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Abstract: In this study, corn cob was used as raw material and modified methods employing KOH
and KMnOy were used to prepare activated carbon with high adsorption capacity for mercury ions.
Experiments on the effects of different influencing factors on the adsorption of mercury ions were
undertaken. The results showed that when modified with KOH, the optimal adsorption time was
120 min, the optimum pH was 4; when modified with KMnQy,, the optimal adsorption time was
60 min, the optimal pH was 3, and the optimal amount of adsorbent and the initial concentration
were both 0.40 g/L and 100 mg/L under both modified conditions. The adsorption process conforms
to the pseudo-second-order kinetic model and Langmuir model. Scanning electron microscopy and
energy-dispersive X-ray spectroscopy (SEM-EDS), Fourier transform infrared spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS) and Zeta potential characterization results showed that the
adsorption process is mainly physical adsorption, surface complexation and ion exchange.

Keywords: mercury ion; corn cob; activated carbon; adsorption

1. Introduction

In recent years, with the development of industrialization and the discharge of various
wastes, a large amount of mercury-containing wastewater has been discharged into soil,
rivers, lakes, oceans and other water bodies, causing serious soil and water pollution [1-4].
However, because mercury is difficult to degrade in the environment and has high fluidity,
it will flow into animals and plants through soil and water, and enter the human body
through the food chain, seriously endangering human life and ecological safety [5]. The
main symptom of mercury poisoning is damage to the nervous system and this can lead to
death in severe cases. Therefore, mercury pollution has become a serious threat to human
life and safety [6].

Corn is one of the most productive food crops in China, and its output is increasing
year by year [7]. The corn cob is the part of corn after threshing treatment, which accounts
for about 0.21 of the weight of the corn. The treatments of corn cob are mainly landfill,
incineration and other methods [8]. These treatment methods not only fail to rationally
use resources, they cause waste, and may also pollute the environment. Biomass had
the advantages of high carbon content, easy activation and low degradation rate [9,10].
Activated carbon products prepared with biomass not only have the characteristics of
high purity, high specific surface area, and good adsorption effect, but also realize the
recycling of carbon and are green and environmentally friendly [11-14]. The gradual
scarcity of non-renewable energy has made the use of low-cost and huge reserves of
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biomass resources as raw materials for the preparation of activated carbon gradually gain
widespread popularity [15,16].

At present, the commonly used methods to remove mercury ions in wastewater in-
clude chemical precipitation, flocculation, ion exchange, and adsorption using activated
carbon [17,18]. Activated carbon is a kind of porous material processed by a special process
with carbon atoms as the main component [19,20]. Activated carbon has the characteristics
of well-developed pores, large specific surface area, low price, strong adsorption capacity,
extensive raw material sources, safety and environmental protection, not reacting easily
with acids or alkalis, insoluble in water and organic solvents, renewable and recyclable [21].
However, due to limited resources for preparing activated carbon, leading to high cost,
this limits the large-scale application of activated carbon. Therefore, it is necessary to
find suitable and low-cost raw materials for the preparation of activated carbon. Sajjadi
et al. used pistachio wood waste to prepare activated carbon, using ammonium nitrate
as a new activator. The mercury ion adsorption effect was significantly higher than com-
mercial activated carbon, and the preparation cost was lower [22]; Hsu et al. found that
copper/sulfur co-impregnated activated carbon exhibited greater Hg(II) adsorption than
both raw activated carbon and sulfur-impregnated activated carbon at an initial Hg(II)
concentration of higher than 8000 ng/L [23]. Yagmur et al. used oleaster fruit as a substrate
and KOH and ZnCl, to prepare activated carbon, and found that the two play key roles in
producing activated carbon with fairly different properties [24].

Using corn cob as raw material, the effects of activation temperature, activation time,
the KOH to carbon ratio on a specific surface area and mercury ion adsorption capacity of
activated carbon were explored by single factor experiment and orthogonal experiment,
and the best preparation process was selected. The mercury ion adsorption performance
of the prepared activated carbon under different factors such as initial concentration
of mercury ions, amount of adsorbent added, pH, adsorption time, and interference of
metal ions were investigated using a variety of characterization methods such as scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS), BET, Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Zeta
potential, etc., The analysis of the characterization results of activated carbon before and
after raw material modification and mercury ion adsorption was carried out.

2. Materials and Methods
2.1. Materials and Reagents

Corn cobs were collected from the experimental base of Xiangyang farm of Northeast
Agricultural University. The corn cobs were crushed to 80 mesh, washed with deionized
water and anhydrous ethanol, dried to constant weight at 105 °C, and sterilized for use.
Potassium hydroxide, 1000 mg/L mercury ion standard solution, cadmium nitrate, lead
nitrate, copper nitrate, nickel nitrate, zinc nitrate were purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Potassium permanganate was purchased from
Guangzhou Chemical Reagent Factory. Hydrochloric acid was purchased from Shenzhen
Chemical Reagent Technology Co., Ltd. (Shenzhen, China). Sodium hydroxide was
purchased from Shanghai Acmec Biochemical Technology Co., Ltd. (Shanghai, China).

2.2. Preparation of Activated Carbon
2.2.1. Single Factor Experimental Design

The dried biomass materials were heated with nitrogen in a tubular furnace. The
heating rate was 10 °C/min, and the carbonization temperature was 500 °C for 1 h. After
the biochar was cooled to room temperature, it was then taken out, cleaned with ultrapure
water, and dried in 105 °C oven to constant weight to obtain corn cob carbon (CCC). Under
the conditions of different activation time, activation temperature and alkali—carbon ratio,
KOH and CCC were evenly mixed according to the set mass and heated with nitrogen in
a tubular furnace. Firstly, KOH was heated to 400 °C at 10 °C/min for 30 min, and then
heated for a period of time at the same heating rate to the experimental set temperature.
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After the activation experiment, the activated carbon was reduced to room temperature.
In order to remove the KOH and other impurities that were not completely reacted and
washing with ultrapure water, 1 mol/L hydrochloric acid and absolute ethanol to neutral.
KOH modified corn cob activated carbon (CCAC) was prepared by putting the sample into
a 105 °C oven until constant weight.

