ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Study of the modification mechanism of heavy
metal ions adsorbed by biomass-activated carbon
doped with a solid nitrogen sourcef

i ") Check for updates ‘

Cite this: RSC Adv., 2019, 9, 37440

Wanlan Zheng, Shuang Chen, ©* Huie Liu, Yudi Ma and Wenlong Xu

In this study, the N-doping of biomass-activated carbon with dicyandiamide was performed via an
ultrasonic method and a redox method. BET, SEM, EDS, FT-IR and XPS were used to determine the pore
structures, morphologies and surface chemistry of the adsorbents obtained. The N-doping effect of the
two modification methods on the same solid nitrogen source was evaluated and the simulated
adsorption experiments of heavy metal ions in wastewater were conducted. The results showed that the
N-doped biomass-activated carbon having the higher doping content was obtained by a redox method
with nitric acid at 25 °C, a solid nitrogen source ratio of 1:1 and charring at 800 °C for 2 hours. The
adsorption efficiency for the divalent copper ion of the sample obtained by the redox method was
41.15% higher than that of the ultrasonic method sample, and proved that pyridinium nitrogens and
amino groups play important roles in adsorption and complexation processes. The isothermal adsorption
experiments of N-doped activated carbon conformed to the Freundlich model, which mainly depended

on chemical adsorption. The kinetics for copper ion adsorption followed a pseudo-second-order kinetic
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adsorption. Simultaneously, this study further analyzed the N-doping process of the redox method

DOI: 10.1039/c9ra07191a sample and suggested that improvements can be implemented in the N-doping of activated carbon with
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1. Introduction

Activated carbon is a porous and stable carbon material, which
is widely used in chemical industry, agriculture, environmental
protection, and other fields. Activated carbon can be used as
a catalyst, adsorbent or a reaction carrier, thus realizing large-
scale industrial applications.! It can also be used as an elec-
trode® or an energy storage material,® expanding the field of
energy production and storage. However, the high cost of
commercially activated carbon limits its applications to
a certain extent. In recent years, there have been reports that
agricultural or industrial wastes, such as peach nuts, fruit shells
and sludge, are used as precursors for the preparation of acti-
vated carbon** in order to seek unconventional and low-cost
production processes. Because activated carbon can be
produced from abundantly available and low-cost biowaste,
biomass-activated carbon has been the focus of research.”®
Products from different biosources also exhibit different prop-
erties, such as specific surface areas, pore size distributions and
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adsorption properties, due to the influence of precursor prop-
erties, the type of activator used, activation time, and pyrolysis
temperature.

As a common adsorbent, activated carbon has many advan-
tages over zeolite and silica gel, such as high temperature
resistance, radiation resistance and stability under acid-alka-
line conditions. Due to its good adsorption performance and
developed specific surface area, activated carbon has attracted
considerable attention in gas separation, solvent recovery, water
purification, and air deodorization. At present, it can be used to
adsorb organic dyes, heavy metal ions, and volatile gases.’ In
particular, activated carbon has good application prospects in
the treatment of heavy metal ions in aqueous solutions.
However, how to improve the adsorption performance of acti-
vated carbon is a challenging research topic. Common
adsorption mechanisms include chemical adsorption, metal
complexation, pore diffusion and ion exchange.' It is generally
believed that after pyrolysis or chemical modification, the
nitrogen and oxygen functional groups on the surface of
adsorbent materials can contribute to the complexation of
heavy metal ions, thereby significantly enhancing the adsorp-
tion properties."*™ Activated carbon modifications can be
divided into dry and wet methods. Dry process was to modify
activated carbon by pyrolysis in an atmosphere of ammonia,
ozone and other gases. Wet process was modified with nitric

This journal is © The Royal Society of Chemistry 2019
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acid, hydrogen peroxide, potassium permanganate and other
strong oxidants under heating conditions.” In addition, it has
been reported that activated carbon can be also loaded with
a sodium hydroxide/urea solution,'® aniline,”” and other
additives.

