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ABSTRACT

In this study, activated carbon was prepared after pyrolysis and activation of shrimp shells.
The effects of different impregnation ratios and temperatures on the physical and chemical prop-
erties of activated carbon were investigated. The physical and chemical properties of different acti-
vated carbons were characterized by N, adsorption—desorption, scanning electron microscopy, and
X-ray diffraction. The results show that at a pyrolysis temperature of 400°C, the activated carbon
with a C/ZnCl, ratio of 1/2 has the maximum specific surface area and pore volume of 1,536.3 m*/g
and 0.83 cm®/g, respectively. The experimental results show that with the increase of pH value, the
adsorption capacity of activated carbon will gradually decrease, indicating that acidic conditions
are more favorable for nitrate adsorption. The maximum adsorption capacity was of the carbon
achieved at about 5.58 mg/g at such conditions. The pseudo-first-order kinetic model fits well with
the nitrate adsorption kinetics date with a high determination coefficient (R* > 0.95), while both
the Freundlich and Langmuir isothermal model fit the experimental data well (R? > 0.95). Also, the
influence of the coexisting anions on the adsorption performance of activated carbon has also been
studied, the inhibitory effect of coexisting anions on the adsorption of nitrate on activated carbon

is from high to low: COZ- > SOZ > CI.
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1. Introduction

With the acceleration of urbanization and the rapid
development of industry, a large number of water bodies
have been polluted [1]. Nitrate nitrogen in groundwater
mainly comes from the use of various types of agricultural
chemical fertilizers, domestic sewage, animal excrement,
etc. [2,3]. It will cause eutrophication of water and the pro-
liferation of algae, thus affecting the environment [4]. The
high concentration level of nitrate in drinking water may
be converted into nitrite after being ingested by the human
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body, which could cause methemoglobinemia, especially
for babies [5-9]. Therefore, the World Health Organization
(WHO) allows concentrations of nitrate in groundwater and
drinking water to be 50 and 10 mg/L (NO;-N) [10].

In order to remove the nitrates from the water, different
types of technologies have been developed. These technolo-
gies can be mainly divided into biological denitrification and
physical-chemical reduction technologies [11]. Biological
technologies commonly present low operating costs, but it
is susceptible to blockage and temperature due to the sensi-
tivity of microorganisms [12,13]. Additional carbon sources
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are generally required as nutrients when high denitrification
efficiency is needed. Chemical reduction methods remove
nitrate from water by adding a reducing agent [14]. Active
metal, hydrogen, formic acid, and methanol are commonly
used as reducing agents. This method commonly presents a
high reaction rate, but it also produces additional by-prod-
ucts and requires accurate operational conditions. Physical-
chemical methods include adsorption [15], ion exchange
[16], reverse osmosis [17], and membrane separation [18].
In these methods, the adsorption method shows some supe-
riority due to its high efficiency and simple operation, the
adsorption has been proved to be one of the most effective
methods to remove all kinds of pollutants from wastewater
[19-21]. In nitrate removal, various adsorbents have been
adopted, including clay-derived materials, polymer-derived
materials, and carbon-derived materials. Among them,
carbon-derived materials, including activated carbon, bio-
char, as well as graphene, have attracted wide attention due
to their wide variety, low cost, and easy availability [22].
Recently, biochar prepared under oxygen-limited condi-
tions has become a hot issue due to its low production cost
and simple preparation process and can be used as an adsor-
bent to remove pollutants in water [23,24]. However, the
crude biochar produced is directly used as an adsorbent, the
effect is not good. It is necessary to modify the internal and
morphology of biochar through activation to obtain better
performance. According to literature reports, compared with
the physical activity method, activated carbon prepared by
the activated activation method has the advantages of larger
specific surface area and less time consumption [25,26]. In
the activation process, the activator plays an important role
in the formation of activated carbon pores, as dehydrating
agent role, reducing tar and other liquid materials in the
process of activation, prompting volatile substances can be
more smoothly through the pore, and not cause pore block-
age, which can promote the activated carbon to form more
holes [27]. Using zinc chloride as the activator, the biochar
obtained by pyrolysis of safflower seed cake was activated
by the chemical activation method. The activated carbon
had an adsorption capacity of 128.21 mg/g for methyl blue
under optimal conditions [28]. The surface area of rice husk
biochar activated by zinc chloride at a ratio of 3:1 for 1 h
was 645 m?/g, which was higher than that of non-activated
biochar (28 m?%g) [29]. These activated carbon have been
widely used in removing different kinds of pollutants in
water including heavy metal ions, synthetic dyes, nitrate,
phosphate, and others [30-32]. Nowadays, preparing car-
bon by using natural chitin has attracted attention. Chitin is
quite abundant in the natural environment, mainly as waste
material from a fishery, which contains a lot of carbon and
rich functional groups [33,34]. Shrimp shell is a nitrogen-rich
carbon material rich in protein and chitin in fisheries and
can be used to prepare porous carbon [35]. Magnacca et al.
[36] prepared biochar by using chitin for energetic and envi-
ronmental applications, and the results indicated that the
surface area of the biochars was about 330 m?/g. Xiao et al.
[37] used shrimp shell under high temperature and oxygen
restriction conditions, to adsorb heavy metal ions in water,
the experimental results showed that shrimp shell biochar
had a good removal rate for Pb(Il), and its high adsorp-
tion capacity was related to its physical properties [30].

