to a blockage of the active sites on the carbon surface, resulting in
a decrease in the amount of adsorption per unit mass of adsorbent.
All factors into consideration were taken, and the input dose of
N2PC was 50 mg in the subsequent experiments.
3-2-3. Effect of Initial Concentration on Cr(VI) Sorption

The adsorption capacity of the carbon sphere for Cr(VI) was
investigated at different initial concentrations (20-400 mg/L). As
shown in Fig. 4(c), the removal of Cr(VI) by N2PC gradually de-
creased from 100% to 45% as C0 increased from 20 mg/L to 400
mg/L. As the number of Cr(VI) ions increased with the initial con-
centration, the active sites provided by the carbon sphere were not
sufficient for the adsorption process, resulting in a decrease in the
removal rate. The adsorption value of N2PC for Cr(VI) increased
gradually from 10 mg/g to 90 mg/g with the initial concentration
of the adsorbent. This was because the higher the C0 value, the larger
the gradient of Cr(VI) ion concentration on the surface of the liq-
uid and the carbon material, increasing the large driving force, the
increased mass transfer rate and the frequent contact between Cr(VI)
and the active sites of the carbon material, resulting in more adsor-
bate transfer to the surface of the carbon material. However, the

Fig. 4. (a) Effect of (a) initial pH and (b) adsorbent dosage on Cr(VI) removal efficiency (c) Effect of initial concentration on the adsorption
capacity and removal rate of Cr(VI). (d) Effect of initial concentration of Cr(VI) on equilibrium concentration (dosage of adsorbent:
2 g/L; initial Cr(VI) concentration: 100 mg/L; reaction time: 2 h; temperature: 298 K; pH: 2-8 pH: 2).
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adsorption sites were limited, and as the concentration gradually
increased, the adsorption sites were occupied, and when the ad-
sorption reached saturation, the adsorption capacity was limited
and the adsorption value increased slowly.
3-3. Adsorption Kinetic Studies

As shown in Fig. 5, the relationship between the contact time
between the carbon sphere and the Cr(VI) solution and the ad-
sorption value is shown. At a C0 of 100 mg/L for the Cr(VI) solu-
tion, the adsorption value increased rapidly from 0 to 120 min and
reached 40 mg/g at 120 min, with a removal rate of 80%. The active
sites on the surface of the carbon material were progressively
occupied as the adsorption process progressed and the collisional
contact between the solid and liquid decreased, which led to a
slow increase in the adsorption capacity of the Cr(VI) adsorbent
until the adsorption reached equilibrium. The initial concentra-
tion of the Cr(VI) solution determined the time required to reach
equilibrium, which was related to the difference in concentration
of Cr(VI) ions between the solid and liquid surfaces.

In this study, the adsorption data of N2PC at different adsorp-
tion concentrations were fitted using proposed primary, proposed
secondary, Elovich, and Intraparticle diffusion kinetic models. The
kinetic models were ranked according to the correlation coeffi-
cients in Table S3: the pseudo-second-order kinetic model>Elovich>
the pseudo-first-order kinetic model>Intraparticle diffusion model.
The lowest correlation coefficient (R2=0.69) compared to the other
kinetics implies that the rate-limiting step was not intraparticle dif-
fusion. The correlation coefficient R2 for the proposed secondary
kinetics was greater than 0.93 for all concentrations, and the equi-
librium sorption value of 72.65 mg/g at an initial concentration of

200 mg/L was calculated theoretically by this equation, which was
close to the equilibrium sorption value of 77.5 mg/g obtained from
the actual experiments. This implies that the proposed secondary
kinetic equation could well describe the adsorption process’s mech-
anism, further verifying chemisorption’s dominance in the adsorp-
tion process. In the adsorption process, chemical reaction and surface
adsorption take place simultaneously, as well as external diffusion
and internal diffusion of the particles.
3-4. Adsorption Isotherm Studies

The Langmuir and Freundlich models were used to investigate
the relationship between the adsorption capacity and the initial
concentration of the adsorbent when the adsorption process reaches
the adsorption equilibrium state and to describe the adsorption
characteristics of N2PC for Cr(VI). As shown in Fig. 6(a) and Fig.
6(b), the adsorption isotherms followed the Langmuir and Freun-
dlich models. The parameters of the two models are given in
Table S4, with the Langmuir model showing a better correlation
coefficient (R2