Currently, the N-doping methods that can improve the
adsorption capacity of activated carbon are attracting consid-
erable attention. N-doped activated carbon has stable chemical
properties and a high electron-donating ability. It exhibits
a good application prospect in the treatment of single metal
ions, such as Pb(u), Cr(vi), Hg(u) and organic-metal ion mixed
contaminants.'®?* However, in literature reports and previous
experimental studies, the direct impregnation of activated
carbon with nitrogen reagents had some problems, such as long
modification cycles and low doping amount, which led to
adsorption performance of products that were not visibly
improved obviously. The use of strong oxidants for modification
at high temperatures not only posed high risks, but also
excessively destroyed the original porous structure of activated
carbon, resulting in a reduced adsorption capacity.”>*

In view of the above issues, this study explored the N-doped
method of activated carbon using a solid nitrogen source.
Dicyandiamide was used as the solid nitrogen source, and the
activated carbon substrate was modified by an ultrasonic
method and a redox method. The pore structure, elemental
composition and the surface functional groups of two modified
activated carbon samples were observed by BET, SEM, EDS, FT-
IR and XPS and compared with those of unmodified activated
carbon in order to find the effective N-doping law for modified
activated carbon. An adsorption experiment on wastewater
containing divalent copper ions was performed, and the
adsorption effect and mechanism were investigated to optimize
the modification method.

2. Experimental
2.1 Reagents and instruments

Dicyandiamide (C,H,N,) was of chemical grade. Zinc chloride
(ZnCly), hydrochloric acid (HCI), nitric acid (HNO;) and copper
nitrate trihydrate (Cu(NO3),-3H,0) were of analytical grade. The
above chemical reagents were all purchased from Sinopharm
Chemical Reagent Co., Ltd.

The experimental equipment includes a DHG-9246A
constant temperature drying oven (Shanghai Hao Experi-
mental Equipment Co., Ltd.), an AL204 electronic balance,
(METTLER TOLEDO (Shanghai) Co., Ltd.), a DF-101S collector
type constant temperature heating magnetic stirrer (Gongyi City
Yuhua Instrument Co., Ltd.), a DR2800 Hash Water Quality
Analyzer (Hash Company, USA), a non-standard tube furnace,
(Shandong Longkou Shouke Instrument Co., Ltd.), and
a H2016D high-speed centrifuge (Shanghai Zhixin Experimental
Instrument Technology Co., Ltd.).

The testing equipment includes a JSM-7500F scanning
electron microscope (Japan Electronics), an Escalab 250Xi X-ray
photoelectron spectroscope (American Thermo Fisher Scien-
tific), a ASAP 2020M specific surface area and microporous
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physical adsorption analyzer (Micromeritics, USA) and a Nicolet
6700 Fourier Transform infrared spectrometer (Nikoli, USA).

2.2 Sample preparation and modification tests

Biomass-activated carbon was prepared from sawdust. The raw
material was put into the oven and dried at 105 °C for 24 hours
to remove moisture. After that, it was granulated in a mortar
and sieved to obtain granules having a particle diameter of 40
mesh to 100 mesh. The activated material was impregnated
with 3 mol L™ ZnCl, for 24 hours and dried at 105 °C for 2
hours. Then, the activated sample was put into a tubular heater
with a nitrogen gas velocity of 100 mL min~', a heating rate of
5 °C per minute and constant temperature carbonization of 60
minutes at 500 °C to promote the decomposition of cellulose
and lignin in raw materials.” The pyrolysis product was soaked
with 2 mol L™! HCI for 1 hour and then rinsed with deionized
water until the pH of the solution was neutral. Lastly, the acid-
washed sample was dried to constant weight at 105 °C. Biomass-
activated carbon was obtained, recorded as BAC.

Ultrasonic modification test. 1 g of dicyandiamide was dis-
solved in 15 mL of deionized water and BAC was added at
a mass ratio of 1 : 1. The mixture was sonicated for 40 minutes
and then dried at 60 °C for 2 hours. The dried sample was
heated to 200 °C for 1 hour under N, atmosphere, and then
heated to 800 °C for 1 hour. N-doped biomass-activated carbon
modified by ultrasounds was obtained and is referred to as BAC-
U.

Redox modification test. First, 50 mL nitric acid was added
in a 100 mL round-bottom flask, and then BAC was slowly added
in stirring. After 5 hours of reaction at 25 °C, the crude product
was collected by filtration. Simultaneously, the filtrate was
recycled for reuse. After the crude product was washed with
water to neutrality and dried at 105 °C for 2 hours, BAC-N1 was
obtained. Second, 1 g of dicyandiamide was dissolved in 50 mL
of deionized water and BAC-N1 was added at a mass ratio of
1:1. The reaction mixture was stirred for 4 hours and then
filtered. After drying at 105 °C for 8 hours, BAC-N2 was ob-
tained. Lastly, the dried sample was pyrolyzed at 800 °C for 2
hours in a tube furnace. N-doped biomass-activated carbon
modified by redox reactions was obtained and is referred to as
BAC-N.