Despite the above research, the preparation of chitin-de-
rived biochar and its use as an adsorbent to remove nitrate
from water are still lacking. Shrimp shells are used as waste
in fishery industries, and the total product amount in China
is about 1.27 million t/y. So, it is of great economic and envi-
ronmental significance to prepare carbo from shrimp shells
through solid waste reduction and innocuity recycling effec-
tive utilization.

According to the literature, the properties of activated
carbon depend on not only the carbonization tempera-
ture but also the activation procedure [22]. The increase
of the carbonization temperature commonly leads to the
diffusion of volatile substances on the surface, resulting in
more pore space. In the procedure of activation, different
kinds of activators play different roles in shaping porous
structures of the activated carbon [26]. The most used
activators include sodium hydroxide of zinc chloride and
orthophosphoric acid. They are all reported to pose pos-
itive effects in promoting the porous structures, which
would show a close relationship with activated carbon
adsorption properties [38].

Based upon the analysis, this work aimed to evaluate
the potential of shrimp shells to produce activated carbon,
using a simple pyrolysis and activation process, and apply
the activated carbon to remove nitrate from water. The
shrimp shell-derived activated carbon was prepared and
characterized. The potential of the activated carbon as an
adsorbent to adsorb nitrate from the water was extensively
evaluated. For this purpose, the factors affecting the process
of adsorption were evaluated. Kinetic and equilibrium studies
were carried out to understand the adsorption mechanism.

2. Materials and methods
2.1. Materials and reagents

Shrimp shell was obtained from the waste of an aquatic
product sales market located in Chongqing city. Samples
were washed several times by using deionized water. Then
the sample was dried at 105°C for 8 h, followed by grinding.
Particles were sieved and the particles lower than 100 mesh
were selected for the biochar preparation. All chemicals
and reagents used in this study were of analytical grades,
and the chemical solutions were prepared using deionized
(DI) water. Zinc chloride (ZnCl,), sodium chloride (NaCl),
Hydrochloric acid (HCI), and sodium hydroxide (NaOH)
were purchased from China Chemicals Inc., (Beijing, China).
Sodium salts of nitrate, sulfates, chloride, phosphate, and
carbonate were purchased from Dingshengxin Chemical
Industry Co., Ltd., (Tianjin, China).

2.2. Preparation of different activated carbons

Shrimp shell-derived activated carbon was prepared
through the processes of pyrolysis and activation. A quartz
reactor was placed in a tube furnace (Shanghai Yifeng
Laboratory Instrument Co., Shanghai, China) under an N,
atmosphere. The heater temperature was increased at a rate
of 5°C/min until 400 (C-400) or 600°C (C-600), being held at
the end temperature for 120 min and allowed to cool still
under N, flow until room temperature. Activated carbon
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used in this work were prepared by the ZnCl, activation
method that the shrimp shell particles are pre-impregnated
into 300 mL of a 40% ZnCl, solution with the C/ZnCl, ratio
of 1/1 or 1/2 (C-400-1 means the biochar prepared in 400°C
with the C/ZnCl, ratio of 1/1, which C-600-2 means the bio-
char prepared in 600°C with the C/ZnCl, ratio of 1/2) before
the procedure of pyrolysis. The pyrolyzed mixtures were
rinsed with distilled water several times and then dried in
an oven at 105°C for approximately 24 h. Then, the sam-
ples, now referred to as activated carbons, were stored in a
desiccator until further analysis.