2.2.2. Orthogonal Experimental Design

The orthogonal experiment was designed by orthogonal test table L9(3%). Taking the
mercury ion adsorption capacity and specific surface area of activated carbon as analysis
indexes, the range method and variance method were used to analyze the primary and sec-
ondary relationship of different influencing factors so as to determine the best experimental
combination KOH modified corn cob activated carbon preparation methods (CCAC).

2.3. Experiment on KMnO4 Modified Activated Carbon

A certain amount of CCAC was mixed with different concentrations of KMnO,
solution (0.02-0.18 mol/L). After soaking at room temperature for 12 h, it was dried in
a 105 °C oven. The it was washed with ultrapure water (the pH of the washing liquid is
neutral), and placed it in a drying box to constant weight. Finally, the KMnO,4 modified
corn cob activated carbon (CKAC) was optimized by a mercury ion adsorption experiment.

2.4. Characterization of Activated Carbon

SEM and EDS are often used to analyze the micro morphology of various samples and
to analyze the elements qualitatively and quantitatively. In this experiment, the conductive
adhesive was glued on the sample table, a small amount of samples was smeared on
the conductive adhesive, and the gold spraying treatment was carried out. Then the
surface characteristics and different elemental compositions of activated carbon were
explored by SEM (SEM SU-70) and EDS. The BET parameters of activated carbon were
measured and analyzed by specific surface area and a porosity analyzer (ASAP 2460).
Before the experiment, the samples were degassed at 200 °C for 12 h, and the nitrogen
adsorption/desorption isotherm was measured. The BET method was used to calculate
the parameters of specific surface area, pore volume and pore size. FTIR was used to
analyze the chemical composition of organic or inorganic samples qualitatively, as well
as the characteristic vibration frequencies of functional groups or chemical bonds. Before
the experiment, the completely dried activated carbon sample was mixed with KBr at a
certain mass ratio and pressed into thin sheets under a certain pressure. This experiment
used Nicolet iS50 to determine the groups contained in the sample. XPS was used to clarify
the element composition and molecular structure of the material. The sample preparation
process of this experiment was as follows: cut the double-sided tape into small pieces,
paste the sample on one side, and paste the aluminum foil on the other side. After the
samples were compressed into tablets, ESCALAB 250Xi was finally used for testing. The
measurement conditions were Al Ka rays, the scanning range was 1300~0 eV, and the
carbon C 1s peak (284.60 eV) was used for correction. The 40 mL ultrapure water was put
into a 150 mL beaker, and 10 mg of well ground sample was added. Then, the pH of the
sample was adjusted to 2—6 with 0.10 mol/L HCl and 0.10 mol/L NaOH, respectively. The
Zeta potential of the sample was measured by a nano ZS Mastersizer 2000E.

2.5. Mercury lon Adsorption Experiment

(1) Effect of adsorption time on mercury ion adsorption

We put 50 mL of 100 mg/L mercury ion solution into 10 different conical flasks, then
added 0.40 g/L activated carbon, respectively. The adsorption experiment was carried out
in a constant temperature oscillation water bath. The experiment temperature was 30 °C
and the oscillation rate was 150 r/min. The adsorption time was set to 15-1440 min. After
adsorption, solid-liquid separation was carried out, and the liquid phase was collected to
test the concentration of mercury ion to determine the best adsorption time.
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(2) Effect of adsorbent dosage on mercury ion adsorption

We took 50 mL solution with initial concentration of mercury ion of 100 mg/L into
five different 100 mL conical flasks, then added 0.20-1.00 g/L activated carbon respectively.
The adsorption experiment was carried out in a constant temperature oscillation water
bath. The experiment temperature was 30 °C and the oscillation rate was 150 r/min. After
adsorption, solid-liquid separation was carried out, and the liquid phase was collected to
test the concentration of mercury ion to determine the dosage of adsorbent.

(3) Effect of initial concentration on mercury ion adsorption

We took 50 mL solution with initial concentration of mercury ion of 40, 60, 80, 100,
120 mg/L into five different 100 mL conical flasks, then added 0.40 g/L activated carbon,
respectively. The adsorption experiment was carried out in a constant temperature oscil-
lation water bath. The experimental temperature was 30 °C and the oscillation rate was
150 r/min. After adsorption, the solid-liquid separation was carried out, and the liquid
phase was collected to test the concentration of mercury ion to determine the optimal initial
concentration of mercury ion.

(4) Effect of pH on mercury ion adsorption

We put 50 mL of 100 mg/L mercury ion solution into five different conical flasks,
and then added 0.40 g/L activated carbon. The experiment was carried out in a constant
temperature oscillating water bath. The experimental temperature was 30 °C, and the
oscillation rate was 150 r/min. We used 0.10 mol/L hydrochloric acid and 0.10 mol/L
NaOH to adjust the pH to 2, 3, 4, 5 and 6, respectively. After adsorption, the solid-liquid
separation was carried out, and the liquid phase was collected to test the mercury ion
concentration to determine the optimal pH value.

(5) Effect of interfering ions on mercury adsorption

In order to study the interference of single cation on mercury ion adsorption, 5 mL
of Cd?*, Pb?*, Cu?*, Zn?*, Ni** with initial concentration of 1.00 g/L were added into
five different 50 mL volumetric flasks respectively, and then 5 mL of mercury ion solution
with initial concentration of 1.00 g/L was added respectively. The solution after constant
volume was added into five different conical flasks, and then 0.40 g/L activated biochar
was added respectively. The solution was placed in a constant temperature oscillation
water bath for adsorption experiment. The temperature was 30 °C, and the oscillation
rate was 150 r/min. After adsorption, the solid-liquid separation was carried out, and the
liquid phase was collected to test the concentration of metal cations.

