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KEYWORDS Abstract A new MgO-AC (magnesium oxide modified activated carbon) adsorbent was
C. oleifera shells; successfully synthesized under microwave irradiation. XRD, FT-IR, XPS, SEM and N, adsorption
Regeneration; were used to characterize the properties of MgO-AC. It was found that MgO-AC was highly crys-
Thermodynamics; talline under the preparation process, and the doping of MgO (Magnesium oxide) did not cause the
Kinetics gap blockage of AC (activated carbon), but the micropore area and average pore size of modified

AC increased significantly. Multiple conditional parameters were studied to determine the optimal
adsorption effect, such as roasting temperature, holding time, MgO doping amount, contact time,
adsorption temperature, system pH, and initial concentration of Cd(II) (divalent cadmium ion).
The results show that the optimal parameter conditions are as follows: the insulation temperature
is 800 °C, holding time of 40 min, the doping amount of MgO is 1/20 of AC, and the maximum
adsorption capacity is 649.9 mg-g~' at pH = 7. In addition, thermodynamic studies show that
the adsorption process is spontaneous and endothermic, and kinetic and adsorption isotherm mod-
els show that the pseudo-second-order kinetic model and Langmuir model are well fitted for the
adsorption process.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Water is the source of life; all human activities are closely related to
water. However, in recent years, China, the United States, Japan
and other countries have reported that some marine, river, wetland
or freshwater resources are being polluted by a large number of heavy
metals (Wattigney et al., 2019; Soto-Ramirez et al., 2021; Verma and
Dwivedi, 2013; Akinci et al., 2013; Duan et al., 2020) These heavy met-
als are mainly derived from wastewater-discharged from electroplating
industry, mining, metallurgy industry, battery manufacturing,
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petroleum refining, tannery, paint manufacturing, pesticide, pigment
manufacturing and printing industry (Park et al., 2017; Li et al.,
2017). Cd is an excellent metal for neutron absorption and a byproduct
of zinc smelting process. It is dispersed in some water bodies through
welding, electroplating, cadmium-nickel battery, nuclear fission plant,
paint, plastic and chemical fertilizer (Burakov et al., 2018; Tian et al.,
2019). The World Health Organization stipulates that the maximum
concentration of Cd(II) in drinking water should be less than
0.003 mg-L™' (WHO, 2011). In addition, the presence of Cd(II) in
wastewater can be very harmful pollutant as a heavy metal and can
easily accumulate in organisms. Although Cd(II) has no pathological
significance, its compounds are highly toxic. If it is discharged directly
without treatment, it is easy to cause chronic poisoning of human
beings and animals. Long-term exposure to low concentrations of
Cd(II) compounds will cause anemia, emphysema, neuralgia, stomach
pain, osteoporosis and other emergencies (Liu et al., 2022; Fu et al.,
2021). Therefore, the effective treatment of wastewater containing
Cd(10) is urgent, the removal of Cd(II) from wastewater environmental
significance for researchers to develop efficient, green treatment
technologies.

So far, various physical and chemical methods have been used to
remove heavy metal ions from wastewater. These include chemical pre-
cipitation, electrolysis, ion exchange and microbial methods (Jian
et al., 2018; Da’na, 2017; Tao et al., 2015). Although these methods
can effectively remove some heavy metal ions in wastewater, they are
often costly. At the same time, a large number of toxic sludge and
by-products will also be produced in the removal process, causing sec-
ondary pollution to the environment (Gupta et al., 2021; Li et al.,
2018). Among them, adsorption method is the process of separating
adsorbate from solution and gathering adsorbate on adsorbent by
Van der Waals force. This process has the characteristics of non-
toxic, economic and environmental protection, and renewable use, so
it is considered to be able to effectively remove heavy metals from
wastewater by replacing other processes (Liu et al., 2020; Asere
et al., 2019; Xu et al., 2021a,b; Xu et al., 2022). In recent years, a large
number of adsorbents have been used to study the removal of heavy
metals in wastewater. For example, Belova (Belova, 2019) uses natural
zeolite in Yagodnisky deposit to adsorb nickel, copper, and other
heavy metals in solution. The adsorption material has high cation
exchange capacity, strong corrosion resistance and wide application
range. The maximum adsorption capacity of metal ions is 0.023 mg-
eq-g”'. Zhu (Zhu et al., 2022a.b) reported a new type of adsorption
material with layered cationic skeleton containing phosphonium salts,
which was used to remove Fe’™ and Zn®" in drinking water. The
material contained C-PO(OH), group, which would have a strong
chelating effect with metal ions. Finally, the maximum adsorption
capacities of Fe* and Zn?>" were 206.03 mg-g~ ! and 281.36 mg-g ™",
respectively. Otunola (Otunola and Ololade, 2020) reported the study
on the effective adsorption of heavy metals in water by some clay min-
erals. The adsorption characteristics of this kind of adsorbent were
attributed to the large specific surface area and the presence of unsat-
urated charges on the surface, which would adsorb some anions and
cations in the liquid. Duan (Duan et al., 2022) used 6-acryloylamino-
N-hydroxyhexanamide resin to adsorb heavy metal ions. The resin
showed high adsorption performance for Cu®>" and Pb>*, which was
mainly attributed to the fact that the CONHOH group on its surface
would produce a stable five-membered ring matrix with heavy metal
ions, to achieve the purpose of removing metal ions. Zhu (Zhu et al.,
2021) removed heavy metal ions in water by phosphate modified anio-
nic clay. The maximum adsorption capacities of Cr’** and Cd>*
reached 156.95 mg-g~' and 198.34 mg-g~!, respectively. Yan (Yan
et al., 2022) removed the divalent heavy metals in water by Facile
bleaching of ethylene tetramethylene phosphonic acid into UiO-66.
This material has large adsorption capacity and excellent stability,
and is considered as a new adsorbent. However, the above adsorbents
still have some defects in the adsorption process, such as small adsorp-
tion capacity, poor thermal and chemical stability, low adsorption rate,
poor recyclable performance, high process cost or difficult preparation