2.3. Adsorption experiments

The studies were conducted by using the “bottle point”
procedure. 2.5 g/L biochar activated carbon was added
into 250 mL nitrate solution with different concentrations
(10-150 mg/L) at specified pH conditions. The mixed solu-
tion is shaken in an Erlenmeyer flask at a temperature of
25°C for a certain contact time (SKY-211B shaker incubator,
China). After the process, the solutions were taken out for
analysis. After the sample was filtered by a 0.45 um pore-
sized membrane, it was used for experimental analysis. The
pH of the solution was adjusted by adding 0.1 M HCI or
NaOH solution. Nitrate removal percentage was calculated
as follows:

c,-C
m

Rnitrate (%) = <X 100 (1)

where C; and C, are the initial and equilibrium nitrate con-
centrations in the solutions, respectively. Each experiment
was triplicated to determine the reproducibility of the
measurements and the average values are reported.

The amount of nitrate adsorbed per unit weight of
adsorbent (g, in mg/g) was calculated as follows:

C -C
m:%V @)

where C; and C, (mg/L) are the initial and equilibrium con-
centrations of nitrate ions in solutions, m is the mass of the
adsorbent (g), and V is the volume of the solution (L).

2.4. Analysis

According to the Standard Methods for the Examination
of Water and Wastewater (American Public Health
Association), NO;-N were determined colorimetrically
using a UV-vis spectrophotometer (DR-9000, HACH, USA)
[15]. pH was measured using a PHS-3C pH-meter, respec-
tively. The porous structure of the samples, including the
surface area (S,.,), the total pore volume (V) and the
average pore diameter. were determined from nitrogen
adsorption/desorption isotherms at 77 K by using a surface
area analyzer (BELSORP-mini). Field emission-scanning
electron microscopy (FE-SEM, JSM-7800 F) was used to
observe surface structures of different activated carbons.
The X-ray diffraction (XRD) test uses the ESCALAB250Xi
X-ray diffractometer from Thermo Fisher Scientific (China)

Co., Ltd. The analysis conditions are working conditions:
ceramic copper target X-ray tube, 40 kV voltage, 30 mA cur-
rent, the scanning angle range of 5°-80°, the scanning step
length of 0.02° and integration time of each step is 0.2 s.

3. Results and discussion
3.1. Characterization of different adsorbent
3.1.1. Specific surface area and porous parameters

N, adsorption—desorption isotherms of different car-
bon adsorbents were conducted to understand their
porous structures under different pyrolysis temperatures
and activation conditions. According to the International
Union of Pure and Applied Chemistry (IUPAC), it can be
seen from Fig. 1 that the N, adsorption—desorption iso-
therms of unactivated carbon (C-400) and activated carbon
(C-600-1, C-600-2) are similar to the type IV, H, hysteresis
loop of IUPAC classification. With the increase of relative
pressure, the adsorption capacity of adsorbent for nitrogen
increased rapidly, indicating that there are a large number of
micropores in activated carbon.

From Fig. 2, It can be seen from Fig. 2 that the pore
structure of biochar (C-400) presents a multimodal distri-
bution, mainly mesopores, and the activated carbon after
activation is mainly micropores. The increase of activation
temperature promotes the overall pore size to shrink, and
the increase in impregnation ratio can promote the appear-
ance of more micropores. The results of specific surface area
and porous parameters are shown in Table 1. Main porous
parameters including BET surface area (S,,;) total pore
volume (V)), average pore radius (R ), and the surface area
of micropores, which can be obtained from the isotherms
presented in Table 1.