2.3 Adsorption experiments

The performance of the adsorbents was evaluated by using
Cu(u) solution as the target pollutant, and its natural occurring
conditions were simulated by a copper nitrate solution. A
500 mg L™ Cu(u) original solution was prepared and diluted
according to the adsorption requirements. In the adsorption
experiment, the mixture was stirred using a collector-type
constant temperature heating magnetic stirrer. After
sampling, the mixture was centrifuged, and the concentration
of Cu(u) in the solution was measured by a Hash Water Quality
Analyzer.

Kinetic adsorption experiments. At 25 °C, 50 mL of Cu(u)
solution with an initial concentration of 35 mg L™ " was adsor-
bed by stirring with 0.1 g of BAC-N sample. The supernatant was
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aliquoted at constant intervals and Cu(u) remaining concen-
tration in solution was measured. The amount of Cu(u) adsor-
bed at time ¢ and the equilibrium adsorbed amount* were
calculated by eqn (1)

(CO — Ct,e) x V

o = (0= ClX Y @

where g, is the amount of Cu(n) adsorbed at time ¢ (mg g™ '), g is
the equilibrium adsorbed amount of Cu() (mg g™ %), C, is the
initial concentration of the solution (mg L), C, is the
concentration of the solution at time ¢ (mg L), C. is the
equilibrium concentration of the solution (mg L"), V is the
solution volume (L) and m is the sample mass (g).
Quasi-first-order  dynamics and  quasi-second-order
dynamics® were fitted by eqn (2) and (3), respectively. The
kinetic model was determined by the correlation coefficient R*
and the standard deviation SD?¢ that can be calculated by eqn

4

In(qe — ¢q,) = In ge — kyt (2)
t 1 t
- ' 3
g kg’ qe G)

where k; is the quasi-first-order kinetic rate constant (min™ "), k,
is the quasi-second-order kinetic rate constant (g mg™ ' min™"),
and ¢ is the adsorption time (min).

SD — 100\/ 3 [(gexp — Geat) /e

N1 (4)

where gy, is the actual adsorbed amount (mg g ), gea is the
calculated adsorbed amount (mg g~ ') and N is the number of
sampling points.

The IPD model is fitted with kinetic experimental data,””
calculated by eqn (5)

q; = kidlo's +C (5)

where Kiq is the internal diffusion rate constant (mg g~ '
min~%%) and C is the intercept (mg g ).

Thermodynamic adsorption experiments. 50 mL of
30 mg L' Cu(u) solution was adsorbed by 0.1 g of sample at
temperatures of 15, 25, 35, 45, and 55 °C. After adsorption for 24
hours, the remaining Cu(u) concentration was detected using
a Hash Water Quality Analyzer and the equilibrium adsorption
amount was calculated by eqn (1). The entropy, enthalpy and
Gibbs free energy® at each temperature were calculated by the
thermodynamic parameters according to eqn (6)-(8)

_ e
Ky = C. (6)
0 0
In Ky = % - ARHT )
AG® = AH® — TAS® (8)

where m is the sample mass (g), Kq is the distribution coeffi-
cient, R is the gas constant 8.314 (J mol ' K™'), T is the
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adsorption temperature (K), AS° is the entropy change (J mol *
K™"), AH° is enthalpy change (k] mol™') and AG® is Gibbs free
energy (k] mol ™).

Isothermal adsorption experiment. 50 mL Cu(u) solution was
adsorbed by 0.1 g sample at 25 °C. The initial concentrations of
the Cu(n) solutions were 15, 20, 35, 45, and 60 mg L™". After
adsorption for 24 hours, the remaining Cu(i) concentration was
detected using a Hash Water Quality Analyzer and the equilib-
rium adsorbed amount was calculated by eqn (1). The Langmuir
curve and the Freundlich curve® were fitted according to eqn (9)
and (10)

_ quzzCe
“= T hC 9)
ge = KpC'" (10)

where k, is the Langmuir curve model constant (L mg™ %), g, is
the maximum adsorption amount (mg g~ '), and Ky and 1/n are
the Freundlich curve model constants.