(Jun et al., 2019). Therefore, it is necessary to find an ideal adsorbent
with large specific surface, high adsorption capacity, renewable and
high selectivity. Activated carbon is a very popular adsorption mate-
rial, which is widely used in industrial water treatment because of its
large specific surface area and pore size, low price, and recyclable char-
acteristics (Hashem et al., 2021). But often pure activated carbon has
less adsorption sites and less functional groups, which is very unfavor-
able for the adsorption of different substances. Domestic and foreign
scholars have done a lot of modification work on activated carbon,
such as adding metal oxides (Foroutan et al., 2022), metal salts
(Igwegbe et al., 2021), organic compounds (Elashry et al., 2022;
Yang et al., 2021), alkaline earth metals (Przepiorski et al., 2013)
and transition metals (Hakim et al., 2015). Recently, it has been
reported that magnesium oxide has weak hydrolysis in water, which
can generate free hydroxyl groups and these hydroxyl functional
groups will selectively adsorb pollutants in water. Under the action
of electrostatic adsorption, hydroxyl with negative charge will adsorb
heavy metal ions with positive charge. However, with the decrease of
M¢gO particle size, the increased surface can inevitably lead to poor sta-
bility. Due to van der Waals force or other interactions, particles with
smaller diameter are more likely to aggregate, which leads to the
decrease or even loss of MgO adsorption performance with smaller
diameter. It has been reported that loading MgO on activated carbon
with large specific surface area can increase the active adsorption site
of AC (Cheng et al., 2018), and avoid the decrease of adsorption
capacity caused by MgO agglomeration in water. Therefore, some
scholars fixed magnesium salt directly on AC by sol-gel method
(Ghalehkhondabi et al., 2021; Vu et al., 2016) and evaporation-
induced self-assembly method (Zhou et al., 2018; Ghaemi et al.,
2021), and mixed it to obtain MgO-AC adsorption material by tube
furnace roasting.

C. oleifera is a unique woody edible oil tree species in China, which
is widely distributed in various provinces of southern China. Usually in
the production and processing, in order to increase the oil yield of C.
oleifera and reduce the wear of equipment, the shell will be removed
preferentially, which will lead to a large amount of C. oleifera shells
called agricultural wastes (Li et al., 2016). However, C. oleifera shells
contains more cellulose, hemicellulose, lignin, a certain number of
polyphenols and a small amount of oil representing the ideal raw mate-
rial for the preparation of AC. Therefore, how to make full use of C.
oleifera shell to convert it into high value-added products and realize
experimental intensive production is one of the focuses of C. oleifera
industry research.

In this study, a new production process was proposed. Compared
with the above two MgO-AC production processes, the activation of
uncarburized biomass with nitric acid will destroy some chemical
bonds in it, increase the porosity, increase the types of functional
groups, and form a charged active site (Gokce and Aktas, 2014;
Feng et al., 2020). At the same time, the activated shell of Camellia
oleifera promoted the uniform adhesion of magnesium nitrate to pores
and surfaces, and increased the active site of AC. Finally, under the
action of microwave roasting, subcritical water will degrade more
unactivated cellulose, hemicellulose, and lignin in biomass, producing
many functional groups, which is more conducive to the removal of
heavy metal ions. Therefore, in this study, Cd(NO3), solution was used
to simulate wastewater containing cadmium. The effects of microwave
roasting temperature, holding time, solution pH, solution temperature,
initial cadmium ion concentration and adsorption time on the adsorp-
tion performance of MgO-AC were studied. The adsorption process
was evaluated by adsorption kinetics and thermodynamics.

2. Experimental

2.1. Material

C. oleifera shells used in the experiment was provided by
Jiangxi Qingshui Yao Ecological Agriculture Development
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Co., Ltd., magnesium nitrate (Mg(NO;),, AR.) (Shanghai
McLin Biochemical Technology Co., Ltd.), nitric acid
(HNO3;, 2.5 M) (Shanghai McLin Biochemical Technology
Co., Ltd.), sodium hydroxide (NaOH, AR.) (Shanghai McLin
Biochemical Technology Co., Ltd.), cadmium nitrate (Cd
(NOs),, AR.) (Tianjin Zhiyuan Chemical Reagent Co., Ltd.).
The whole experiment was carried out with deionized water.

2.2. Preparation method of MgO-AC

Firstly, deionized water was used to clean the shell debris of C.
oleifera shells in order to remove the impurities on the surface
of the material, and then it was dried at 90 °C for 4 h to con-
stant weight. 9 g pretreated C. oleifera shells were put in the
beaker, and then 200 mL HNO; (nitric acid) solution
(2.5 M) were added to make the lignin and cellulose hemicellu-
lose in C. oleifera shells fully reacted with HNOj;. The fully
reacted material was filtered and washed, and then 200 mL
of Mg(NOs), solution with the concentration of 0.1 mol-L™!
(0.4 mol-L™") were added. After being fully mixed, it was fil-
tered, washed and dried for further use. A certain amount of
the above dried materials was weighed and put into a micro-
wave oven for roasting activation. With N, as the protective
gas, the heating temperature was 500-900 °C and the holding
time was 2040 min, a new composite material of MgO-AC
was obtained. Then under the same adsorption time, MgO-
AC materials obtained under different holding temperature
and holding time were used to adsorb the same concentration
of Cd(Il). By comparing the removal rate of Cd(II) by each
adsorption material, the roasting temperature and holding
time were selected as the optimal process to produce
MgO-AC. As shown in Fig. 1.

ol

2.3. Sample characterization

PW1825 X-ray diffractometer (XRD) produced by from Phi-
lips is used to reveal the crystal structure and chemical compo-
sition of the material, in which Cu-Ka is used as X-ray source,
A = 0.15416 nm, voltage < 40KV, current < 40 mA. The
specific surface area, pore size distribution, and total pore vol-
ume of the material were calculated by using Autosorb-1-C
nitrogen adsorption and desorption instrument to test the
nitrogen adsorption capacity of the material. Field emission
scanning electron microscopy (FE-SEM) (JEOL JSM-7800F)
was used to observe the morphology of samples. X-ray photo-
electron spectroscopy (XPS) (Thermo Fisher Scientific, ESCA-
LAB 250Xi) was used for spectral measurement. X-ray was
used as the excitation source, and monochromatic Al target
X-ray source and double anode Al/Mg target X-ray source
were used. The chemical information about the sample surface
and interface at 1-10 nm was provided, and Cls (284.6 eV) was
used as a reference. Use Fourier transform infrared spectrom-
eter (MB3600-CH?20) to detect the type of functional group of
the product.