From Table 1, the biochars without the procedure of
activation under different pyrolysis temperatures (400°C
and 600°C) show close porous properties. There were low
Syer of them with the value of 11.9 and 45.8 m?/g without
significant microporous structures. These results are quite
accordant to the previous studies that the directly pyro-
lyzed biochar commonly presented limited porous struc-
tures. It should be noticed from the table that the activation
process enriched the porous structure of the biochar sig-
nificantly. For the biochar activated by using the C/ZnCl,
ratio of 1/1, the S, can be increased from 11.9 to 496.9 m?/g
for the sample pyrolyzed at 400°C, while that increased
from 45.8 to 773.5 m?/g for the samples prepared at 600°C.
The increase of the ZnCl, content in the activation process
further improved the S, to 1,536.3 and 1,177.7 m*/g for
the samples prepared at 400°C and 600°C, respectively.
It should be notice that the process of activation mainly
enlarges the volumes and the surface areas of micropores.
With the increase of the S,, and S___, the parameters of V,
V. v @and S . increase, while the indexes of V__, as well
as R , were decreased. The R can be used to reflect the pore
size distribution. The R for directly pyrolyzed biochar at
the temperature of 400°C and 600°C are 27.8 and 11.2 nm,
indicating that the mesopore dominates in the biochar.
The activation process turns things around, and the active
ones present adequate microporous structures with the v,
ranging from 0.63 to 1.21 nm. Due to the close relationship
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Fig. 1. Isothermal adsorption line of shrimp shell biochar and activated carbon: (a) C-400 and (b) shrimp shell activated carbon under
different activation conditions.
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Fig. 2. Pore size distribution diagram of shrimp shell biochar and activated carbon.

Table 1
Specific surface area and porous parameters of shrimp shell biochar

C-400 C-400-1 C-400-2 C-600 C-600-1 C-600-2
Syer (M2/g) 119 496.9 1,536.3 458 773.5 1,177.7
V, (cm?/g) 0.08 0.20 0.83 0.12 0.29 0.58
S, ees (M/8) / 524.5 1,506.5 / 751.2 1,062.1
V..., (cm¥/g) / 0.18 0.55 / 0.26 0.42
V., (cm¥/g) 0.08 0.03 0.29 0.14 0.034 0.16

R (nm) 27.8 0.63 1.21 11.2 0.75 0.98

P
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between adsorption capacity and the surficial properties, the
sufficient microporous structures of this activated carbon
indicate that these activated carbons may present a good
affinity towards target pollutants.

3.1.2. Surface morphology

The surface morphology of different shrimp shell-based
activated carbons were studied by using scanning electron
microscopy (SEM), and the results are shown in Fig. 3. From
Fig. 3, we can see that the outer surface of the raw shrimp
shell is smooth with regular stripes. Direct pyrolysis can
hardly change the surface morphology, and the SEM results
for the sample pyrolyzed at 400°C without activation (C-400)
are close to that of the raw shrimp shell. The surfaces of acti-
vated biochars were significantly different from the non-ac-
tivated ones, which was mainly due to the activation effects
broughtby ZnCl, addition. The results for sample C400-1 and
C600-1 shown in Table 1 present the evidence that porous
structures, especially the microporous structures were fully
developed by the method of activation. Besides, there is no
significant difference in surface morphology among the acti-
vated carbons pyrolyzed at different temperatures under the
same activation condition (C400-1 and C600-1). However,
compared to the sample of C400-1, some small solid parti-
cles attached to the surface of the sample C600-1, indicating
that more ash was formed at a higher pyrolysis temperature.

EHT = 10.00 kV
WD= 3.5 mm

Meg= 2000K X Time: 85249
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3.1.3. X-ray diffraction

XRD patterns of different carbon samples including
C-400, C-400-1, and C-600-1 are shown in Fig. 4. It can be
seen from the figure that the main components of shrimp
shell carbon are CaCO,, and they are mainly found in cal-
cite and aragonite. In the XRD pattern of C-400, the peak at
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Fig. 4. XRD spectra for different samples.
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Fig. 3. Surface morphology of different samples: (a) shrimp shell, (b) C-400, (c) C400-1, and (d)C-600-1.
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20 = 29.68°(CaCQO,), which means CaCO, in the shrimp shell
carbon is the main component. The peak at the 260 = 29.68°,
36.28°, 39.95°, 43.70°, and 47.89° represents the appearance of
CaCO, in biochar activated by zinc chloride. In the XRD pat-
tern of C-600-1, the peak at 20 = 27.17°, 36.28°, which means
that calcium carbonate appears in the activated carbon. Also,
comparing the XRD patterns of C-400-1 and C-600-1, it can
be found that the peak of calcium carbonate in C-600-1 is
weaker than that in C-400-1, indicating that the increase in
activation temperature may cause decomposition or trans-
formation of calcium carbonate. In addition, there are peaks
of zinc sulfide (20 = 28.22°) and zinc oxide (26 = 31.83°), this
may be due to the physical and chemical process between
the zinc chloride and the shrimp shell carbon during the
high-temperature activation process.