2.4 Characterization

The surface topography of the samples was determined by
scanning electron microscopy (SEM). The specific surface areas
and pore structures of the samples were determined by nitrogen
adsorption-desorption (BET). Surface functional groups of the
sample materials were investigated using Fourier transform
infrared spectroscopy (FT-IR) and X-ray photoelectron spec-
troscopy (XPS). The surface elemental content of samples was
measured via X-ray energy dispersive spectroscopy (EDS).

3. Results and discussion
3.1 SEM

As shown in Fig. 1, a large number of spherical carbon particles
are distributed on the surface of the N-doped activated carbon.
Carbon in solid nitrogen source is evenly dispersed in solution
during mixing and formed after carbonization at high

Fig.1 SEM images of BAC-U (a) 100kx and (b) 10kx. SEM images of
BAC-N (c) 50kx and (d) 10kx.

This journal is © The Royal Society of Chemistry 2019
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temperature. The presence of carbon particles can increase the
specific surface area of the sample and enhance the adsorption
capacity.®

The electron micrographs of BAC-U (a and b) and BAC-N (c
and d) show that the surface of BAC-U is relatively flat and
dense. The pore structure of the sample surface is destroyed by
the ultrasonic dispersion process, which reduces the adsorption
capacity to a certain extent. The pore structure of BAC-N is
extremely well-developed and the surface is rough and porous
due to the corrosive action of nitric acid in the redox process.
The internal pores of BAC-N are exposed in a large amount,
which makes the material more conducive to the diffusion and
the adsorption of metal ions.

3.2 BET

The specific surface areas and pore size distributions of N-
doped adsorbents are shown in Fig. S11 and Table 1. It can be
seen that the specific surface area and pore volume of BAC-U
prepared by ultrasonic method are larger. The pore structure
of BAC-U is developed and the micropore content accounts for
93.09% of total pores. However, in the process of adsorption,
heavy metal ions tend to cooperate with the adsorbents. The
well-developed physical channels of these samples have no
advantage in the adsorption process.*

After the redox process, the pores of BAC-N are severely
damaged due to the strong oxidation and corrosion by nitric
acid. The microporous structures collapsed or merged, result-
ing in a significant reduction in specific surface area.*
Compared with the ultrasonic method, the specific surface area
and total pore volume are reduced by 30.92% and 18.56%
respectively, and mainly exists in the form of mesoporous. In
the carbonization process, the specific surface area and pore
volume reduced with the increase in the N-doping content. This
is because the C-O/C=O0 bonds on activated carbon gradually
converted to C-N/C=N during the doping process. The original
carbon skeleton arrangement is changed so that the micropores
are changed to mesopores.*

3.3 EDS

Surface elemental composition of N-doped activated carbon was
measured by X-ray energy dispersive spectroscopy. As shown in
Table 2, the sample is mainly composed of three elements: C, N,
and O. H in the samples cannot be identified with this method.
N-doping mainly occurs during pyrolysis in the ultrasonic
method and the relative content of N element is only 5.92% in
BAC-U. The sublimation temperature of the solid nitrogen
source, dicyandiamide, is about 205 °C. When the sample is
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Table 2 Relative element contents of BAC-U and BAC-N (wt%)

C (%) N (%) 0 (%)
BAC-U 74.52 5.92 19.57
BAC-N 67.77 14.13 18.11

calcined at 200 °C, dicyandiamide is slowly decomposed to form
a gaseous nitrogen source and combines with the carbon
skeleton.

The doping extent in BAC-N prepared by the redox method is
enhanced and the relative content of N element is 14.13%. This
is due to the following reasons: first, the surface of the activated
carbon is oxidized by nitric acid, resulting in the formation of
a large number of weak acidic carboxyl groups® and some -NO,
groups. These acidic groups are capable of the acid-base
neutralization of dicyandiamide during the reduction process.
A large amount of the nitrogen source is bonded to the surface
of activated carbon, and N-doping gets enhanced. Second, the
C-0O/C=0 bonds formed by oxidation on the surface of the
sample is more easily replaced by N element, and will be con-
verted to C-N/C=N during carbonization.*> However, in the
actual pyrolysis process, there is volatile loss of dicyandiamide,
reducing the effect of mixing N.