0.98) than the Freundlich model. The adsorption
of Cr(VI) by N2PC was more in line with the Langmuir model,
tending towards monolayer adsorption where the active site in the
adsorption process was on the surface of the carbon material. The
adsorption capacity of N2PC for Cr(VI) increased with increasing
temperature. The theoretical maximum adsorption values obtained
according to the Langmuir model at 298 K, 308 K, and 318 K were
95.5 mg/g, 103.5 mg/g, and 105.7 mg/g, respectively, consistent with
the actual maximum adsorption values obtained experimentally of
90 mg/g, 98 mg/g and 100.5 mg/g. These results indicate that the
adsorption process of Cr(VI) was endothermic and that high tem-
perature was conducive to the reaction. It was the increased move-

Fig. 5. (a) The pseudo-first-order kinetic model; (b) pseudo-second-order kinetic model; (c) Elovich model and Intraparticle diffusion model
for the adsorption of Cr(VI) on N2PC at different initial concentrations of Cr(VI). (dosage of adsorbent: 2 g/L; temperature: 298 K;
pH: 2; C0 of Cr(VI) were 20, 50, 100, 200 mg·L1).
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ment of Cr(VI) at relatively high ambient temperatures that in-
creased the frequency of contact with the surface of the carbon
material, leading to an increased adsorption capacity of Cr(VI).
Also, all Langmuir model parameters RL were below 0.5, indicat-
ing that adsorption occurred readily between the Cr(VI) solution
and the carbon material.
3-5. Thermodynamic Studies

The Cr(VI) adsorption process on N2PC was studied using ad-
sorption thermodynamics, and the corresponding adsorption ther-
modynamic parameters are shown in Table S5. G0 were all less
than 0, indicating that the adsorption process was spontaneous.
The absolute value of G0 increased with increasing temperature,
indicating that the higher the temperature, the more the interac-
tion between Cr(VI) and N2PC increased and the higher the driv-
ing force and the higher temperature was beneficial for the ad-
sorption. The value of H0 was 22.07 KJ/mol, which implied that
the adsorption of Cr(VI) on N2PC was a chemisorption process
involving a complexation reaction [39] and was heat absorbing [40],
which was consistent with the above study. In addition, the value
of S0 was greater than 0, indicating an increase in stoichiometry
at the solid-liquid interface between the carbon sphere and Cr(VI)
during the adsorption process [41].
4. Adsorption Mechanism

It is clear from the previous discussion that there was both elec-
trostatic gravity and chemisorption during the adsorption of Cr(VI)

by N2PC. XPS could provide relevant information on the chemi-
cal state of the element, and the N2PBC1-400 before and after
adsorption was characterized by XPS. Fig. 7(a) shows a high-reso-
lution XPS map of C 1s divided into four peaks: C=C, C-O, C=O,
and O=C-OH [42]. It can be learned from Table S6 that the con-
tent of functional groups on the surface of N2PC changed after
the adsorption of Cr(VI), and the relative content of C=C and C-
O decreased from 50.35% and 23.85% to 43.29% and 19.09%,
respectively, but the content of C=O functional group increased
from 14.18% to 24.57%. This indicated that C=C, C-O as an elec-
tron donor was oxidized to C=O. This is consistent with the high-
resolution XPS results of O 1s in Fig. 7(b). It can also be observed
that a new moiety Cr-O[1] appears at 531.45 eV after the adsorp-
tion of Cr(VI), indicating that Cr(VI) was attached to the surface
of N2PC-Cr as an oxygen-containing ion.

Comparing high-resolution XPS maps of N 1s adsorbed by
N2PC, pyridine nitrogen, and pyrrole nitrogen decreased relative
content after adsorption, while graphite nitrogen increased. Pyri-
dine N was referred to as N atoms on the planar edges of graphene,
each N atom hybridized with two carbon atoms sp2 and provided
a p electron to the aromatic  system, and pyrrole N in a five-
membered ring with sp3 hybridization provided two p electrons to
the  system [43]. Pyridine N and pyrrole N were extremely chem-
ically active, causing many edge defects in the graphitic carbon struc-
ture and exhibiting excellent adsorption of Cr(VI). The N groups