In order to simulate the actual wastewater situation better, the interference of various
cations on mercury ion adsorption was explored. We added 5 mL Hg2+, Cd%*, Pb%*, Cu?t,
Zn%*, Ni?* with initial concentration of 1.00 g/L to a 50 mL constant volume bottle for
constant volume. We added the constant volume solution to a 100 mL conical flask, and
added 0.40 g/L activated biochar. Then we put the solution in a constant temperature
oscillating water bath for adsorption experiment. The temperature was 30 °C, and the
oscillation rate was 150 r/min. After adsorption, the solid-liquid separation was carried
out, and the liquid phase was collected to test the concentration of metal cations.

The adsorption capacity and removal rate of mercury ion were calculated by the
following formulas, respectively [25].

go= -GV (1>

m

R (Co—C)
0

x 100% 2)
ge—adsorption capacity of activated carbon for metal ions, mg/g

R—removal rate of metal ions by biochar, %

Co—initial concentration of metal ions, mg/L

C.—residual concentration of metal ions, mg/L

V—volume of solution, L

m—mass of activated carbon, g
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2.6. Adsorption Kinetics

The study of adsorption kinetics was based on the measurement and description of
adsorption rate and adsorption process, and then qualitative analysis of adsorption type,
quantitative calculation of adsorption equilibrium time, etc., and finally we explored the
adsorption mechanism of adsorbent for pollutants. We took 50 mL of a solution with an
initial concentration of 100 mg/L of mercury ions, set the time range of the adsorption
experiment to 15-360 min, and added 0.02 g of activated carbon to different experimental
groups. The experiment temperature was set to 30 °C. After experiment was completed,
the sample was taken out to filter the solid, the concentration of mercury ions in the liquid
was measured, and qe and g; were calculated to complete the fitting of the adsorption
kinetic equation. In this experiment, the pseudo-first- and —second-order kinetic models,
Elovich model and intra particle diffusion model were used.

(1) Pseudo-first-order kinetic model

The pseudo-first-order kinetics is understood as that the mass transfer resistance in the
particle had a great influence on the adsorption process at the beginning of the adsorption
reaction, which was dominated by the monolayer adsorption by boundary diffusion. The
equation can be expressed as [26]:

kit
log(qe — 1) =logqe — 502 ©

g+—the adsorption capacity of activated carbon to mercury ions at t, mg/g
k1—the reaction rate constant of the pseudo-first-order kinetics, 1/min

(2) Pseudo-second-order adsorption kinetic model

The pseudo-second-order adsorption kinetic model assumed that there is a chemical
reaction between the adsorbent and the adsorbate, and the adsorption rate is related to
the chemical adsorption, which might include the gain, loss or sharing of electrons. The
equation can be expressed as [27]:

t 1 t

=4 4
q kog?  qe @

ky—the reaction rate constant of the pseudo-second-order kinetics, g/(mg-min)

(3) Elovich model

The Elovich model generally describes the adsorption behavior of heterogeneous solid
surface, and the rate of the adsorption process will decrease exponentially with the increase
of adsorbent adsorption capacity. The equation can be expressed as:

gt = a+ Blnt 5)

«/B—parameters of Elovich model

(4) Intra-particle diffusion model

There are three assumptions in the intra-particle diffusion model, that the liquid film
diffusion resistance can be ignored or only affected in a very short time; the diffusion
direction of adsorbate is random and the concentration does not change with the position
of the particles; the internal diffusion coefficient is constant and does not change with time
and position. The equation is as follows [26]:

g = kigt? + C (6)

ki;—Intra particle diffusion rate constant, (mg/ (g-min’l/ 2))
C—Constants related to the thickness of the boundary layer
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2.7. Adsorption Isotherm

The adsorption characteristics of activated carbon for heavy metal ions could be
expressed through adsorption isotherms, which played an important role in exploring
adsorption mechanisms and practical applications. This experiment used the Langmuir
isotherm model and Freundlich isotherm model to explore the adsorption mechanism. We
prepared 50 mL mercury ion solutions with different concentrations (20, 40, 60, 80, 100,
120 mg/L) and placed them in 100 mL conical flasks. The addition of activated carbon was
0.40 g/L, the adsorption time was 24 h, the temperature was 30 °C, and the oscillation rate
was 150 r/min. After the experiment, we took out the sample, filtered the solid, measured
the concentration of mercury ion in the liquid, and calculated the value of qe.

(1) Langmuir adsorption isotherm model

The derivation and establishment of the Langmuir adsorption isotherm model are
based on the following four assumptions: adsorption is a single molecular layer, and no
other molecular cover exists; the possibility of adsorption sites being used is the same;
the surface of the adsorbent is the same; the possibility of molecules attached to a certain
location is not related to whether the adjacent space has been occupied by other molecules.
The equation can be expressed as [28]:

qe B qmKy qm

R @)

gm—the maximum theoretical adsorption amount of mercury ions adsorbed by activated
carbon, mg/g
Kj—Langmuir isotherm adsorption rate constant, L/mg

(2) Freundlich adsorption isotherm model

The Freundlich adsorption isotherm equation is derived from the Langmuir adsorp-
tion isotherm equation, which is an empirical equation. It is assumed that the adsorption
sites on the adsorbent surface are unevenly distributed and have different energies, and the
adsorption process is mainly multi-layer adsorption, which is mainly suitable for physical
adsorption. The equation can be expressed as follows [29]:

Inge =InKg + (1/np) InC, 8)

Kr—Freundlich isotherm adsorption equation constant
np—Freundlich adsorption intensity

3. Results and Discussion
3.1. Single Factor Experiment
3.1.1. Effect of Activation Temperature

Figure 1a shows the effect of activation temperature on the adsorption of mercury
ions by corn cob activated carbon. It can be seen from the figure that with the increase
of activation temperature, the adsorption capacity of corn cob activated carbon gradually
increased. When the activation temperature was 800 °C, the adsorption capacity of mercury
ions reached 180.02 mg/g. This was because in the process of heating, the carbon materials
gradually decomposed and the reaction rate increased. The corrosion and pore-forming
ability of KOH on the activated carbon was enhanced, which promoted the development of
the pore structure, produced a large number of micropores and mesopores, and gradually
increased the adsorption capacity.