3.4 FT-IR and XPS

FT-IR spectroscopy was performed to investigate the chemical
bonds in BAC, BAC-U and BAC-N. In order to eliminate the
influence of nitrogen atmosphere during carbonization, BAC is
used as a blank control sample. As shown in Fig. 2(a), BAC
shows the characteristic peak of a weak C-NO, stretching
vibration and the N-H bending vibration of amines around
1384 cm™ " and 1632 cm™ ", respectively. Compared with BAC,
the N-H bending vibration of BAC-U and BAC-N is more
prominent at 1632 cm ™', Simultaneously, the relative intensity
of the peak at 3430 cm ™! increases in BAC-U and BAC-N, which
proves the enhancement of the N-H stretching vibration. The
stretching and bending vibrations of the C-H bonds in the
modified samples are enhanced at 1452 cm ™ and 2922 cm ™,
respectively. At approximately 1082 cm ™, a difference in the
intensities of the stretching vibrations of C-O bonds is not
obvious.

The elemental composition and chemical bond types in the
sample materials were established using X-ray photoelectron
spectroscopy. As shown in Fig. 2(b), the three signal peaks for
BAC-U correspond to C 1s (284.6 eV), N 1s (398.6 €V), and O 1s
(532.6 eV). The N 1s peak of BAC-U is weak, while that of BAC-N
is obviously increased. This indicates that the N element was

Table 1 Specific surface area and pore distribution of BAC-U and BAC-N*

SBET (m2 g71) VT (Cm3 gij) Vmic (Cms gij) Vmic/VT (%) Dp (nm)
BAC-U 1489.88 0.695 0.647 93.09 2.802
BAC-N 1029.26 0.566 0.056 9.89 2.523

¢ Sper-BET surface area, Vi-total pore volume, Viyic-micropore volume, Vii./Vr-micropore percentage, Dy-average pore diameter.

This journal is © The Royal Society of Chemistry 2019
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Fig.2 FT-IR (a) and XPS (b) of BAC, BAC-U, BAC-N indicating the changes of organic functional groups and the relative content of C, N and O

before and after modification by two nitrogen doping methods.

successfully doped, and the doping amount with the redox
method is higher.

Fig. 3(a—c) shows the C 1s spectra of samples. Obviously,
there is no change in the type of chemical bonds before and
after doping. In the C 1s spectra, three major peaks with
binding energy at 284.2 eV, 285.2 eV and 286.3 eV can be
identified as C-C/C=C, C-N and C-O, respectively. There are
also two weaker peaks corresponding to C=0 and O-C=O0 at
287.4 eV and 288.9 eV, respectively. The doping of N could
improve electronic conductivity and stability, and optimize
electronic structure.*

Fig. 3(d-f) shows the N 1s spectrum of samples. The chem-
ical bond of N has been significantly changed. Affected by the
N, atmosphere in the carbonization process, BAC is loaded with
trace amounts of N element, mainly in the form of pyridinium
nitrogen (397.9 + 0.3 eV) and pyrrole nitrogen (400.5 & 0.3 eV).
The N element in BAC-U is in the same form as in the original
material, but the relative content of pyridinium nitrogen is
obviously increased. The sp* hybridized orbital of pyridinium
nitrogen is occupied by a lone pair of electrons, which can react
with metal ions to form complexes and improve the adsorption
capacity of this activated carbon species.*® Fig. 4 is a partial
structural model of Cu(u) adsorption by activated-carbon (H
atoms have been omitted)."***¢* The common coordination
number of copper(u) is 4. It can easily coordinate with pyridine
nitrogen atoms on four adjacent six-membered rings to form
a planar square structure. Pyrrole N is linked by a hydrogen
atom and needs to be protonated to be utilized such as by
changing the pH.*"*®

As shown in Fig. 3(f), the N element form of BAC-N significantly
changed. In addition to the pyridinium and pyrrole nitrogens, R-
C=NH and R-NH, are formed at 399.1 (+0.3 eV) and 401.6 (£0.3
eV). The N atom on side chain amines also plays an important role
in complexing metal ions. The electron cloud density of the N
atom is higher due to electron migration from adjacent carbon
rings, which makes it more attractive to copper(i).*”

3.5 Adsorption experiments

The adsorption rate of Cu(u) on different samples is investigated
by adsorption kinetics. The pseudo first-order and pseudo-

37444 | RSC Adv., 2019, 9, 37440-37449

second-order dynamics model curves are shown in Fig. 5. The
kinetic model is determined by the correlation coefficient R*
and the standard deviation SD. As can be seen from Table 3, the
calculated correlation coefficient value for PSO is much higher
than that for PFO, and the standard deviation of PSO is much
smaller than for PFO, indicating that the pseudo-second-order
model is suitable to describe the adsorption kinetics of Cu(u)
on N-doped activated carbon. Simultaneously, the quasi-
second-order kinetic constant (k,) can be used to compare the
adsorption rates of the same adsorption process. Since the
kinetic diameter of Cu(u) is close to the pore size of micropores,
the adsorption rate on BAC-U that with a large number of
micropores is faster and the k, value is higher. Comparing the
actual effects of the two adsorbents at the same initial
concentration, the equilibrium adsorption of Cu(u) by the redox
method sample was 42.19% higher than that of the ultrasonic
method sample.