Fig. 6. (a) The Langmuir and (b) Freundlich model for the adsorption of Cr(VI) on N2PC at different temperatures; (c) Values of RL at dif-
ferent initial concentrations of Cr(VI). (dosage of adsorbent: 2 g/L; reaction time: 24 h; pH: 2; C0 of Cr(VI) were 20, 50, 100, 200, 300,
and 400 mg·L1).
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were involved in redox reactions with Cr(VI), and the Cr(VI) oxy-
gen anion exhibits strong oxidation and instability in the presence
of a large number of electron-giving systems [44]. N2PC acted as
a strong electron donor, inducing the reduction of Cr(VI) to
Cr(III), as shown in Eqs. (14) and (15). The electron transfer reduc-
tion reaction required the consumption of a large number of hy-
drogen ions, which lead to an increase in the ambient pH of the
adsorbed solution, which could not provide more protons, the reac-
tion could not proceed and the adsorption reached equilibrium.
The fitted P 2p spectrum Fig. 7(d) shows that the P-N bond was
reduced from 37% before adsorption to 27% after adsorption, indi-
cating that the P-N group also had a facilitating effect on the ad-
sorption of Cr(VI).

Two significant peaks corresponding to Cr 2p3/2 and Cr 2p1/2

can be observed in the Cr 2p spectrum of N2PC-Cr, being decon-
voluted into four regions of Cr(VI) 2p3/2, Cr(III) 2p3/2 as well as
Cr(VI) 2p1/2 and Cr(III) 2p1/2 [45]. The corresponding relative con-

tents in Table S6 show that the content of Cr(III) is higher than
that of Cr(VI), indicating that N2PC successfully reduced Cr(VI)
to Cr(III).

The results show that the Cr(VI) adsorption mechanism by N2PC
was mainly dominated by electrostatic attraction and redox pro-
cesses. As the adsorption proceeded, some of the Cr(VI) was reduced
to Cr(III) through a redox reaction in close proximity to the electron
donor, and this process was also the core process of adsorption.

HCrO4
+7H++3eCr3++4H2O (14)

CrO4
2+8H++3eCr3++4H2O (15)

5. Electrochemical Properties
The high specific surface area of N2PC and the chemically rich

surface of the carbon material were tested for performance in terms
of electrochemical energy storage before and after the adsorption
of the carbon sphere to explore its reusability and practical perfor-

Fig. 7. High-resolution XPS (a) C 1s, (b) O 1s, (c) N 1s, (d) P 2p of N2PC and N2PC-Cr; (e) high-resolution XPS Cr 2p spectra of N2PC-Cr.
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mance. Fig. 8(a), (b) shows the cyclic voltammetric curves of the
carbon material at different sweep rates from 5 to 100 mV/s. The
similar rectangular shape at low sweep rates implies a lower charge
transfer resistance [46], which could produce better ion diffusion
in the electrode material, reflecting the characteristics of a bilayer
capacitive behavior with better capacitive properties. As the sweep
rate increases, the CV curve deviates from the rectangular shape
and takes on a shuttle shape, which is attributed to the limitation
of the heteroatom transfer at high sweep rates, while the hetero-
atom generated a pseudo-capacitance during the charging and dis-
charging process. To investigate the practical applicability of the

samples to energy storage, the capacitive performance of the elec-
trodes was analyzed by constant current charge/discharge tests
(GCD) at different current densities from 1 to 20 A/g, as shown in
Fig. 8(c)-(d), and all GCD curves show good linearity and sym-
metry. The significantly longer discharge times of N2PC-Cr at dif-
ferent current densities indicates larger capacitance values. 73.4 F/g
and 152.9 F/g specific capacitance were obtained for N2PC and
N2PC-Cr at a current density of 1 A/g. The significant increase in
capacitance of the adsorbed Cr(VI) samples was due to the chemi-
cal reaction that occurs during the adsorption process more hydro-
philic groups -COOH generated, which improved the hydrophilicity