2.4. Adsorption study

The batch adsorption experiments were carried out in 200 mL
Cd(NOs), solution to study the influence of key parameters on
the adsorption effect, such as pH, initial concentration of Cd
(IT) and contact time. The final concentration of Cd(II) was
determined by atomic absorption spectrophotometer. The
equilibrium adsorption capacity of Cd(II) in MgO-AC was
obtained by the following equation under equilibrium
conditions (Wang et al., 2022):

HNO;

g: S Drying
Oil tea shell Deionized water
ng(NO; )3 _— -'\\
Microwave
< heating <

<

MgO-AC

Fig. 1

Production process of MgO-AC adsorbent.
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Among them, q.(mg-g~") is equilibrium adsorption capac-
ity, Co(mg-L™") is initial concentration, Co(mg-L™") is equilib-
rium concentration, V(L) is liquid volume, M(g) is adsorbent
mass.

3. Results and discussions

3.1. XRD analysis

XRD was used to reveal the phase composition and crystal
structure of MgO-AC materials, as shown in Fig. 2. The sam-
ples at 24° and 44° showed obvious carbon broad peaks (Xu
et al., 2021a,b; Ghaemi et al., 2022), which were attributed
to (002) and (100) planes, indicating that the C. oleifera shells
has been carbonized and has low crystallinity after microwave
roasting activation. Compared with the XRD diffraction peak
of AC, the crystal structure of MgO-AC changed partially.
The new characteristic peaks at the diffraction angles of 43°,
62° and 78° were attributed to the diffraction peaks of MgO
(Ghaemi et al., 2022; Ding et al., 2020; Borgohain et al.,
2020; Yang et al., 2020), which belonged to the planes of
(200), (220) and (222), indicating that MgO had been success-
fully doped on AC. At the same time, it can be seen from the
graph that MgO-AC materials prepared by this method have
better crystallinity and fewer impurity peaks. In addition, it
is found that the plane (100) almost disappears after doping
MgO, and the diffraction peak intensity of plane (002) also
has a weakening trend, which means that the addition of
MgO reduces the crystallinity of AC, tends to amorphous car-
bon, and has larger surface area and porosity. After the
adsorption of Cd(I) by MgO-AC, the C peak disappeared,
and the peak intensity of MgO weakened. At the same time,
some new substances appeared. Among them, 23.7°, 30.5°,
36°, 50° and 75.2° were attributed to CdCOs, and the corre-
sponding planes were (012), (104), (110), (116) and (128),
respectively. 19.3°, 27.1°, 32.5°, 18.3°, 53.9° were attributed
to the diffraction peaks of CdMg(COs3),, a complex of Mg
and Cd. The emergence of new substances may be one of the

—AC

—— MgO-AC before adsorption
MgO-AC alter adsorption
m:c (2): MgO
(3):CACO,  (4): CdMg(CO,),

(O]

Intensity(a.u.)

15 20 25 30 35 40 45 50 55 60 65 70 75 80
20(degree)

Fig. 2 XRD patterns of AC, MgO-AC before and after
adsorption.

reasons for the larger adsorption capacity of MgO-AC, which
may be that some functional group on MgO-AC plays an
important role.

3.2. BET analysis

Nitrogen adsorption measurement was carried out on MgO-
AC under the optimal conditions, and BET adsorption iso-
therm was used to calculate the specific surface area of the
measured results.

At the same temperature, the adsorption capacity of the
adsorbent is often closely related to the pressure. Therefore,
IUPAC (Sing, 1985; Muttakin et al., 2018) defines six adsorp-
tion isotherms according to different adsorption conditions,
which are used to determine which type of adsorption the
adsorption material belongs to, as shown in Fig. 3. From
nitrogen adsorption - desorption curves shown in Fig. 4, it
can be seen that treated AC and MgO-AC have obvious hys-
teresis loops. According to the six adsorption isotherms shown
in Fig. 3, the adsorption curves of the adsorbent conformed to
the fourth type. The flat bad points in the low relative pressure
region represent the formation of monolayer dispersion, the
small slope in the middle region represents the formation of
multilayer dispersion. The hysteresis loop represents the capil-
lary condensation in the mesoporous or macroporous, and the
hysteresis loop is closed near the position of relative pressure
p/po = 0.4, indicating that the sample has a narrow meso-
porous (Guo et al., 2019).

Table 1 shows the pore structure parameters of treated AC,
MgO-AC and SAC. Compared with SAC, the Sggt of MgO-
AC increases from 29.12 m*-g ™! to 830.125 m>g~'. The larger
specific surface area makes the adsorption material have a
wider contact surface with Cd(II), which will effectively
increase the adsorption efficiency (Liu et al., 2018). In addi-
tion, the increase of micropore area and average pore size is

I i

B

\

Im 14
°
F-}
5

$ B
3

Elx w

Relative pressure —

Fig. 3 Diagram of adsorption isotherm (Sing, 1985).
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Fig. 4 N, adsorption and desorption curves.

Table 1 Structure parameters of aperture.

Type of adsorbent Treated AC MgO-AC SAC
Sper(m?g ™) 919.441 830.125 29.120
Micropore area(m>g~") 691.890 634.143 0
Total pore volume(mL-g~") 0.585 0.461 0.0316
Micropore volume(mL-g~") 0.277 0.233 0
Average pore size(nm) 1.297 1.069 0

beneficial to the adsorption of Cd(Il), indicating that MgO-AC
has an obvious effect. Compared with treated AC, the pore
size parameters of MgO-AC are reduced, which is due to the
penetration of MgO particles in the AC pores, so that the
parameters are reduced. It was found from the decrease of
each parameter that the MgO doping did not block the AC
pores and the pore volume was greatly reduced, because
MgO was uniformly distributed in the AC pores and no
agglomeration occurred. Therefore, the synthesis of MgO-
AC was considered to be very successful.