When the activation temperature exceeds 800 °C, the pore structure of the activated
carbon will be destroyed and the specific surface area of the activated carbon will be
reduced, resulting in the decrease of mercury ion adsorption [30].
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Figure 1. Influence of activation temperature (a), alkali-carbon ratio (b), activation time (c) on mercury ion adsorption.

3.1.2. Effect of Alkali-Carbon Ratio

It can be seen from Figure 1b that when the KOH carbon ratio of corn cob activated
carbon was less than 2:1, the mercury ion adsorption capacity increases continuously. This is
because with the increase of KOH ratio, the pore structure and adsorption sites of activated
carbon increased continuously, and the specific surface area increased continuously, which
promoted the adsorption process. When the KOH to carbon ratio is 2:1, it reached the
optimal alkali to carbon ratio, and the adsorption capacity of mercury ion was 180.02 mg/g.
When the KOH carbon ratio was higher than the optimal ratio, the adsorption capacity
of mercury ions will be significantly reduced. The reason was that the excess activator
will destroy the pore structure which has been formed, and have a negative impact on the
adsorption process, resulting in the reduction of mercury ion adsorption.

3.1.3. Effect of Activation Time

It can be seen from Figure 1c that with the increase of activation time, the adsorption
capacity of corn cob activated carbon and mercury ion first increased and then decreased.
When the activation time of CCAC was 2 h, the adsorption capacity of mercury ions reached
the maximum value of 182.02 mg/g. This was because with the increase of activation time,
KOH gradually eroded the carbon skeleton of raw materials, and more oxygen-containing
functional groups and new pore structures were formed in the activated carbon, which
further improved the activation degree and increased the adsorption capacity. When the
activation time exceeded the optimal activation time, the activated carbon was eroded
excessively, and the number of pore structures destroyed was greater than the number of
newly formed pores, resulting in the decrease of adsorption capacity.



Energies 2021, 14, 4483

8 of 22

3.2. Orthogonal Experiment

The orthogonal experiment of KOH modified corn cob activated carbon was used to
clarify the changes of mercury ion adsorption capacity, specific surface area of activated
carbon under the influence of different activation time, activation temperature and alkali
carbon ratio. The results of the orthogonal experiment and extreme value analysis are
shown in Tables 1 and 2.

Table 1. Orthogonal experimental results of corn cob activated carbon (CCAC) modified by potassium

hydroxide.
Activation Activation Alkali-Carbon . .
Time (h) Temperature (°C) Ratio CAdsorp:mn ) SP;CIﬁC(S‘;I/'ﬁ;CE’
apacity (m rea (m
A B C pacity (mg/g 8
1 1 750 1.5:1 104.61 1539.76
2 1 800 2.0:1 168.21 1927.48
3 1 850 2.5:1 54.48 1567.00
4 1.5 850 1.5:1 140.22 1753.69
5 1.5 750 2.0:1 60.69 1910.83
6 1.5 800 2.5:1 126.22 2551.00
7 2 800 1.5:1 61.96 1831.84
8 2 850 2.0:1 89.17 1993.16
9 2 750 2.5:1 183.36 2509.61

Table 2. Extreme value analysis of CCAC modified by potassium hydroxide.

Adsorption Capacity (mg/g) Specific Surface Area (m?/g)

A B C A B C
Ky 327.30 348.66 306.79 5034.24 5960.20 5125.29
K> 327.13 356.39 318.07 6215.52 6310.32 5831.47
K3 334.49 283.87 364.06 6334.61 5313.85 6627.61
K4 109.10 116.22 102.26 1678.08 1986.73 1708.43
K5 109.04 118.80 106.02 2071.84 2103.44 1943.82
K3 111.50 94.62 121.35 2111.54 1771.28 2209.20
R 245 24.17 19.09 433.46 332.16 500.77

According to the range analysis results of the mercury ion adsorption capacity, the
order of influence degree from large to small was activation temperature, KOH carbon ratio
and activation time, which was B > C > A. According to the comparison of K values, the best
preparation conditions were as follows: activation time was 2 h, activation temperature was
800 °C, KOH carbon ratio was 2.5:1, which was BoC3A3. According to the range analysis
results of specific surface area of activated carbon, the order of influence degree from large
to small was KOH carbon ratio, activation time and activation temperature, which was
C > A > B. According to the size of K value, the best preparation conditions were as follows:
activation time was 2 h, activation temperature was 800 °C, KOH carbon ratio was 2.5:1,
which was C3A3B,, and the best preparation conditions were the same. Since there was no
such combination in the orthogonal experiment, the mercury ion adsorption capacity and
specific surface area of the combination were 184.76 mg/g and 2797.75 m? /g, respectively,
which were higher than those of the orthogonal experiment group. The results showed
that the scheme was the best preparation scheme, and the activated carbon prepared by
this process was named CCAC.