Fig. 8. CV diagram of (a) N2PC and (b) N2PC-Cr at 5-100 mV/s scan rate; GCD curves of (c) N2PC and (d) N2PC-Cr at different current
densities; specific capacitance of N2PC and N2PC-Cr (e); Nyquist plots of N2PC and N2PC-Cr (f); the cycling performance of (g)
N2PC and (h) N2PC-Cr when the current density is 10 A/g.
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of the electrode material and increased the contact area between
the electrode material and the electrolyte in the electrolyte. The
capacitive performance was further verified by GCD tests at differ-
ent current densities; as shown in Fig. 8(e), the specific capaci-
tance of the samples all decreased with increasing current density,
and N2PBC1-400-Cr still had a good capacitive performance. To
further evaluate the capacitive performance of the samples, elec-
trochemical impedance spectroscopy (EIS) tests were carried out
on the carbon sphere before and after adsorption, as shown in Fig.
8(f), and the measured Nyquist diagram consisted of a semicircle
in the high-frequency region and a linearity in the low-frequency
region, indicating a low intrinsic resistance and good capacitive
behavior. The electrode material of N2PC-Cr had a smaller diam-
eter of the semicircle in the high-frequency region, indicating a
smaller impedance value, with better electrical conductivity. As the
conductivity values of N2PC and N2PC-Cr by resistivity test were
26.5 S/m and 49.3 S/m, respectively. The cycling stability is one of
the main indicators of the electrode material. When the current
density was 10 A/g and the initial capacitance could still be main-
tained at 93% of the initial capacitance after 5000 cycles, the mate-
rial indicated excellent cycling stability.

SUMMARY

We prepared N and P co-doped carbon spheres by hydrother-
mal pretreatment with urea as the nitrogen source and walnut shell
as the raw material, as well as phosphoric acid activation and pyroly-
sis. The morphology and structure of the carbon spheres were ana-
lyzed by different characterization techniques such as SEM, BET,
Raman, FTIR, and XPS. With a mass ratio of urea addition to the
walnut shell of 2 : 1 in the hydrothermal process, the prepared
N2PC had a higher specific surface area (1,295 m2/g), more nitro-
gen and phosphorus functional groups, and showed good Cr(VI)
adsorption performance with a maximum adsorption capacity of
100.5 mg/g. In the experiments of Cr(VI) adsorption by N2PC,
the effects of pH, initial input of carbon sphere, and initial concen-
tration on the adsorption performance were systematically investi-
gated. Chemisorption dominated the adsorption process as shown
by the adsorption kinetics and adsorption isotherms, and the con-
version of toxic Cr(VI) to non-toxic Cr(III) by the active groups
on the surface of the carbon sphere through redox with heteroat-
omic functional groups on the carbon surface was the main mecha-
nism of the adsorption process. The electrochemical test analysis
proved that the carbon spheres before and after adsorption were
excellent materials for supercapacitors, and after adsorption, more
hydrophilic groups were generated, resulting in enhanced electro-
chemical properties and better energy storage performance. This
study provides high-performance carbon sphere adsorption mate-
rials for water treatment and transforms them into highly efficient
energy storage materials, providing new ideas for solving heavy metal
pollution and the energy crisis.

ACKNOWLEDGEMENTS

This work was financially supported by Anhui Provincial Major
Science and Technology Project (2021e03020003).

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.

REFERENCES

1. M. Q. Zhong, S. Chen, T. Wang, J. X. Liu, M. Mei and J. P. Li, J.
Mol. Liq., 354, 11 (2022).

2. X. G. Dang, Z. F. Yu, M. Yang, M. W. Woo, Y. Q. Song, X. C. A.
Wang and H. J. Zhang, Sep. Purif. Technol., 288, 14 (2022).

3. X. Xu, B. Y. Gao, X. Tang, Q. Y. Yue, Q. Q. Zhong and Q. Li, J.
Hazard. Mater., 189, 420 (2011).

4. W. F. Qi, Y. X. Zhao, X. Y. Zheng, M. Ji and Z. Y. Zhang, Appl. Surf.
Sci., 360, 470 (2016).

5. N. F. Ghadikolaei, E. Kowsari, S. Balou, A. Moradi and F. A. Tar-
omi, Bioresour. Technol., 288, 10 (2019).

6. Y. A. Hu, H. F. Cheng, S. Tao and J. L. Schnoor, Environ. Sci. Tech-
nol., 53, 12177 (2019).

7. S. Al-Amshawee, M. Y. B. Yunus, A. A. M. Azoddein, D. G. Has-
sell, I. H. Dakhil and H. Abu Hasan, Chem. Eng. J., 380, 19 (2020).