3.3. FT-IR analysis

FT-IR spectroscopy was used to study the functional groups
of AC and MgO-AC, as shown in Fig. 5. There were several
obvious peaks at 610, 1040, 1420, 1596, 2363, 2925 and
3400 cm~', and the corresponding functional groups were
Mg—O (Zhang et al., 2014), C—O (Shahrokhi-Shahraki
et al., 2021), —COOH (Ghalehkhondabi et al., 2021), C=C
(Saleh, 2016; Haidari et al., 2016), C=0 (Wang et al., 2014;
Kumar et al., 2019), —CH3 (Zhang et al., 2016) and-OH
(Miao and Li, 2021). In addition, it was found that the peak
value of MgO-AC was significantly increased compared with
that of AC, indicating that the number of functional groups
was significantly increased, indicating that the adsorption
material had an effective oxidation effect on the adsorbent.
Therefore, it can be considered that the adsorption material
also had good adsorption effect on other substances. In addi-
tion, it was also found that the position of —COOH group
shifted, which may be due to the position change caused by
M¢gO doping.

Wavenumbers(cm™)

Fig. 5 FT-IR spectra of AC and MgO-AC.

3.4. XPS analysis

Fig. 6 shows the XPS spectra of the material. Fig. 6(a) is the
broad scanning spectrum of MgO-AC before adsorbing
Cd(II). At 50.08 eV, 284.08 eV and 532.08 eV, the correspond-
ing elements are Mg2p, Cls, Ols. Fig. 6(b) shows a new peak
at 411.08 eV, which is attributed to Cd3d. It shows that the
adsorbent can effectively adsorb Cd(II). Fig. 6(c) shows the
change of Mg binding energy before and after MgO-AC
adsorption, and it is found that the binding energy of Mg
increases by 0.93 eV after adsorption, which may be due to
the change of Mg—O bond after adsorption of Cd(II). New
chemical bonds or Cd(IT)-containing complexes are produced
in the adsorbent material, which changes the potential between
the electronic sites and leads to the increase of the binding
energy of Mg2p (Ming et al., 2016). Fig. 6(d) shows that the
binding energy of Cd(NO;), after adsorption decreases from
404.9 eV and 411.8 eV to 403.7 eV and 410.8 eV, respectively,
indicating that after Cd(II) is adsorbed, it has a special effect
with MgO-AC, which increases the electron cloud density
around Cd. Similar phenomena are also found in Yoo (Yoo
et al., 2020) and Anggraini (Anggraini et al., 2019). At the
same time, according to the standard binding energy, it was
found that the binding energy of Cd—O bond was consistent
with that of Cd(II) adsorbed. However, no obvious oxidation
process occurred in the adsorption process, which made Cd
oxidized to CdO. Fig. 6 (e) is the Ols spectrum before Cd
(II) adsorption by MgO-AC. The peaks at 530.2 eV,
531.2 eV, 532.0 eV and 533.0 eV are attributed to MgO,
O=C, —COOH and O—C, respectively (Ayiania et al., 2020;
Khajuria et al., 2020; Chen et al., 2004). Fig. 6(f) is the Ols
spectrum after Cd (II) adsorption by MgO-AC. Two new char-
acteristic peaks at 529.8 eV and 530.2 eV are found, which are
considered to be CdCO5; and CdMg(CO3), (Caballero-Briones
et al., 2015). In addition, the binding energy of MgO and
CdCOs; after adsorption is also found to shift. Therefore, these
phenomena prove that after adsorption, new chemical bonds
or Cd-containing complexes are indeed formed in the
adsorbent, which is consistent with the results shown in Fig. 2.
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Fig. 6 Wide scanning spectrum before MgO-AC adsorption (a); Wide scanning spectrum after adsorption of MgO-AC (b); Mg2p
spectra (c); Cd3d spectra (d); Ols before adsorption(e); Ols after adsorption(f).

3.5. SEM-EDS analysis

Fig. 7(a) Biomass carbon prepared from C. oleifera shells by

microwave calcination at 800

°C. The biochar without

HNO; soaking and MgO modification has many surface

impurities and small pore size, which is very unfavorable to
the adsorption process. Fig. 7(b) shows the images of activated
biochar. At this time, the pores of the adsorption material are
clear and the pore structure is rich. The doped MgO particles
are uniformly distributed in the AC pores, and the particles are
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Fig. 7
adsorption (d).

small, without agglomeration. This is mainly due to the special
doping method, which avoids the accumulation of MgO floc-
culation and prevents AC pore blockage, which is very benefi-
cial to the adsorption of Cd(II). Fig. 7(c) shows the images of
MgO-AC adsorbed Cd(II), and it can be seen that there are a
large number of white substances on the surface of AC. This is
due to the electrostatic adsorption of magnesium oxide and the
adsorption of Cd(II) by intra-sphere complexation, complex
CdMg(CO3), of Mg and Cd was produced. Fig. 7(d) shows
the EDS scanning images after Cd(II) adsorption in Fig. 7
(c). It can be seen from the mass percentage of elements that
a large number of Cd(II) are adsorbed in Cd(INOs3), solution.
At this time, the mass fractions of C, O, Cd and Mg in the
material are respectively 54.65%, 26.3%, 13.67%, and
5.38%. It indicated that Cd(II) had been largely adsorbed,

Weight percentage
c [ sa 65 %
o [2630%

cd [hze7%

Mg Ms38%

Biochar obtained only by calcination (a); before Cd(II) adsorption by MgO-AC (b); after adsorption (c); EDS image after

and MgO-AC composites
properties.

showed excellent adsorption

3.6. Adsorption experiment

A cadmium nitrate solution with known concentration was
prepared to simulate the adsorption of Cd(I) in wastewater.
The effects of initial Cd(II) concentration and pH of the solu-
tion system on the adsorption of MgO-AC were studied by sin-
gle variable method. The experiment was carried out in batch.