3.3. Adsorption Experiment of Activated Carbon Modified by KMnOy

It can be seen from Figure 2 that the adsorption capacity of activated carbon modified
by KOH and KMnOj was higher than that of CCAC. This was because KMnQOj, increased
the number of oxygen-containing functional groups on the surface of activated carbon, and



Energies 2021, 14, 4483

9 of 22

mercury ion reacted with oxygen-containing functional groups. The optimal KMnO, con-
centration of CKAC was 0.14 mol/L, the maximum adsorption capacity was 222.22 mg/g,
and the removal rate of mercury ion was 88.89%, which was 14.99% higher than that of
activated carbon without KMnO4 modification. When the concentration of KMnO4 was
higher than the optimal concentration, the adsorption capacity decreased. This may be
because of the strong oxidation of KMnO4 made some original adsorption sites disappear.
It may also be because excessive KMnOj covered the original adsorption sites, resulting in
the reduction of the adsorption capacity of mercury ions.

250 1.00
[ ] Adsorption capacity
—=®— Removal rate T
T o
£ + - 0.95
—~ 200
& .
= =
£ — " 000 A
= 0.90 S
2 150 1 ~
Q o
< 2
& / Fo.85 8
= E
S 100 / E
£ F0.80 S
S ] o~
'<G L}
50
F0.75

0 T T T T T T 0.70
0 0.02 0. 06 0.10 0.14 0.18

KMnO, concentration (mol/L)

Figure 2. Influence of KMnOy concentration on mercury ion adsorption.

3.4. Adsorption Experiments
3.4.1. The Effect of Adsorption Time

It can be seen from Figure 3a that the initial stage of adsorption (0-120 min) was the
rapid adsorption stage, and the adsorption capacity and removal rate of activated carbon
for mercury ions increased rapidly. At this time, the mass transfer effect in the solution was
the largest, and the adsorption rate of mercury ions was also faster. When the adsorption
reaction reached 120-1440 min, the adsorption rate decreased, and finally reached the
dynamic adsorption equilibrium. At equilibrium, the maximum adsorption capacity
of CCAC, CKAC reached 184.76 mg/g, 222.22 mg/g, respectively, and the maximum
removal rates were 73.91%, 88.89%, respectively. It can be seen that the two activated
carbon had strong adsorption capacity, and the adsorption capacity of CKAC was higher
than that of CCAC. At this stage, the adsorption sites on the surface of biochar were
occupied by mercury ions, and the repulsion between adsorbates hindered the adsorption
process. According to the experimental data, in order to take into account the adsorption
rate and economic benefits, the adsorption times of CCAC, CKAC were 120 min and
60 min, respectively.

3.4.2. The Effect of pH

It can be seen from Figure 3b that the adsorption capacity of the two activated carbons
was weak at pH < 2. The reason was that the adsorption environment was more acidic, and
hydrogen ions occupied the adsorption sites, which made the surface of biochar positively
charged. Mercury ions need to compete with hydrogen ions in the adsorption process,
resulting in low adsorption capacity of mercury ions. When pH reached 34, the adsorption
capacity of activated carbon for mercury increased gradually. The results showed that the
pHPZC of CKAC was less than 2, and the pHPZC of CCAC was equal to 3.49. When pH
of CKAC and CCAC was 3 and 4, respectively, the adsorption of mercury ions reached the
maximum, which was consistent with the characterization of Zeta potential of activated
carbon. The maximum adsorption capacity of CKAC was 214.58 mg/g, and the maximum
adsorption capacity of CCAC was 171.69 mg/g. When the pH was too high, mercury ions
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will precipitate, which will reduce the adsorption effect of activated carbon. Therefore, the
subsequent adsorption experiments of CKAC and CCAC were carried out with pH of 3 and 4.

240 9 r 1o
220 0.9
220 1 A—A—A—A—A
A A4 o —o—o—> 2001 s
200 1 o :
"0 F0.8 %ﬁ 180 4
< ——F——) v
180 g—a—T—8 Gl Lo.7 3
E /I‘é ;\; Z 1604 /l\n\‘ 0.7 §
2 160 DO — -
3 L 2 2 1404 ; F0.6 %
=4 0.6 s g 5]
& 140 = 5 =
3 < © u =
: £ oz Los &
.S 120 £ 3 £
g‘ v 0.4 & g 1007 —v— Adsorption capacity of CCAC 4
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Figure 3. Effect of adsorption time (a), pH (b), adsorbent dosage (c), initial concentration (d), single
ion interference (e,f), multiple ion interference (g) on the adsorption capacity and removal rate.
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3.4.3. The Effect of Adsorbent Dosage

It can be seen from Figure 3c that when the adsorbent dosage of CCAC and CKAC
was 0.20 g/L, the maximum adsorption capacity was 195.77 mg/g and 248.22 mg/g, re-
spectively. Subsequently, the adsorption capacity decreased with the increase of adsorbent
dosage, but the removal rate of mercury ions increased gradually. When the adsorbent
dosage was 1.00 g/L, the removal rates of CCAC were 81.63% and 95.30%, respectively.
This was because the addition of activated carbon provided more adsorption sites for mer-
cury ion. When the dosage of adsorbent was more than 0.40 g/L, the rising rate of mercury
removal became slow, but with the addition of adsorbent, a large number of adsorption
sites on the surface of adsorbent were not utilized, resulting in the decrease of adsorption
capacity. Considering the experimental results and economic efficiency, 0.40 g/L activated
carbon was selected in the experiment.

3.4.4. The Effect of Initial Concentration

From Figure 3d, when the initial concentration of mercury ion was small, the removal
rates of mercury ions by CCAC and CKAC were 88.45% and 91.04%. This was due to the
low initial concentration of mercury ions, and the number of adsorption sites on activated
carbon was enough to adsorb these mercury ions. When the initial concentration of mercury
ions increased from 40 mg/L to 100 mg/L, the adsorption capacity of activated carbon
for mercury ions increased rapidly. The reason was that mercury ions would occupy the
adsorption sites on activated carbon rapidly during the increase of concentration. When
the initial concentration was 120 mg/L, the number of adsorption sites was limited, which
was not enough to adsorb them completely. Therefore, the change of adsorption capacity
was very small at higher concentration, but the removal rate of mercury ion will continue
to decrease, which was below 59.32% and 73.43%, respectively. For the effectiveness of
mercury ion treatment, 100 mg/L was selected as the initial concentration of mercury ion.