8. X. J. Yang, A. Q. Zou, J. N. Qiu, S. X. Wang and H. Guo, Sep. Sci.
Technol., 49, 2495 (2014).

9. C. S. Shepsko, H. Dong and A. K. SenGupta, ACS Sustain. Chem.
Eng., 7, 9671 (2019).

10. S. Z. Wang and J. L. Wang, Chem. Eng. J., 379, 10 (2020).
11. H. Jiang and Y. Dai, Chemosphere, 311, 136884 (2023).
12. S. Sahu, N. Bishoyi and R. K. Patel, J. Ind. Eng. Chem., 99, 55

(2021).
13. G. R. Liu, D. W. Hu, C. F. Song, K. Y. Chen, X. H. Du, D. Chen, X.

Jin, F. F. He and Q. Huang, J. Anal. Appl. Pyrolysis, 164, 10 (2022).
14. J. J. Zhao, R. Boada, G. Cibin and C. Palet, Sci. Total Environ., 756,

9 (2021).
15. L. Guardia, L. Suarez, N. Querejeta, C. Pevida and T. A. Centeno, J.

Clean Prod., 193, 614 (2018).
16. Z. Q. Ma, Y. Y. Yang, Q. Q. Ma, H. Z. Zhou, X. P. Luo, X. H. Liu

and S. R. Wang, J. Anal. Appl. Pyrolysis, 127, 350 (2017).
17. E. Dovi, A. A. Aryee, A. N. Kani, F. M. Mpatani, J. J. Li, L. B. Qu

and R. P. Han, J. Environ. Chem. Eng., 10, 14 (2022).
18. J. Wang, P. Nie, B. Ding, S. Y. Dong, X. D. Hao, H. Dou and X. G.

Zhang, J. Mater. Chem. A, 5, 2411 (2017).
19. M. X. Chen, F. F. He, D. W. Hu, C. Z. Bao and Q. Huang, Chem.

Eng. J., 381, 10 (2020).
20. S. S. Zhu, X. C. Huang, X. B. Yang, P. Peng, Z. P. Li and C. Jin, Envi-

ron. Sci. Technol., 54, 8123 (2020).
21. J. P. Paraknowitsch and A. Thomas, Energy Environ. Sci., 6, 2839

(2013).
22. A. Muzaffar, M. B. Ahamed, K. Deshmukh and J. Thirumalai,

Renew. Sust. Energ. Rev., 101, 123 (2019).
23. J. Kim, J. H. Eum, J. Kang, O. Kwon, H. Kim and D. W. Kim, Sci.

Rep., 11, 10 (2021).
24. Y. J. Ping, S. J. Yang, J. Z. Han, X. Li, H. L. Zhang, B. Y. Xiong, P. F.

Fang and C. Q. He, Electrochim. Acta, 380, 10 (2021).
25. D. Yan, L. Liu, X. Y. Wang, K. Xu and J. H. Zhong, Chem. Eng.

Technol., 45, 649 (2022).



2838 T. Luo et al.

December, 2023

26. C.-H. Bae, E. P. L. Roberts and R. A. W. Dryfe, Electrochim. Acta,
48, 279 (2002).

27. M. Arif, A. Sanger and A. Singh, Mater. Lett., 220, 213 (2018).
28. H. Y. Li, N. Li, P. P. Zuo, S. J. Qu and W. Z. Shen, Colloid Surf. A-

Physicochem. Eng. Asp., 618, 9 (2021).
29. K. Li, C. P. Zhu, L. Q. Zhang and X. F. Zhu, Bioresour. Technol., 209,

142 (2016).
30. Z. S. Sun, D. D. Yao, H. Guo, H. D. Zhu, W. B. Hua, Q. X. Yuan,

L. Q. Zhang, Q. Z. Fan and B. J. Yi, J. Environ. Manage., 336, 12
(2023).

31. X. F. Yuan, J. F. Xiao, M. Yilmaz, T. C. Zhang and S. J. Yuan, Sep.
Purif. Technol., 299, 13 (2022).

32. J. Q. Wu, T. S. Wang, Y. Y. Liu, W. Tang, S. Y. Geng and J. W. Chen,
Chemosphere, 303, 9 (2022).

33. Y. X. Tian and H. F. Zhou, J. Clean Prod., 333, 16 (2022).
34. X. Zhou, X. H. Liu, F. L. Qi, H. X. Shi, Y. Zhang and P. Y. Ma, Sep.