3.6.1. Effect of Cd(1I) concentration on adsorption performance
In order to detect the adsorption capacity of MgO-AC at dif-
ferent initial concentrations of Cd(II), 20 mg MgO-AC was
added to several conical flasks containing 200 mL Cd(NO3),
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solution. The concentration of Cd(II) was 25-150 mg-L™", the
pH value of the solution was 7, and the adsorption time was
200 min. The pH of the solution was adjusted by HNO;
(2.5 M) and NaOH (sodium hydroxide, 1.0 M). Fig. 8 shows
that when the initial concentration is 25 mg~L71, the removal
rate of Cd(IT) by MgO-AC is more than 95%, and the removal
efficiency decreases with the increase of the concentration of
Cd(I) in the solution. When the concentration of Cd(Il) in
the solution was 50 mg-L~!, the adsorption rate of MgO-AC
was about 92%. When Cd(II) concentration increased to
150 mg-L~!, the adsorption rate of MgO-AC was about
42%. In addition, it was found that with the increase of Cd
(IT) concentration, the adsorption tended to reach equilibrium
within 100 min, which was attributed to the fact that in low-
concentration Cd(I) wastewater, the active site of MgO-AC
exceeded the number of Cd(II) available for adsorption, result-
ing in low adsorption efficiency. When the concentration of Cd
(IT) increases, the active sites used for adsorption are insuffi-
cient, resulting in an earlier adsorption equilibrium (Ahmadi
and Esmaeili, 2018).

3.6.2. Effect of pH on the adsorption performance of MgO-AC

pH will affect the force between charged particles, and it is nec-
essary to study pH factors (Algadami et al., 2017; Naushad
et al., 2016). 20 mg MgO-AC was added to several Cd
(NO3), solution containing 200 mL, the concentration of Cd
(I) was 100 mg-L™', the pH value of the solution was 2-9,
the adsorption time was 120 min, the pH of the solution was
adjusted HNO3; and NaOH, the results were shown in Fig. 9.
It can be seen from Fig. 9 that the adsorption effect of
MgO-AC on Cd(Il) increases with the transition of pH from
acid to neutral, and the maximum adsorption rate is 65.1%
at pH = 7. This is because H" and H;0" are abundant in
acid system. When the adsorption process occurs, H" and
H;0™ will compete with Cd(IT) for adsorption. At this time,
H™ and H;0 " occupy the main adsorption sites. The adsorp-
tion material is highly protonated, so that the adsorbent has
positive charge, thereby reducing the adsorption capacity of
positive charge ions and increasing the electrostatic repulsion,
so that the smaller the pH is, the lower the adsorption
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Fig. 8 Effects of different Cd(II) concentrations on the adsorp-
tion properties of MgO-AC.
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efficiency is (Esmaeili et al., 2021; Naushad et al., 2019;
Pushpa et al., 2015). When the pH increased to neutral, the
amount of H" and H;0" in the system decreased, and the
occupation ability of the adsorption sites gradually weakened,
showing that the occupation ability of Cd(II) to the adsorption
sites increased, so the adsorption efficiency increased. In addi-
tion, it was observed that when the pH value exceeded 7, the
adsorption rate would decrease again, because under alkaline
conditions, there was a large amount of OH™ in the system.
The Cd(I) group with positive charge would attract the
OH™ with negative charge, so that Cd(I) was wrapped, form-
ing hydroxide flocs, blocking the AC gap, and reducing the
adsorption rate (Goswami and Phukan, 2017). This is consis-
tent with previous reports (Gao et al., 2019; Salamat et al.,
2019).

3.6.3. Thermodynamics

The system temperature often has a significant impact on the
adsorption performance of the adsorbent. In this work,
20 mg MgO-AC was added into a conical flask contain-
ing100mg-L~'Cd(NO3), solution with a volume of 200 mL.
The temperature of the system was controlled to 293 K,
303 K, 313 K and 323 K, respectively, and the system was con-
tinuously oscillating. Fig. 10 shows the effect of temperature
on the adsorption performance of MgO-AC. The results
showed that the removal rate of Cd(II) increased with increas-
ing temperature. In order to determine the feasibility of the
adsorption process in the heating or cooling process, Kp, A
G (kJmol™), A S (Jmol™"K™"), A H (kJ-mol™") are calcu-
lated according to the following equation (Lima et al., 2019,
Singh et al., 2018; Botelho et al., 2020):

(1000 K« molecular weight of adsorbate)x|adsorbate]’

p=
Y
2
AG = —RTInK) (3)
AG = AH — TAS )
AS AH
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where v is the coefficient of activity (dimensionless), [Adsor-
bate]® is the standard concentration of the adsorbate
(1 mol-L™"). R (8.314 J-(mol-K)™!) is the molar gas constant,
T (K) is the absolute temperature, and Kp is the thermody-
namic equilibrium constant. The change value of AG is calcu-
lated by Equation (4), and the values of AH and AS can be
calculated according to the slope and intercept of InKp and
1/T linear fitting, as shown in Fig. 11. The regression equation
is obtained after linear fitting:

InKp = 14.8297 — 1.08043/ T(r = 0.97888) (6)

AH and AS are calculated by equations (5) and (6), and the
parameters are listed in Table 2. AG is negative, and AH is pos-
itive, indicating that the process of Cd(II) adsorption on MgO-
AC is spontaneous and endothermic, which is consistent with
the results reported in the littérature (Luo et al., 2014). In the
temperature range of 293-323 K, the value of AG decreased
from —27.1804 kJ-mol~! to —30.8619 kJ-mol™!, indicating that
the increase of adsorption temperature promoted the adsorp-
tion of Cd(IT) on MgO-AC (Guo et al., 2020; Esmaeili et al.,
2021; Dakroury et al., 2020; Khan et al., 2022). The more pos-
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Table 2 Thermodynamic data of Cd(II) adsorption onto
MgO-AC.

T(K) InKp AG AH AS
(kJ-mol™") (kJ-mol™") (@mol 'K

293 K 11.15779  —27.1804 8.9827 123.2941

303 K 11.23889  —28.3124

313 K 11.37963  —29.6130

323 K 11.49237  —30.8619

itive the AH and AS are, the greater the influence of tempera-
ture on the adsorption performance is, indicating that during
the adsorption process, the temperature increases, the chaos
of the system increases, and the collision probability between
Cd(II) and the adsorbent at the solid-liquid interface increases,
thereby improving the adsorption efficiency, which is consis-
tent with the results shown in Fig. 10 (Hua et al., 2010;
Wang et al., 2007).