3.4.5. The Effect of Heavy Metal Ion Interference
The Effect of Single Heavy Metal Ion Interference

It can be seen from Figure 3ef, that the adsorption effect of mercury ion in each group
of experiments was better than that of other metal ions, indicating that the activated carbon
had good selectivity for mercury adsorption. However, each metal ion had different effects
on the adsorption of mercury ions, and the degree of influence from large to small was
as follows: Pb?* > Cu?* > Ni?* > Cd?* > Zn?*. Since the water and ion radius of Pb?* is
smaller than that of other ions, the ability of Pb>* to compete for adsorption sites is higher
than other ions, and the stronger the repulsive force to other metal ions after adsorption, so
Pb?* have the greatest impact on Hg?* adsorption. The results showed that the different
metal ions in the solution have different competitive adsorption effects. The smaller the
radius of hydrated ion, the stronger the affinity and the better the adsorption effect.

The Effect of Various Heavy Metal Ion Interference

It can be seen from Figure 3g that compared with the binary adsorption system,
the adsorption capacity of activated carbon for each metal ion was reduced, and the
competitiveness of metal ions was the same as that of the binary adsorption system. This
may be because the number of adsorption sites was not enough to completely adsorb it,
and there was fierce competition among a variety of metal ions. The adsorption capacity of
activated carbon for mercury ions was higher than that of other metal ions, indicating that
they have good selectivity for mercury ions.

3.5. Adsorption Kinetics

In this paper, the data of CCAC and CKAC at different adsorption times were used for
kinetic analysis by using pseudo-first-order and pseudo-second-order kinetic models, the
Elovich model and the intra particle diffusion model, respectively. The linear fitting results
and parameters of the four adsorption kinetic equations are shown in Figure 4 and Table 3.
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Figure 4. Pseudo-first-order model (a), pseudo-second-order model (b), Elovich model (c), and intraparticle diffusion model
(d) for mercury ion adsorption on CCAC, CKAC.

Table 3. The fitting parameters of adsorption kinetics.

Value
Model Parameter

CCAC CKAC

pseudo-first-order ky (min—1) 0.013 0.019

qe (mg/g) 110.03 61.94
R? 0.8838 0.8956
pseudo-second-order k> (g/(mg-min)) 0.00013 0.00029
ge (mg/g) 208.77 235.77
R? 0.9917 0.9908

Elovich « (g/(mg-min)) —59.39 4.05

B (mg/g) 44.79 42.18
R? 0.9269 0.6494

intra-particle diffusion kiy (mg/(g-min~1/2)) 8.85 7.46
R? 0.7946 0.4130

According to Table 3, the fitting results of the pseudo-second-order kinetic model
were better than those of the other three models. R was 0.9917 and 0.9908, and the actual
adsorption capacity obtained through the experiment was compared with the fitting result.
The theoretical adsorption capacity was close, which could more truly reflect the adsorption
process of activated carbon to mercury ions. This showed that mercury ions have good
stability during the adsorption process. The reaction process was related to the adsorption
rate and the reaction was irreversible. The adsorption of mercury ions by activated carbon
was mainly chemical adsorption.
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3.6. Adsorption Isotherm

The Langmuir and Freundlich isotherm models were used to fit the adsorption process
of mercury ions by CCAC and CKAC. The curve fitting results and parameters are shown
in Figure 5 and Table 4.
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Figure 5. Langmuir, Freundlich isotherm model for mercury ion adsorption on CCAC, CKAC.

Table 4. The fitting parameters of the adsorption isotherm.

Value
Model Parameter

CCAC CKAC

Langmuir Kp (L/mg) 0.05 0.06
qm (mg/g) 175.88 227.32
R? 0.9939 0.9781

Freundlich Kr (mg/g) 82.67 90.54

1/n 0.21 0.29
R? 0.7403 0.6502

It can be seen from the above table that the correlation coefficients R? fitted by the
Langmuir adsorption isotherms of the two kinds of activated carbon were 0.9939 and
0.9781, respectively, which were all larger than the coefficients fitted by Freundlich. The
Langmuir model was used to fit the maximum adsorption of mercury ions by activated
carbon to 175.88 mg/g and 227.32 mg/g, which were equivalent to the actual adsorption
value. Therefore, it can be explained that the adsorption of mercury ions by the activated
carbon was mainly the chemical adsorption on the monolayer.