Purif. Technol., 292, 9 (2022).
35. D. H. Guo, R. Shibuya, C. Akiba, S. Saji, T. Kondo and J. Nakamura,

Science, 351, 361 (2016).
36. G. L. Chai, K. P. Qiu, M. Qiao, M. M. Titirici, C. X. Shang and Z. X.

Guo, Energy Environ. Sci., 10, 1186 (2017).
37. T. Cordero-Lanzac, J. M. Rosas, F. J. Garcia-Mateos, J. J. Ternero-

Hidalgo, J. Palomo, J. Rodriguez-Mirasol and T. Cordero, Carbon,

126, 65 (2018).
38. H. P. Yang, P. A. Chen, W. Chen, K. X. Li, M. W. Xia, H. Y. Xiao, X.

Chen, Y. Q. Chen, X. H. Wang and H. P. Chen, Fuel Process. Tech-
nol., 230, 9 (2022).

39. J. Q. Li, F. F. He, X. Y. Shen, D. W. Hu and Q. Huang, Bioresour.
Technol., 315, 8 (2020).

40. Y. Yi, X. Wang, Y. Zhang, J. Ma and P. Ning, Colloids Surf. A: Physi-
cochem. Eng. Asp., 645, 128938 (2022).

41. S. Singh, A. G. Anil, T. S. S. K. Naik, B. U, S. Khasnabis, B. Nath, V.
Kumar, S. Subramanian, J. Singh and P. C. Ramamurthy, J. Water
Process Eng., 47, 102723 (2022).

42. X. X. Jia, Y. Q. Zhang, Z. He, F. Q. Chang, H. C. Zhang, T. Wag-
berg and G. Z. Hu, J. Environ. Chem. Eng., 9, 11 (2021).

43. Y. J. He, S. I. Alhassan, W. C. Zhang, L. J. Hou, X. Z. Chen, X. R. Li,
B. C. Wu, Y. X. Zhao, L. F. Jin, L. Huang and H. Y. Wang, J. Envi-
ron. Chem. Eng., 9, 12 (2021).

44. D. Chen, X. H. Du, K. Y. Chen, G. R. Liu, X. Jin, C. F. Song, F. D.
He and Q. Huang, Sci. Total Environ., 837, 11 (2022).

45. Y. X. Tian, Y. B. Yin, H. Liu and H. F. Zhou, J. Water Process Eng.,
46, 14 (2022).

46. A. Pradiprao Khedulkar, V. Dien Dang, B. Pandit, T. Ai Ngoc Bui,
H. Linh Tran and R.-A. Doong, J. Colloid Interface Sci., 623, 845
(2022).



Efficient adsorption on Cr(VI) and electrochemical application of N, P co-doped carbon spheres 2839

Korean J. Chem. Eng.(Vol. 40, No. 12)

Supporting Information

Efficient adsorption on Cr(VI) and electrochemical application
of N, P co-doped carbon spheres

Tian Luo*, Xianjun Xing*,
**

,†, Xuefei Zhang**, Wang Yue***, and Xiufen Ma**

*School of Chemistry and Chemical Engineering, Hefei University of Technology, Hefei, Anhui 230009, China
**School of Mechanical Engineering, Hefei University of Technology, Hefei, Anhui 230009, China
***Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei, Anhui 230009, China

(Received 12 February 2023 • Revised 16 May 2023 • Accepted 19 June 2023)

Fig. S1. SEM-EDS elemental mapping of (a-f) N0.5PC-Cr.

Fig. S2. SEM-EDS elemental mapping of (a-f) N1PC-Cr.
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Fig. S3. SEM-EDS elemental mapping of (a-f) N2PC-Cr.

Fig. S4. SEM-EDS elemental mapping of (a-f) N3PC-Cr.