3.2. Comparison among different carbon adsorbents

Comparison among different activated carbons was con-
ducted to understand the co-relationship between surface
properties of the carbons and their nitrate adsorption capac-
ity. The adsorption experiments were carried by the initial
nitrate concentration of 20 mg/L at pH 7.0 and the activated
carbons dosage of 2.5 g/L. The results can be found in Fig. 5.

As shown by Fig. 5, the adsorption capacity of biochar
for nitrate before and after activation is different, and the
adsorption capacity of biochar for nitrate after activation
is significantly increased. The direct pyrolyzed biochars
(C400 and C600) show poor adsorption capacities towards
nitrate with the final nitrate the adsorbed amount of about
0.3 mg/g (shown in Fig. 5). The activation process is con-
firmed to pose significant enhancement in the adsorbability.
The final adsorbed amount for C-400-1, C-400-2, C-600-1,
and C-600-2 are 2.4, 5.1, 3.0, and 4.2 mg/g, indicating that
the activation process presents different performances
at different pyrolysis temperatures. From the point of the
adsorption capacity, the activation process with a C/ZnCl,
ratio of 1/2 under the pyrolysis temperature of 400°C
presents the highest synergistic effect in promoting the
adsorption capacity. It can be seen from Table 2, the acti-
vated carbon was used in the adsorption experiment of
nitrate in this study, and the maximum nitrate adsorption
capacity can reach 5.58 mg/g. Compared with commercial
activated carbon, it has better nitrate adsorption capacity.

In addition, it should be noticed that the adsorption
capacities of the activated carbons varied according to their
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porous structures. So, we made a simple correlation anal-
ysis between the specific area surface and their adsorbed
amount in nitrate adsorption, and the results are shown in Fig.
6.Itcanbeseen from thefigure thatthereisapositivelinearrela-
tionship between them with a high fitting coefficient of 0.990
(R? is defined as the determination coefficient). The obtained
equation is “Adsorbed amount = 0.32 + 0.0032 x S__". These
results show that the porous structure of activated carbon
determines its adsorption capacity, and the larger the sur-
face area, the larger the adsorption capacity. Considering
the similarity in the chemical composition, as well as the
surficial functional groups among these activated carbons,
it can be concluded that the availability of the adsorption
sites might be the main limiting factor affecting the process
of nitrate adsorption. Higher specific surface area means that
there are more micropores, which provide more adsorption
surface and adsorption sites. Thus, the adsorption capacity
was enhanced. The activated carbons with relatively higher
adsorption capacities (C-400-2, C-600-1, and C-600-2) were
selected for subsequent study.
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Fig. 5. Comparison among different carbon adsorbents in nitrate
adsorption (adsorbent dosage = 2.5 g/L, T = 298.15 K, initial
nitrate concentration: 20 mg N/L, and pH =7).

Table 2

Comparison between the synthesized adsorbents in this study and other commercial activated carbon
Adsorbent Adsorbate  Adsorption capacity (mg/g) Temperature (°C) pH  Reference
Granular chitosan Nitrate 2.04 25 - [39]
Wheat straw charcoal 1.10
Mustard s.traw c.harcoal Nitrate 1.30 15 _ [40]
Commercial activated carbon 129
(Eureka Forbes Limited, Orissa, India) ’
AC derived from coconut shell Nitrate 1.7 25 55  [41]
C-400-2 Nitrate 5.58 25 3 This study
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3.3. Effect of initial pH