The diffusion of Cu(u) on the adsorbents is further analyzed
by the IPD model. Combining the data from Fig. 6 and Table 4,
the adsorption process of Cu(u) by N-doped activated carbon is
mainly divided into two steps. The first step is the diffusion of
Cu(n) from the solution onto the BAC-U/BAC-N macroporous
surfaces. In the second step, Cu(u) slowly diffuses into the
internal micropores and mesopores of BAC-U/BAC-N, and is
adsorbed on their active sites. Comparing the Kiq; and Kiqa
values of the activated carbon, the diffusion rates via macro-
pores in the first step are obviously higher than those through
micropores and mesopores in the second step, which indicates
that the diffusion in micropores and mesopores is the main rate
control step.*® Comparing the Kjq; and Kjq, values of differently
activated carbons, the diffusion rate of BAC-N for both stages is
obviously better than that of BAC-U. This may be attributed to
the large number of macropores and mesopores on the BAC-N
surface, which is beneficial to the diffusion of Cu(u).

The thermodynamic parameters such as Gibbs free energy,
entropy and enthalpy during the adsorption reaction can be
used to study the adsorption mechanism of nitrogen-doped
activated carbon for Cu(u). The thermodynamic fitting curves
of N-doped activated carbons are shown in Fig. S2.1 The ther-
modynamic parameters are calculated, as shown in Table 5. As
shown in Table 5, the enthalpies of both N-doped activated

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The planar structure of complex formed by the adsorption of
Cu(i) on nitrogen-doped activated carbon. The structure contains two
main forms, pyridine nitrogen and pyrrole nitrogen. Hydrogen atom
has been omitted.
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carbons are greater than zero, indicating that the adsorption of
Cu(n) is an endothermic process. The ion motion in solution is
more intense with the increase in temperature, which is bene-
ficial to the adsorption process. The entropies being positive
numbers illustrates that the disorder degree of the adsorbent
surface increases during the adsorption process. When the
temperature is 293 K, the Gibbs free energy of BAC-U is greater
than zero, indicating that the adsorption process at this time
cannot be spontaneously performed, and the external environ-
ment is required to provide energy. In contrast, the adsorption
process of BAC-N at normal temperature can proceed sponta-
neously because all Gibbs free energies are less than zero.**
The adsorption abilities and adsorption capacities of the two
N-doped activated carbons are compared by isothermal adsorp-
tion experiments. The fitting curves of two isothermal adsorption

RSC Adv., 2019, 9, 37440-37449 | 37445
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Fig. 5 Kinetic models of Cu(i) adsorption by BAC-U and BAC-N at 298 K. The adsorption time points are 10, 30, 60, 90, 120, 180, 240 and

360 min, respectively.

models are shown in Fig. 7. The best theoretical model is deter-
mined by the correlation coefficient R*. As shown in Table 6, the
correlation coefficients for the Freundlich curve are larger, which
means that the adsorption process of N-doped activated carbons
for copper(u) ions is more consistent with the Freundlich model.
The adsorption process is dominated by monolayer chemical
adsorption, and various nitrogen-containing groups on the
surface of adsorbent particles form complexes with heavy metal
ions in solution, thereby achieving effective adsorption.

The Freundlich model is based on an empirical formula that
can be used to explain part of experimental facts, but does not
fully explain the adsorption mechanism. Kr is the Freundlich
model constant, which is related to the affinity between adsor-
bent and adsorbate,* indicating the adsorption capacity of the
adsorbent. The K of BAC-N is larger than that of BAC-U, which
proves that BAC-N has stronger affinity with Cu(u) and higher
adsorption capacity. Compared with BAC-U, the content of
pyridinium nitrogens and amine groups that play a major role
during the adsorption process is higher in BAC-N.