Table S1. Specific surface area and pore size distribution of NxPC
Sample SBET/m2·g1 SMic/m2·g1 VMic/cm3·g1 DAver/nm
N0PC 1,151.13 512.83 0.25 2.52
N0.5PC 1,213.91 672.18 0.33 2.20
N1PC 1,271.45 686.22 0.35 2.22
N2PC 1,295.48 704.34 0.40 2.30
N3PC 1,198.47 425.20 0.21 2.24

Table S2. Surface element composition of NxPC

Sample
Distributions of nitrogen species/at.%

Pyridinic-N Pyrrolic-N Graphitic-N Oxidized-N
N0PC 12.31(0.16) 23.77(0.32) 39.33(0.52) 24.59(0.33)
N0.5PC 29.19(0.95) 28.34(0.92) 25.49(0.83) 16.95(0.55)
N1PC 27.23(0.96) 36.71(1.29) 21.56(0.76) 14.48(0.51)
N2PC 35.07(1.54) 39.35(1.73) 15.04(0.66) 10.54(0.46)
N3PC 32.92(1.37) 35.45(1.47) 20.24(0.84) 11.38(0.47)
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Table S3. Pseudo-first-order, Pseudo-second-order, elovich and intraparticle diffusion for the adsorption of Cr(VI) on N2PC

Model C0 (mg·L1) 20 50 100 200
qe, exp (mg·g1) 10 25 45 77.5

The pseudo-first-order
kinetic mode

qe, cal (mg·g1) 9.85 23.67 41.11 68.11
k1 (min1) 0.623 0.355 0.231 0.032
R2 0.98 0.91 0.91 0.84

The pseudo-second-order
kinetic model

qe, cal (mg·g1) 10.05 24.40 42.39 72.65
k2 (g·mg1·min1) 0.114 0.023 0.009 0.001
R2 0.99 0.97 0.96 0.93

Elovich model
A (mg·g1·min1) 7.406 13.883 27.556 11.116
B (g·mg1 ) 0.471 1.894 2.582 9.726
R2 0.91 0.95 0.99 0.98

Intraparticle
diffusion model

C (mg·g1) 7.464 15.822 28.499 30.679
kid (mg·g1·min1/2) 0.1184 0.408 0.661 1.738
R2 0.19 0.39 0.36 0.69

Table S4. Parameters of the Langmuir and Freundlich models

T (K) qe, exp

(mg·g1)
Langmuir Freundlich

KL (L·mg1) qmax (mg·g1) RL R2 KF (mg(1n)·Ln·g1) 1/n R2

298 90.0 0.0771 095.5599 0.03-0.39 0.98 30.7885 0.206 0.80
308 98.0 0.1049 103.5207 0.02-0.32 0.99 36.2221 0.197 0.83
318 100.55 0.1352 105.7635 0.01-0.26 0.99 39.9790 0.186 0.84

Table S5. The thermodynamic activation parameters of adsorption Cr(VI) onto N2PC

H0

(KJ·mol1)
S0

(J·mol1·K1)
G0 (KJ·mol1)

298 K 308 K 318 K
N2PC 22.07 11.02 10.76 11.91 12.97

Table S6. The binding energies and relative contents of C, O, N, P and Cr in N2PBC1-400 and N2PC-Cr

Element Assignment
N2PC N2PC-Cr

Binding
energy (Ev)

Relative
content (%)

Absolute
content (%)

Binding
energy (Ev)

Relative
content (%)

Absolute
content (%)

C 1s

C=C 284.67 50.35 40.21 284.70 43.29 32.81
C-O 285.50 23.85 19.04 285.55 19.09 14.47
C=O 286.98 14.18 11.32 286.80 24.57 18.63
O=C-OH 289.20 11.62 09.27 289.20 13.05 09.89

O 1s

C=O/P=O 531.20 22.08 03.23 532.67 44.13 07.54
C-O/P-O 532.76 63.45 09.27 - -
O=C-O/O=P-O 533.88 14.47 02.11 533.89 17.52 02.99
Cr-O - - - 531.45 38.35 06.55

N 1s

Pyridinic N 398.77 35.07 01.54 398.79 33.19 01.03
Pyrrolic N 400.40 39.35 01.73 400.23 35.62 01.11
Graphitic N 401.46 15.04 00.66 401.26 22.27 00.69
Oxidized N 402.89 10.54 00.46 402.88 08.92 02.79

P 2p
P-C 132.80 24.08 00.48 132.79 25.43 00.33
P-N 133.65 37.19 00.75 133.54 27.96 00.36
P-O 134.52 38.73 00.78 134.22 46.61 00.61

Cr 2p1/2
Cr(III) - - - 587.32 19.55 00.50
Cr(VI) - - - 588.28 17.14 00.44

Cr 2p3/2
Cr(III) - - - 577.62 35.12 00.90
Cr(VI) - - - 578.99 28.19 00.73
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