Under different pH conditions, the adsorption capac-
ity of activated carbon adsorbents to nitrate is different.
Fig. 7 shows the influence of different initial pH on nitrate
removal for different activated carbons. As shown in the fig-
ure that with the increase of acidity of the initial solution,
the removal capacity of nitrate by activated carbon increases
gradually, the nitrate adsorption capacity decreases as the
pH value increases. Take the sample C-400-2 as an example,
when the pH of the initial solution was 3.0, the adsorbed
amount of nitrate in equilibrium is about 5.58 mg/g, and it
decreased to 4.43 mg/g when the solution pH increased to
10.0. Since the solution is in a low pH environment, the pro-
tons in the solution neutralize the negative charge on the
surface of the activated carbon. Therefore, the lower the pH

6
5- 70
./'/
v
) v
jo)
ERa
o //
g
g 3- o."
g
] -~
|51 -
o O .~
5 2+ e
e
»/'/
14 e
»/'/
pad
0

0 200 400 600 800 1000 1200 1400 1600
2
Sgpp M/g
Fig. 6. Relationship between S, of the activated carbons and
their adsorption capacity.
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Fig. 7. Interference of initial pH on nitrate adsorption
(activated carbon type: C-600-1, C-600-2, C-400-2, adsor-
bent dosage = 2.5 g/L, T = 298.15 K, and initial nitrate
concentration: 20 mg N/L).

value, the more positive charge sites are generated on the
surface of the activated carbon, which promotes the adsorp-
tion of more nitrate ions by electrostatic attraction. When the
pH increased to higher than 7.0, the surface of the activated
carbon tends to negatively charge, resulting in an enhanced
electrical repulsion between the activated carbon and the
nitrate anions, and so the adsorption capacity was reduced.
This is consistent with the findings of others [27,38].

3.4. Adsorption kinetics

Under different activated carbon dosages, the influ-
ence of contact time on nitrate adsorption capacity of
C400-2, C600-1, and C600-2 samples are shown in Fig. 8. It
can be seen from the figure that the nitrate in the solution
was removed rapidly during the first 10 min adsorption.
Subsequently, the adsorption process was slowed down by
the instant monolayer adsorption and the rearrangement
of adsorption sites on the carbon surface. Compared to the
adsorption of other pollutants, the nitrate adsorption pro-
cess by the activated carbon is much faster, and their equi-
librium time was approximately less than 15 min. It can
also be observed that the adsorbed amounts at the adsorp-
tion equilibrium decrease with the increase of the addition
dosage, indicating that there is an enhanced driving force
when there is a higher ratio of the target adsorbate and the
adsorbent. The adsorption rate constant and equilibrium
adsorption capacity of nitrate on activated carbon were
studied by using a quasi-first-order equation.

The pseudo-first-order kinetic model and Avrami
fractional-order models can be described as follows:

g, =q.(1-¢™) ®)

7,=q.(1-¢ ") )

where g, and g, are the amount of solute sorbed per mass of
sorbent (mg/g) at any time and equilibrium, respectively,
and k, is the rate constant of the pseudo-first-order model
(min™), k, is the rate constant of the Avrami fractional-
order models (min™), n, is the exponential of the Avrami
fractional-order models.

The calculated values of the relevant parameters of
the pseudo-first-order model and the Avrami fraction-
al-order model are shown in Table 3. It can be seen that
the two models fit the data well, in terms of R? the plots
are found to present good correlation coefficients (R? var-
ied from 0.967 to 0.999) with the pseudo-first-order kinetic
model. This implies that the pseudo-first-order model is in
good agreement with experimental data and can be used
to favorably explain the adsorption process of nitrate on
the selected activated carbon samples. It can be seen from
Table 3, that the calculated adsorbed amounts in adsorp-
tion equilibrium (g,) are quite close to the practical results,
and there are significant declines in their values with the
increase of the activated carbon dosage, indicating that
there is a reduction in adsorption driving force induced by
the increase of the adsorbent’s amount. The rate constant
k, presents the apparent rate in nitrate adsorption, and it
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Fig. 8. Adsorption process for sample C-600-1 (a), C-600-2 (b),
and C-400-2 (c) at different addition dosage. (T =298.15 K, initial
nitrate concentration: 20 mg N/L, and pH = 3).

is clear that the rate constant increases with the increase of
the activated carbon dosage. Take activated carbon C-600-1
as an example, the k, value increased from 0.48 to 1.0 min™
with the increase of the dosage from 1.25 to 7.5 g/L. Higher
dosage means that more adsorbent can participate in the
adsorption process and thus bring a faster removal of the
nitrate in solution.