3.6.4. Isothermal line research

Adsorption equilibrium of Cd(IT) on MgO-AC was studied. In
order to explore the maximum adsorption capacity of adsorp-
tion materials for Cd(II), a certain amount of MgO-AC
adsorption material was added into 200 mL, 25-150 mg-L™"
cadmium nitrate solution in several 500 mL conical flasks.
Then the conical flask containing the solution was placed in
a constant temperature oscillator. After constant temperature
oscillation for a certain time, the supernatant was taken and
filtered with a 0.22um filter plug. The concentration of Cd
(II) in the residual solution was determined on an atomic
absorption spectrophotometer. Langmuir and Freundlich
adsorption isotherm models were used to determine the nature
of the adsorption process. The linear form of Langmuir iso-
therm equation is:

C, 1 1
J’_

q() B qmzl.\’KL qma.\’

K, (Lmg™") is the Langmuir equilibrium constant,
and Qmax (mg-g~") is the monolayer adsorption capacity
(Al-Ghouti et al., 2020b). Both are determined by the diagram
of C./q. and C.. Langmuir isotherm is often evaluated by
separation factor Ry (Al-Ghouti et al., 2020a).

The Freundlich isotherm is purely empirical (Aslani and
Amik, 2021), which can best describe the adsorption on
heterogeneous surfaces. The Freundlich isothermal equation
is shown in linear form as follows:

C, (7)

1
logq, = logKy + —logC, (8)
n

The Kg (L-g~!) is a Freundlich constant and n is a Fre-
undlich index. These parameters are determined by log g
and log C, (Arabpour et al., 2021).

Temkin isotherm was initially used to describe the process
of gas adsorption on solid, usually used for chemical adsorp-
tion (Nezhadali et al., 2021). The isotherm model ignores the
maximum or minimum concentrations of adsorbates, assum-
ing that the adsorption heat of all molecules is a function of
temperature (Al-Ghouti et al., 2020). The linear equation is
as follows:

q, = AlnK, + BInC, 9)
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Table 3 Linear fitting parameters of MgO-AC adsorption isotherm model.

Adsorption isotherm Parameter Temperature (K)

model 293 303 313 323

Langmuir Jexp 616.5311 624.9419 639.5519 657.0252
Qmax 593.5500 605.2830 624.7500 649.9000
Ky 0.29654 0.32159 0.37019 0.41437
R? 0.98982 0.98993 0.99831 0.98054

Freundlich I/n 0.19810 0.19732 0.19068 0.19224
Kg 260.8095 267.5904 284.1495 294.6580
R? 0.86489 0.88069 0.86962 0.89837

Temkin R? 0.93718 0.94963 0.94059 0.96308

where K, (L-mg ") is the equilibrium binding constant corre-
sponding to the maximum binding energy, constant
B = RT/b represents the adsorption heat, R is the general
gas constant, T is the Kelvin temperature, and 1/b represents
the adsorption point of the adsorbent (Ayawei et al., 2017).
K, and B can be determined from the relationship between
ge and C.. The fitting parameters of the isotherms are listed
in Table 3.

Fig. 12 shows the curve fitting graphs of three models.
According to the curve fitting trend, it can be found that the
amount of Cd(II) adsorbed on MgO-AC increases sharply at
low concentration. With the increase of Cd(II) concentration
in the solution, the adsorption capacity of MgO-AC gradually
tends to the platform. According to the fitting results, com-
pared with the other two isotherm models, the Langmuir iso-
therm model has better fitting degree (R? > 0.98).
Therefore, it is considered that the whole adsorption process
is monolayer adsorption, and the process can be well repre-
sented by the Langmuir isotherm equation, indicating that
the MgO-AC surface is uniform, and the adsorbate will not
affect each other during the adsorption, thus inhibiting the
adsorption effect (Kazeem et al., 2018). The maximum
adsorption capacity calculated by Langmuir equation was
649.90 mg-g~'. In addition, the adsorption capacity of
MgO-AC increased with the increase of temperature, indicat-
ing that the adsorption process of MgO-AC for Cd(II) was
endothermic, which was consistent with the results of Khan
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Fig. 12 Nonlinear fitting of three isothermal models.

(Khan et al., 2020). However, it is well known that physical
adsorption is usually an exothermic process, and the results
of this study are opposite, which may be because the adsorp-
tion process is also accompanied by the existence of chemical
adsorption. When Cd(II) is adsorbed on MgO-AC, new phases
are generated, as shown in Fig. 2. The formation of chemical
bonds of new phases often needs to absorb large heat to com-
plete, and the adsorption heat generated by chemical adsorp-
tion is greater than that generated by physical adsorption, so
the whole process is in an endothermic state (Xu et al.,
2021a,b). In addition, the large adsorption capacity of
MgO-AC materials may be attributed to the coexistence of
physical adsorption and chemical adsorption.

3.7. Effect of microwave activation temperature and holding time
on adsorption of MgO-AC

Microwave activation temperature and holding time have
great influence on the pore formation of AC. Low temperature
will lead to incomplete pyrolysis of materials, and some vola-
tiles cannot fully react and volatilize. If the temperature is
too high, the pores on the material surface will collapse and
the specific surface area will decrease. Therefore, it is essential
to explore the optimal microwave activation temperature and
holding time. The pyrolysis temperature of Mg(NO3), is
between 300-400 °C, at 400 °C will be completely decomposed,
taking into account the best heating temperature of AC. In this
experiment, activation temperature was varied from 500 °C to
900 °C, and the holding time was set as follow: 20 min, 30 min,
40 min, 50 min, 60 min. For adsorption tests, 200 mL of Cd(II)
solution (C = 100 mg-L~") was mixed with 20 mg of adsorbent
at different holding times and temperatures for Cd(II) removal
rate determinations shown in Fig. 13.

As shown in Fig. 13, at the following conditions
(T = 800 °C, holding time = 40 min, masse of MgO-
AC = 20 mg and [Cd] = 100 mg-L™"), 63.7% was the highest
removal rate. With the increase of heating temperature, the
removal rate of Cd(I) by MgO-AC increased. This is because
the amount of carbon generated by the calcination increases as
the carbonization temperature increases, which will make the
resulting biomass carry a larger specific surface area. Higher
temperatures will also cause certain substances in biomass to
volatate, form loose porous pore structures. When the temper-
ature reaches 800 °C, the pore structure of AC is more devel-
oped. It can be seen from the diagram that when the heating
temperature is raging from 500 °C to 600 °C, the removal rate
is low, because the pyrolysis of C. oleifera shells chip is not
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Fig. 13 Effect of different heating conditions on Cd (II) removal
by MgO-AC.

complete, and it does not provide enough adhesion sites for
MgO particles, resulting in a decrease in adsorption efficiency.
It can be observed from the Fig. 13 that the adsorption rate of
materials at the same heating temperature increases with the
increase of holding time, and the removal rate of Cd(II)
reaches the maximum when the holding temperature is
40 min. This is caused by two factors: One is that the material
needs sufficient time to complete pyrolysis, and the other is
that the pyrolysis of Mg(NO3), needs a certain time to decom-
pose into MgO. And too long holding time will affect the
specific surface area of AC, resulting in pore collapse, specific
surface area decreased. In summary, microwave activation
temperature of 800 °C, holding time of 40 min, can make the
material completely pyrolysis and produce more complete
and regular pore structure.