The function of temperature 1/n is used to describe the
adsorption strength and is only related to the adsorption
affinity.>® At 0.1 < 1/n < 1, the adsorbate can be easily adsorbed
by the adsorbent material in solution. On the contrary, the
adsorption reaction is difficult if 1/n is greater than 1. Obvi-
ously, the adsorption process is reversible at 1/n = 1. It can be
seen from Table 6 that 1/n values of both adsorbents are in the
range of 0.1-1, indicating that the adsorption process for Cu(i)
proceeds easily at normal temperature.

3.6 Adsorption performance of redox method

The changes of surface functional groups after different steps of
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Fig. 6 IPD fitting for BAC-U and BAC-N at 298 K divided into two
steps: macroporous diffusion and micro-mesoporous diffusion.

Table 4 |IPD parameters of BAC-U and BAC-N

Step 1 Step 2

Kiax Ry Kia Ry’
BAC-U 0.6514 0.9897 0.0625 0.9866
BAC-N 0.9999 0.9615 0.0911 0.9454

experiments. As can be seen from Fig. 8(a), the nitrogen-oxygen
functional groups in the structure of BAC-N1 significantly
increase after nitric acid oxidation. A small amount of C=0
stretching vibration appears in the sample at 1706 cm™'. The
single peak around 3430 cm™' can be assigned to the N-H
stretching vibration associated with primary and secondary

the redox process are analyzed by FI-IR and adsorption 2amines, and the two peaks at approximately 1626 em™ and
Table 3 Kinetic parameters of Cu(i) adsorption by BAC-U and BAC-N at 298 K
PFO PSO
Jop (ML) gear(mgg™) ki (min?) R’ SD (%) G (mgg™)  k(gmgmin™) R SD (%)
BAC-U 9.60 4.62 11.62 x 1073 0.9321 306.82 10.10 4.75 x 1073 0.9983 7.35
BAC-N 13.65 5.68 7.78 x 103 0.8101 482.92 13.95 3.47 x 10° 0.9988 3.73
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Table 5 Thermodynamic parameters of BAC-U and BAC-N
AH® (kFmol™)  AS®(Jmol 'K ') AGY; (k) mol™")  AG%s (k] mol™")  AGYs (Kl mol™)  AG3s (k] mol™")  AG3,s (k] mol™?)
BAC-U 6.29 21.13 0.098 —0.006 —0.218 —0.429 —0.640
BAC-N 17.77 66.67 —1.764 —2.097 —2.764 —3.431 —4.097
14+ -
e 16 F
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o o
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Fig. 7 Isothermal adsorption models for the adsorption of Cu(i) by BAC-U and BAC-N at 298 K, adsorption time 24 h.

1540 cm ™' are attributed to the N-H in-plane bending vibration
of amines. The broad peak at about 1330 cm™ " is due to the N-O
stretching vibration of the nitro compound. Simultaneously,
the stretching vibration of the sp® C-H at 2922 cm ' is
enhanced, and the weak peak at 1459 cm ™' confirms the pres-
ence of C-H bending vibrations. The peak at around 1104 cm ™"
is ascribed to the C-O stretching vibration.

BAC-N2, obtained by the reaction with dicyandiamide,
exhibits a new N=C stretching vibration at around 2180 cm .
The N-H stretching vibration at 3430 cm ' and the N-H
bending vibrations at 1626 cm™ " and 1540 cm ™' are all further
enhanced. The enhancement of the N-H stretching vibration at
3430 cm ', the increase in the intensity of the N-H bending
vibrations at 1626 cm ™! and 1540 cm ™!, and the attenuation of
the N-O vibration for C-NO, at 1330 cm ™" indicate that the load
of N element is increased during the reaction, and the func-
tionalities that involve nitrogen are transformed. The intensity
of the peak at 1706 cm ' is weakened, but the peak at
1104 cm ™ is strengthened, which means that C=0 groups are
converted to C-O during the reaction process, and dicyandia-
mide acts as the reductant.

After high temperature carbonization, the N element of
sample is redistributed, accompanied by the transformation of

Table 6 Isothermal adsorption parameters of BAC-U and BAC-N at
298 K

Langmuir Freundlich

Gm(mgg ") K,(Lmg"') R Ky n R
BAC-U 11.9160 7.6022 0.6724 8.2158 0.1401 0.9933
BAC-N 14.9722 1.7846 0.7592 8.5059 0.1993 0.9875

This journal is © The Royal Society of Chemistry 2019

nitrogen-containing functional groups. The N=C stretching
vibration disappears at 2180 cm™ " on the spectrum, and the
vibration peak of N-O for C-NO, at 1384 cm ™' is correspond-
ingly weakened. The N-H bending vibration at 1632 cm ' and
the N-H stretching vibration at 3430 cm™ ' are more obvious
than those for BAC-N2. Simultaneously, the peak at 1632 cm ™"
can be assigned to the C=N stretching vibration of carbocyclic
rings, indicating that N exists mainly in the form of pyridine or
pyrrolidine. In summary, there must be some loss of N during
high temperature carbonization.