3.7. Characterization of Activated Carbon
3.7.1. Scanning Electron Microscopy (SEM) Analysis

In the SEM of unmodified corn cob biochar shown in Figure 6a the surface of the
biochar is smooth and there is no obvious pore structure. From the EDS diagram Figure 7a,
it can be seen that C and O were the main element components of biochar, and there were
still small amounts of Mg, Si, K elements. It can be seen from the SEM pictures in Figure 6b
that there were a lot of pore structures on the surface of activated carbon modified by KOH.
This was because during the activation process the carbon material reacted with KOH, and
the carbon surface was eroded, which increased the specific surface area of activated carbon
and provided a large number of adsorption sites for mercury ion adsorption [31]. It can
be seen from the SEM images of Figure 6¢ that CKAC reacted with KMnO; solution in the
modification process, and the manganese oxides formed adhered to the surface of activated
carbon. Although these manganese oxides will cover the original pores, a large number of
oxygen-containing functional groups will be formed on the surface of modified activated
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carbon, which will play an important role in the adsorption process and enhanced the
adsorption capacity of activated carbon. It can be seen from the EDS diagram in Figure 7b
that the main elements of KOH modified activated carbon are C, O and a small amount of K;
while in Figure 7c it can be seen that the main elements of KOH+KMnO, modified activated
carbon were C, O, K and Mn. Among them, the proportion of O increased significantly,
which further indicated that KMnOy could increase the number of oxygen-containing
functional groups on the surface of activated carbon. It can be seen from Figure 6d,e that
after adsorption of mercury ions by activated carbon, white substances will appear on the
activated carbon and adhere to the carbon surface. It can be found from the EDS spectrum
in Figure 7d,e that the main components of CCAC were C, O and Hg, while the main
components of CKAC were C, O, Hg and Mn, which further indicated that mercury ion
was adsorbed by activated carbon. The content of C increased, while the content of O and
Mn decreased. This might be due to the reaction of functional groups containing O and
Mn during the mercury ion adsorption process, which involved the release of O and Mn.
Moreover, the amount of other elements on the activated carbon decreased, which might
be due to the ion exchange between mercury and other elements in the adsorption process.
In addition, there were Cl on the surface of CCAC, which may be due to the formation of
compounds with Hg and attachment to the activated carbon.

Figure 6. Scanning electron microscope (SEM) image of corn cob carbon (CCC) (a), CCAC (b), CKAC
(c), CCAC after adsorption of mercury ions (d), CKAC after adsorption of mercury ions (e).
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Figure 7. Energy-dispersive X-ray spectroscopy (EDS (image of CCC (a), CCAC (b), CKAC (c), CCAC after adsorption of

mercury ions (d), CKAC after adsorption of mercury ions (e).

3.7.2. BET Analysis

It could be seen from Table 5 that the specific surface area of the biochar obtained
after the corn cob was carbonized at 500 °C is relatively small, which was only 11.16 m2/ g,
and the total pore volume was 0.003 cm3/g. The specific surface area value of activated
carbon after KOH activation was obvious, reaching 2797.75 m? /g, and the proportion of
micropores was extremely large, which played an important role in the adsorption [32]. At
the same time, the pore volume of CCAC also increased to 1.36 cm®/g. The increase in pore
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volume could provide more adsorption sites and promote the adsorption of mercury ions.
The specific surface area, pore volume and micropores of the activated carbon modified
by potassium permanganate were reduced compared to CCAC. This was because the
manganese oxide formed during the modification process was attached to the surface of
the activated carbon, causing pore blockages. As seen in Figure 8a, both activated carbons
belonged to the type I adsorption isotherm. The N, adsorption and desorption curves
of CCAC increased rapidly in the low pressure region (P/Py = 0-0.05), during which
monolayer adsorption was mainly carried out in micropores, indicating that there were a
large number of microporous structures in both activated carbons. However, the rate of
increase of CKAC was slower than that of CCAC, indicating that the number of micropores
was relatively small. As was seen from Table 5, the specific surface area of CCAC and
CKAC decreased by 418.60 m? /g and 319.90 m? /g, respectively, and the micropore area
decreased by 2216.28 m? /g and 156.96 m? /g, respectively, through comparison before and
after adsorption. It can be seen that the specific surface area and micropore area of CCAC
decreased more obviously, indicating that the specific surface area and micropore played an
important role in the adsorption of mercury ions, and the total pore volume and micropore
volume also decreased to different degrees. Through the above data analysis, it can be
inferred that mercury ions were adsorbed to the outer surface and the pore surface of KOH
modified activated carbon. However, the specific surface area and micropore area of CKAC
decreased slightly. The modification of KMnO, has covered some original pore structures,
and the adsorption of mercury ions may be mainly caused by the oxygen-containing
functional groups on the surface.

Table 5. The BET parameters of activated carbon.

Sample SBET (mzlg) Smic (mZ/g) Viot (cm3/g) Vmic (cm3/g) Vmic/Viot (%)
CcCC 11.16 10.08 0.003 0.0002 6.67%
CCAC 2797.75 2551.15 1.36 1.16 85.29%
CKAC 1212.93 360.71 0.59 0.16 27.12%
CCAC after adsorption 2379.15 334.87 1.20 0.14 11.67%
CKAC after adsorption 893.03 203.75 0.49 0.13 26.53%
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Figure 8. Nitrogen adsorption—desorption isotherm (a), Fourier transform infrared (FTIR) spectra (b), Zeta potential (c) of

corn cob activated carbon before and after modification and before and after adsorption.

3.7.3. Fourier Transform Infrared (FTIR) Analysis

From Figure 8b, the characteristic peak at 3420 cm~! was caused by the stretching
vibration of the hydroxyl (-OH) on the surface of the activated carbon [33]. The char-
acteristic peaks at 1600 cm~! were the stretching vibration peaks of the carbonyl group
(-C=0) and the carboxyl group (-COO-). The activated carbon modified by KOH and
KOH + KMnOy showed new characteristic peaks at 1340 cm ! and 1030 cm ™!, respectively.
Among them, the characteristic peaks at 1340 cm~! and 1390 cm ! corresponded to the
bending vibration of the C-H bond. The characteristic peaks at 1030 cm~! and 1040 cm !
were caused by the stretching vibration of the C-O bond [34]. The analysis results showed
that the modification methods of KOH and KOH+KMnOy enriched the types of oxygen-
containing functional groups on the surface of activated carbon, and the existence of these
functional groups could improve the adsorption capacity of activated carbon for mercury
ions. After adsorption, the positions of the characteristic peaks of -OH shifted to 3400 cm ™!
and 3430 cm !, and the intensity of the peaks became weaker, indicating that -OH played
an important role in the adsorption of mercury ions. The -C=0 peak position shifted to
1580 cm~! and 1620 cm ™!, which might be caused by the reaction of -C=0 with mercury
ions. The position of the C-H peak shifted from 1340 cm ! and 1390 cm ™! to 1360 cm !
and 1370 cm~!, which meant that C-H promoted the adsorption of mercury ions to a
certain extent. The position of the characteristic C-O peak was shifted to 1090 cm 1. It is
speculated that the C-O bond was involved in the adsorption process of mercury ions.