3.8. Effect of MgO addition on adsorption of MgO-AC

The addition amount of MgO is crucial for the adsorption of Cd
(II). When the content of MgO is too low, the binding sites of
adsorbent and heavy metal ions are less, and the adsorption
capacity is low. If the MgO content is too high, the MgO mole-
cules will flocculate with each other. MgO particles cannot be
evenly distributed on the surface of AC. Large particles of
MgO will have a negative impact on adsorption. The decrease
of binding point will block the gap of AC and lead to the
decrease of adsorption capacity. In order to make small particles
of MgO evenly distributed on the surface of AC, it is necessary to
add an appropriate amount of MgO content, so it is very impor-
tant to explore the appropriate proportion of MgO and AC.
Studies have shown that when masse(MgO):masse(AC) > 1:4,
will affect the overall adsorption properties of the material, so
choose masse(MgO):masse(AC) within 1/(4-20) (Tan et al.,
2016; Fronczak et al., 2019; Yanagisawa et al., 2010;
Benguella and Benaissa, 2002; Ahn et al., 2009; Al-Saadi
et al., 2013). Using 20 mg MgO-AC adsorption 200 mL,
100 mg-L~'Cd(NO;), solution. The results are shown in
Fig. 14. MgO-AC (1/4) indicates that the addition amount of
MgOis 1/4 of AC. When the MgO content is 1/20 of AC content,
the removal effect of Cd(II) is the best. When the MgO content is
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Fig. 14  Effect of different MgO additions on Cd (II) removal by
MgO-AC.

higher than 1/20, the adsorption efficiency decreases and finally
tends to be stabilizes. Therefore, it can be determined that add-
ing 1/20 times of AC mass MgO for doping modification has the
best adsorption effect. In addition, compared with MgO-AC,
the removal rates of SAC and MgO were only 3% when the con-
centration of Cd(IT) was 100 mg-L™", and the removal rate of
treated AC for Cd(II) was also lower than that of MgO-AC
(1/20). It shows that the adsorption efficiency of MgO-AC on
Cd(II) has played a better effect. The reason why the activity
of MgO-modified AC improves the adsorption performance is
that AC provides a larger adsorption carrier for MgO. At the
same time, MgO-modified AC also makes AC produce more
active sites, which enhances the adsorption of the two. When
the AC with large specific surface area is doped with MgO, it
can make MgO uniformly distribute on the AC gap and surface,
avoiding agglomeration. In addition, during the adsorption pro-
cess, MgO, functional groups and Cd(II) produced during bio-
mass roasting will react to produce new substances and
promote the removal of Cd(IT). SAC has a large specific surface
area, but due to its surface impurities, available pores are small.
Treated AC has rich pores, but compared with MgO-AC, the
active sites are less and the adsorption capacity is small, resulting
in poor adsorption effect. In addition, the adsorption capacity
of treated AC after 5 cycles is weaker than that of MgO-AC after
10 cycles, which indicates that MgO-AC has more expected
adsorption capacity.

3.9. Kinetics study

The pseudo-second-order and the intraparticle diffusion mod-

els are used to analyze the dynamic mechanism followed by the

whole adsorption process. The pseudo-second-order model is

as follow (Xu et al., 2021a,b):

t 1 1

— =t —1 10

4 kaq q, 19)
The intraparticle diffusion model is as follow (Ghaemi

et al., 2022):

q; = kidtO'S (1 1)



12

Y. Xu et al.

700
m 25mg/L
®  50mg/L s —s—12
m 75mg/L e e i
oul = 100mg/L
®  125mg/L
500 F :
C
on
o0 400
g
~
o
300
200
IOO n 1 L 1 L 1 " 1 L 1 " 1 L 1 L 1 L 1

20 40 60 80 100 120 140 160 180 200
Time(min)

Fig. 15 Nonlinear fitting of pseudo-second-order model.

where q, (mg-g~") represents the adsorption amount of MgO-
AC in cadmium nitrate solution at time t. q. (mg-g~") repre-
sents the adsorption amount after reaching the adsorption
equilibrium. K, and K;q (d = 1 or 2) are two kinetic constants,
which can be obtained from the slope and intercept in the fitted
linear equation (Mahjoubi et al., 2017; Nyangi et al., 2021).
The adsorption process of Cd(II) on MgO-AC changes with
time, as shown in Fig. 15. It can be seen that the adsorption
curve had a rapid growth period in the early stage, then slowly
increased, and finally reached a stable period of about 100 min.

Table 4 Kinetic parameters of adsorption.

Compared with some adsorbents in previous studies, MgO-AC
had higher adsorption capacity for Cd(II) within 100 min,
reaching 602.1 mg-g~'. In the whole adsorption process, the
rapid adsorption stage is due to the high concentration of
Cd(I) in the solution, which is easy to diffuse to the surface
of the adsorbent and the availability of more active sites be
absorbed. With the decrease of solution concentration, the
negative functional groups and pores of the adsorbent are
occupied by Cd(II), and the surface of the adsorbent is posi-
tively charged. The electrostatic repulsion increases, and the
position of the adsorption point decreases, resulting in the
decrease of the adsorption amount and the adsorption rate.
In addition, the results were consistent with the results of the
adsorption isotherm, indicating that the MgO-AC could effec-
tively improve the removal effect of Cd(IT). Table 4 shows the
linear fitting parameters and correlation coefficients of the two
equations. R? is used to determine the fitting degree of the
adsorption process and the model. From the presented results,
the pseudo-second-order dynamic model has the best fitting
degree with the experimental data (Ghaemi et al., 2022). The
error between qe cxp and qe car is small, so the pseudo-second-
order model can be used to explain the adsorption mechanism
of MgO-AC for Cd(II). Fig. 16 shows the linear fitting dia-
grams of the two dynamic models. With the increase of the ini-
tial concentration of cadmium nitrate, the values of K, in the
pseudo-second-order model gradually decreased, indicating
that the active sites on the MgO-AC surface were gradually
occupied in large quantities with the increase of the initial
concentration, which reduced the active sites. In addition, it