3.5. Adsorption isothermal

The results of the adsorption equilibrium of nitrate
on different activated carbons are shown in Fig. 9. It can
be seen from Fig. 9 that as the driving force of mass trans-
fer increases when the initial concentration increases, the
adsorption capacity of q, increases correspondingly with
the increase of the equilibrium concentration of nitrate. The
adsorption capacity of nitrate was increased from about
2.0 mg/g to about 9.0 mg/g with the increase of the equilib-
rium concentration from 10 to 180 mg/L. Also, we can know
that the activation process greatly improves the adsorption
capacity of activated carbon. The activated carbon pre-
pared under 400°C pyrolysis with the C/ZnCl, ratio of 1/2
inactivation (C-400-2) presented the highest adsorption
capacity, indicating there is an optimal activation condition.

To further explain the solid-liquid adsorption char-
acteristics in the adsorption systems. Apply Freundlich
and Langmuir isotherms to establish the correlation of
equilibrium curves. The Langmuir isotherm assumes mono-
layer coverage on the adsorbent, while the Freundlich iso-
therm expresses adsorption occurs at multilayer and on
energetically heterogeneous surfaces. The equations of the
two models are listed as Eqs. (5)-(7):

q,bC,

L i del:g =-—¢ 5

angmuir model : g, ThC 5)

Freundlich model : g, = Kfcj/”/ )
kc)

Liu isotherm : ¢q, = M %
1+(KC,)"

where q, (mg/g) is the nitrate uptake at equilibrium con-
centration C, (mg/L), q, (mg/g) is the maximum mono-
layer adsorption capacity, and b (L/mg) is a constant in
the Langmuir isothermal model related to the free energy
of adsorption. K, (mg/g) (L/mg)"" in the Freundlich model
is the Freundlich constant related to the adsorption capac-
ity, Kg is the Liu equilibrium constant (L/mg), n, and n, are
the exponents of Freundlich and Liu model, respectively
(dimensionless).

The estimated model parameters with the correlation
coefficient (R?) are shown in Table 4. It can be seen that the
experimental data are well-fitted by these models. In terms
of R? both the Freundlich isothermal model, Langmuir
model, and Liu model present good fitting results. From
the fitting results of the experimental data to the Langmuir
isothermal model, the maximum adsorption capacity (q,)
of nitrate by inactive biochar is about 0.625 mg/g, which
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Table 3
Calculated parameters for the pseudo-first-order model
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Activated carbon Dosage, g/L

Pseudo-first-order model

Avrami fractional-order models

q, k1 R? q, k3 n, R?
1.25 32 0.48 0.982 1.73 1.001 1.003 0.959
C.600-1 25 3.0 0.39 0.998 32 0.824 0.58 0.978
5.0 2.0 0.91 0.986 2.98 0.477 0.819 0.997
7.5 1.73 1.0 0.967 2.01 1.16 0.784 0.982
1.25 4.39 0.65 0.997 213 1.11 0.805 0.991
C.6002 25 4.09 0.58 0.994 438 0.61 1.05 0.996
5.0 2.77 0.61 0.995 4.09 1.06 0.55 0.993
7.5 214 0.89 0.993 2.77 0.75 0.80 0.994
1.25 5.52 0.62 0.997 2.66 1.29 0.98 0.998
25 5.11 0.54 0.999 551 1.13 0.549 0.996
C-400-2 5.0 3.65 0.68 0.996 5.10 0.98 0.54 0.998
7.5 2.67 1.68 0.999 3.64 1.23 0.55 0.995
Table 4

Parameters for different isothermal models of nitrate adsorption on different activated carbons