3.7.4. Zeta Potential Analysis

As was shown in Figure 8c, the pHPZC of CCC and CCAC were 2.03 and 3.49,
respectively. When the pH of the solution was less than pHPZC, ions on the surface of the
carbon material will protonate and become positively charged. At this time, ions on the
surface of the carbon material will repel each other with the positively charged mercury
ions in the solution, resulting in a low adsorption capacity of activated carbon. When the
pH of the solution was more than pHPZC, the surface of the carbon material was negatively
charged. At this time, the activated carbon and mercury ions in the solution attracted each
other to promote the adsorption. However, in the pH range of 2 to 6, Zeta potential value
of CKAC was always less than 0, indicating that the pHPZC of the activated carbons was
less than 2, indicating that CKAC could adapt to a wider pH range, and the adsorption of
mercury ions was easier.
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3.7.5. X-ray Photoelectron Spectroscopy (XPS) Analysis

Figure 9a shows the XPS full spectrum of biochar before and after modification. It
can be seen that the main elements of biochar before and after modification by KOH were
C and O. The main elements modified by KOH + KMnOy4 were C, O and Mn. Figure 9b
shows the C 1s spectra of corn cob carbon before and after modification, respectively. It
can be seen from the figure that C mainly exists in the form of C-C, C-O and C=0. The
C—C ratio of unmodified biochar was 80.71% and 83.73%, respectively. However, the
proportion of C—C in the modified activated carbon decreased, and the proportion of C-O
and C=0 increased, indicating that during the modification process, the original C-C was
transformed into C-O or C=0 and other oxygen-containing functional groups through
chemical reactions. Figure 9c shows the O 1s spectra of corn cob carbon before and after
modification, respectively. It can be seen that the O element in the modified activated
carbon mainly existed in the form of O-H and C-OH, and a few existed in the form of
C=0. In the XPS spectra of CKAC which is shown in Figure 9c there are characteristic
peaks (Mn-O) formed by metal and O and oxygen at 529.59 eV, indicating that manganese
oxide was attached to the surface of activated carbon, which was consistent with the results
of EDS spectra. Compared with the full spectrum before adsorption, in Figure 10, the
contents of O 1s and Mn 2p in XPS decreased after adsorption of mercury ions, which
might be due to the reaction of mercury ions with the chemical bonds of O and Mn during
the adsorption process, and the emergence of a new Hg 4f peak in Figure 10d, which
meant that mercury ions were successfully adsorbed on activated carbon. The intensity of
the O-H peak decreased from 97.77% to 18.95%, which indicated that the adsorption of
mercury ions consumed a lot of O-H in modified activated carbon. At the same time, the
position of the characteristic peak formed by metal oxide and O before adsorption shifted
from 529.59 eV to 529.63 eV, and the peak area increased from 52.62% to 54.60%, indicating
that Hg—O was formed on the surface of activated carbon after the adsorption of mercury
ion. The new peak of Hg 4f was fitted by peak software. The peak of Hg 4f;,, was in the
range of 98-103 eV, and the peak of Hg 4f5/, was in the range of 103-108 eV. Four groups
of characteristic peaks were obtained by fitting, which were located at 100.78-101.18 eV,
102.45-102.79 eV, 105.02-105.22 eV and 106.38-106.77 eV, respectively. The two peaks in
the range of 100.78-101.18 eV and 105.02-105.22 eV indicated that mercury existed on the
surface of the material in the form of monovalent or divalent mercury ions, which may
be in the form of HgCl or HgCl,, which was consistent with the characterization results
of EDS. Two peaks in the range of 102.45-102.79 eV and 106.38-106.77 eV indicate that
mercury was complexed by functional groups on the material in the form of divalent ions
to form Hg—O bonds, which was consistent with the results of O 1s.
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Table 6 compares the adsorption capacity of various adsorbents for mercury ions.
By comparison, the maximum adsorption capacity of activated carbon prepared from
corncobs is relatively better. The structural characteristics of various adsorbents, as well as
the dosage and pH of the adsorbents under the optimal adsorption conditions, are shown

in Table 6.
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Table 6. Adsorption capacity of different adsorbents.

Surface Area m/V  gsorbant qm

Adsorbent (m?/g) (g/L) pH (mg/g) Reference

Modified multiwall carbon nanotube - 04 6 84.66 [35]

Thiol-incorporated activated carbon-based fir wood 1162 0.5 6 129 [36]

Mix-ZC activated carbon 14924 2 8 1471 [37]

pistachio wood wastes activated carbon 1448 2.5 7 201.09 [22]
KOH modified corn cob activated carbon 2797.75 04 4 184.76 this study
KMnO, modified corn cob activated carbon 1212.93 0.4 3 222.22 this study

4. Conclusions

In this study, corn cob was used as raw material to prepare an activated carbon
adsorbent with low cost and strong adsorption capacity by means of carbonization and
chemical modification. SEM-EDS, FTIR, XPS and other methods were used to characterize
the activated carbon before and after modification and adsorption. The results show
that the modification method of KOH and KMnO, can improve the specific surface area
and the number of oxygen-containing functional groups, and increase the number of
adsorption sites, so as to improve the adsorption capacity of activated carbon for mercury
ions. The maximum adsorption capacity of CCAC and CKAC are 184.76 mg/g and
222.22 mg/g, respectively. The adsorption process is in accordance with the Langmuir
isotherm and pseudo-second-order kinetic model, which indicates that the adsorption
process is dominated by chemical adsorption.
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