As can be seen from Fig. 8(b), the equilibrium adsorption
amount of BAC-N is greatly improved compared to unmodified
activated carbon. However, the adsorption performance of BAC-
N1 oxidized by nitric acid at 25 °C is significantly reduced.
According to the chemical reaction (11), concentrated nitric
acid with strong oxidizing properties has severe corrosive effects
on the surface of activated carbon. The performance of this
adsorbent has been proved to be extremely low since the orig-
inal pore structure collapsed or the pores were clogged. In
general, the adsorption performance of activated carbon
modified by concentrated nitric acid is enhanced and most of
the reactions occur at high temperature.

BAC + HNO; — BAC-COOH + CO, + NO, (11)
BAC-COOH + C,H4N; — BAC-CO-NH-R (12)
BAC-CO-NH-R — BAC-N (13)

The adsorption performance of the product loaded with our
solid nitrogen source has a certain recovery (Fig. 8(b)). The weak
acidic surface of the oxidized activated carbon tends to react
with basic nitrogen sources by following the reaction in eqn
(12), which makes activated carbon load a certain amount of

RSC Adv., 2019, 9, 37440-37449 | 37447
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Fig. 8 FT-IR (a) and histogram (b) for the changes of surface func-
tional groups and equilibrium adsorption capacity during redox
modification process, respectively.

nitrogenous groups, which then easily form metal complexes
with copper ions. However, the pore channels are blocked in the
oxidation process, and the active sites for the complexation of
Cu(n) are not completely exposed. The adsorbent, which has
been loaded with a large amount of N element, expands and
regenerates the blocked pores after high-temperature carbon-
ization. As shown by formula (13), the adsorptive active sites are
exposed with the redistribution of nitrogen groups, so the
adsorption capacity of the sample is visibly increased by
102.68% compared to unmodified activated carbon.

4. Conclusions

Using dicyandiamide as a solid nitrogen source, a biomass-
activated carbon was N-doped by an ultrasonic method and
a redox method, and the doping extent was analyzed by Cu(m)
adsorption experiments.

The impregnation time of the nitrogen source can be
shortened to 40 minutes by simply operating this ultrasonic
method. However, ultrasounds can destroy the pore channels
on the surface of the activated carbon. The doping content of
the as-prepared product is only 5.92%, due to the obvious loss of
the nitrogen source during carbonization. In the redox process,
nitric acid mainly plays a role in oxidation and corrosion.
Compared with the ultrasonic method, after redox reactions
mesopores account for a large proportion in the product.

37448 | RSC Adv., 2019, 9, 37440-37449
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However, the surface of oxidized activated carbon contains
a large amount of acidic groups, which can stabilize nitrogen
sources and reduce the loss of N in the carbonization process.
The N-doping amount of redox products is up to 14.13%, which
realizes the effective load of nitrogen element.

The adsorption performance of the samples after oxidation
by nitric acid is significantly reduced, and then is improved
after reaction with the nitrogen source. Lastly, it is necessary to
pyrolyze the sample to achieve channel expansion and nitrog-
enous group redistribution. In subsequent studies, a solid
nitrogen source with stronger alkalinity can be selected to react
with oxidized activated carbons to enhance the combination of
nitrogen source and sample. Moreover, it is conceivable to
reduce carbonization temperature and control the carboniza-
tion time in order to reduce the loss of loaded nitrogen source
and the conversion to effective adsorbent groups while
reopening the pores.

According to our adsorption experiment results, the kinetic
models of N-doped activated carbons conform to the quasi-
secondary kinetics. The adsorption isotherms conform to the
Freundlich model, and the adsorption process proceeds at
higher temperatures. The adsorption capacity of N-doped acti-
vated carbon produced with the redox method is significantly
higher than that of the ultrasonic method sample, indicating
that the adsorption of heavy metal ions is weak on single
developed microporous structures and pyrrole groups, while
pyridinium nitrogens and amine groups play an important role
in the adsorption process.
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