Adsorbent Langmuir isothermal Freundlich isothermal Liu isotherm
q,, mg/g b R? K, 1/n, R? q,, mg/g K, n, R?
C-400 0.625 0.022 0.988 2.375 0.006 0.990 0.734 0.990 11.844 0.994
C-400-2 10.00 0.094 0.979 1125 0.562 0.979 9.880 0.989 10.085 0.978
C-600-1 8.00 0.035 0.981 1.750 0.409 0.980 9.050 0.978 13.002 0.964
C-600-2 10.50 0.105 0.970 1.357 0.326 0.979 9.25 0.984 12.358 0.961
16 C-400-2, C-600-1, and C-600-2 are about 10.0, 8.0, and
] 10.5 mg/g, respectively. The activation treatment enlarges
14 - O C-400-0 the porous structure of the biochars and thus brings more
1 O C-400-2 adsorption sites to inactivated carbons’ structure, which
12 A C-600-1 brings significant promotion in the adsorption capacity.
1 v C600-2 For the Freundlich isothermal model, the constant values
101

£]

T T
0 180

W -

—

120 1
C,, mg/L

Fig. 9. The adsorption equilibrium (qe) of nitrate by different

activated carbons. (T = 298.15 K, adsorbent dosage = 2.5 g/L,
and pH=7).

is much lower than active carbon reported previously.
The activation process promotes the adsorption capac-
ities of the biochars, while the maximum capacities for

of K, vary from 1.125 to 1.750 for the ZnCl, activated car-
bons. Moreover, the constant value of 1/n,in the Freundlich
equation determined the type of isotherm [27]. The low
value of 1/n, in Table 4 indicates that there is a strong effect
of bond linﬁage between adsorbate and absorbent. The Liu
model suitably described adsorption of nitrate onto dif-
ferent types of activated carbon presented in Table 4. For
the Liu model, the constant values of Kg vary from 0.978 to
0.989 for the ZnCl, activated carbons, the constant values of
k vary from 10.085 to 13.002 for the ZnCl, activated carbons.

3.6. Effect of co-existing anions

In addition to the presence of nitrate in actual ground-
water, there are still some anions such as sulfate, chloride,
and carbonate. So, the effects of these co-existing ions on
nitrate adsorption deserve study. The concentration of
co-existing anions was set as 250 mg/L. Fig. 10 shows the
results. It can be seen that the co-existing anions have some
inhibitory effects on the adsorption of nitrate on different
activated carbon. Compared with other co-existing anions,
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Fig. 10. Interference of various co-anions on nitrate adsorption
(activated carbon type: C-600-1, C-600-2, C-400-2, adsorbent
dosage = 2.5 g/L, T = 298.15 K, initial nitrate concentration:
20 mg N/L, and pH =7).

chloride had the least inhibitory effect on nitrate adsorp-
tion, followed by sulfate. The inhibitory effect of coexisting
anions on the adsorption of nitrate on activated carbon is
from high to low: CO? > SO > CI". The largest inhibitory
effect of CO; can be ascribed to be its strong competitive
with nitrate. Also, the presence of COZ" also brings a con-
dition with higher pH values, which is confirmed to be
negative for nitrate adsorption. Besides, it is reported that
the monovalent anions are more difficult to be adsorbed
than those with higher charge density [42]. So, the nitrate
adsorption remains in the presence of CI~.

4. Conclusions

In this work, the activation procedure can significantly
promote the specific surface area of pores and activated
carbon. The increase in the impregnation ratio can obtain
a higher specific surface area and pore volume, provide
more positions on the adsorption of nitrate, and increase
the adsorption capacity of nitrate. According to Langmuir
isothermal, the maximum capacity of inactive biochar for
nitrate adsorption is about 0.625 mg/g, while that for C-400-2,
C-600-1, and C-600-2 are about 10.0, 8.0, and 10.5 mg/g,
respectively. In a kinetic study, the nitrate in solution was
rapidly removed/adsorbed during the first 10 min, and the
adsorption process tends to attain an equilibrium within
50 min. The adsorption process can be well-described by
pseudo-first-order kinetics. As the pH value increases, the
adsorption capacity decreases gradually. Co-existing anions
present some inhibition on the adsorption capacity of acti-
vated carbon for nitrate. Finally, the main advantage of this
research is the realization of waste recovery from shrimp
shells to adsorbents with good adsorption properties, which
provides new options for carbon materials to adsorb and
remove nitrates. However, there are still some points such
as performance of dynamic adsorption, as well as regener-
ation and reusability of the adsorbents, that need further
exploration.
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