Co Pseudo-second-order model Intraparticle diffusion model
(mg/L) qe,exp qe,cal K2 R2 R% Ki,l R% Ki,Z
25 238.7 237.1 0.00372 0.99761 0.98118 19.28348 0.94527 2.33186
50 464.4 462.2 0.00198 0.99802 0.90948 35.15843 0.92408 2.10495
75 572.1 568.7 0.00155 0.99787 0.92783 47.32411 0.92669 4.92498
100 637.5 638.1 0.00137 0.99557 0.93532 58.87581 0.94346 5.94785
125 640.3 639.3 0.00136 0.99641 0.94018 58.51305 0.95127 7.50154
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Fig. 16  Pseudo-second-order model linear fitting (a); intraparticle diffusion model linear fitting (b).



Adsorption of cadmium(II) in wastewater

13

100

80 -

60 -

Adsorption rate(%)

Cycle number

Fig. 17 Removal efficiency of Cd(II) after ten adsorption,
regeneration, and reuse.

was found that the adsorption of Cd(I) by MgO-AC could be
divided into two stages by analyzing the adsorption process
through the ion diffusion model, as shown in Fig. 16(b). In
the initial stage, the diffusion rate constant is the largest, and
then the diffusion rate decreases until the adsorption reaches
a dynamic equilibrium, which is consistent with the results
obtained in Fig. 15 (Tangarfa and Semlali Aouragh Hassan,
2022). In the rapid adsorption stage, the active sites on the sur-
face of the adsorbent were largely occupied. With the adsorp-
tion process, the time transition to the second stage, the
adsorption rate decreased rapidly, and the adsorption process
tends to be more balanced (Hasan et al., 2021). This may be
due to: (1) The adsorbent surface-active sites decreased, result-
ing in decreased adsorption capacity; (2) Cd(Il) enter the
adsorbent. With the increase of Cd(II) adsorbed in the pores,
the diffusion resistance of micropores increases, resulting in
the decrease of adsorption capacity (Yan et al., 2020).

3.10. Recycling of MgO-AC

Whether the adsorbent can be used in industrial production, in
addition to considering the feasibility of its adsorption effi-
ciency, also need to consider its economic benefits. So the
renewable adsorbent is one of the necessary conditions for
industrialization. The MgO-AC adsorbed Cd(II) is desorbed,
and then washed and dried with deionized water for many
times to achieve the purpose of MgO-AC regeneration. The

Table 5 Comparison of maximum adsorption capacity for Cd (II).

dried MgO-AC adsorbent was placed in 200 mL Cd(NOs),
solution at a concentration of 50 mg-L~!, and the operation
was repeated for 10 times. Fig. 17 shows the adsorption results
of cadmium nitrate by cyclic adsorption for 10 times. After
two cycles of adsorption, the removal rate of Cd(NO3), is
reduced to 90.57%, and after the third cycle of adsorption,
the adsorption rate is only reduced by about 5%. After cyclic
adsorption for 5 times, the removal rate of Cd(II) drops to
82.34%, and the adsorption experiment is repeated. The
adsorption performance of MgO-AC decreases compared with
the previous five adsorption results, because the pore of AC is
blocked by repeated use, resulting in the decrease of adsorp-
tion capacity. Until the experiment is repeated for 10 times,
the adsorption rate of MgO-AC is reduced to 68.49%. How-
ever, this indicates that the adsorption material still has a large
adsorption capacity after repeated use, which is very econom-
ical and effective for industrial wastewater treatment.

3.11. Comparison of adsorption capacity between MgO-AC and
other adsorbents for Cd(1I)

As shown in Table 5, the adsorption capacities of the MgO-AC
adsorption materials in this study were compared with those of
the composite materials reported previously. The results
showed that under the optimal adsorption conditions, the
adsorption capacity of MgO-AC was significantly better than
that of the adsorbent reported in the literature, which was
attributed to the fact that the production process of this work
had the effect of multiple activations, which could greatly
improve the number of active groups on the surface of the
adsorbent, and thus showed the efficient adsorption perfor-
mance for Cd(II) in water. Therefore, MgO-AC can be consid-
ered to have broad application potential in wastewater
treatment.

4. Conclusion

MgO-AC adsorption material has been successfully prepared by
microwave roasting of camellia shell soaked with magnesium nitrate
and used to simulate the adsorption of Cd(II) in wastewater. The
adsorption results show that MgO-AC has the characteristics of large
capacity, high adsorption rate and renewable. Through XRD, XPS
and FT-IR characterization, it was found that new insoluble sub-
stances were produced in the adsorption process, and they were deter-
mined to be Cd and Mg complexes. Thermodynamic data show that
the adsorption process is a spontaneous endothermic process, mainly
due to chemical adsorption accompanied by physical adsorption.
Langmuir isotherm model and pseudo-second-order kinetic model
have the best fitting degree, which can be used to describe the

Adsorbent Dose(g) Volume Adsorption capacity, Reference

(mL) m (mgg ")
DMTD-SiO, 0.01 20 167.33 Hasan et al., 2021
SPAC 0.1 50 142.86 Tajar et al., 2009
Milled ESM-free eggshell 0.025 25 490.19 Balaz et al., 2015
TPDP-SiO, 0.01 30 148.32 Awual et al., 2018
D152 resin 0.16 30 409 Xiong and Yao, 2009
Meranti wood 0.5 50 175.43 Rafatullah et al., 2012
MgO-AC 0.02 200 649.9 This work
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adsorption mechanism. At 323 K, the maximum adsorption capacity
of MgO-AC for Cd(IT) is 649.9 mg-g~'. In addition, MgO-AC was
mixed with Cd(Il) for adsorption, regeneration and reuse, which still
had high adsorption capacity after 10 times, indicating that MgO-
AC was effective and feasible for the removal of heavy metals in indus-
trial wastewater.
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