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In this study, fly ash (FA) was modified by sodium hydroxide to prepare a new adsorption material (IP) and treat Pb>*- and Cd**-
polluted wastewater. The effect of preparation parameters (mass ratio of FA/NaOH and modification temperature) on IP
adsorption performance was investigated. The results indicated that the IP4 showed the highest adsorption capacity prepared at
the FA/NaOH mass ratio of 1:2 and the roasting temperature of 250°C. The IP4 was characterized by SEM, EDX, XRD, and
FTIR analyses. The results showed that the surface morphology and microstructure of FA were significantly changed.
Furthermore, in order to study the adsorption performance of Pb*>* and Cd** on IP4, the different initial concentrations of Pb*"
and Cd**, pH, and contact time were analyzed, and the results indicated that IP4 has excellent adsorption capacity for heavy
metals. In addition, kinetic model results demonstrated that the adsorption behavior of Pb*" and Cd** on IP4 was better

described by a pseudo-second-order model.

1. Introduction

Among water resource problems, heavy metal ions have been
considered the most serious pollutants [1], which can lead to
tremendous damage to the ecosystem [2]. Lead (Pb) and
cadmium (Cd) are considered the most dangerous heavy
metals as they can induce some serious health problems [3].
Heavy metals accumulate in the organs of the human body
through the food chain and further cause serious harm to
human health [4].

Many technologies were introduced to treatment metal
ions in wastewater, such as ion exchange [5], membrane
separation [6], solvent extraction [7], and evaporation and
chemical precipitation [8]. However, these technologies have
limited applications due to their high cost and low efliciency
[9]. Among these wastewater treatment methods polluted
with heavy metals, the adsorption method was an effective
and feasible method because of its low cost, simple operation,
and high efliciency [10-12]. The key of adsorption technol-
ogy is to prepare economical adsorbents with a large specific

surface area and high adsorption efficiency. For example,
activated carbon is used as heavy metal adsorbents, which
presented excellent adsorption behavior due to its many
macro- and micropores and large specific surface area [13].
However, those adsorbents perform escalating costs. In addi-
tion, there were many micropores on the activated carbon,
which results in slow diffusion kinetics; thus, it is limited in
wastewater treatment [14, 15]. Thereby, it is imperative to
develop new economical and efficient adsorbents, such as
modified fly ash.

Coal fly ash (FA), a secondary product of coal burning in
thermal power plants, is one of the most accessible and abun-
dant anthropogenic materials [16]. The results of previous
studies demonstrated that alkali-modified FA was an effec-
tive method in the adsorption and remediation of heavy
metals (HMs) in water and soils [17, 18]. Besides, FA is rich
in silicon, which can improve the HM removal with NaOH
addition [19, 20]. However, there are few reports on adsorp-
tion of HMs for modified FA by low-temperature roasting
assisted with sodium hydroxide. Therefore, the purpose of
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this study is to use a low-temperature roasting method to
modify FA with NaOH as an activator and use modified fly
ash to remove metal ions in wastewater compared to fly ash.

This study is aimed at investigating the possibility of
using alkali-modified coal fly ash to remove Pb and Cd.
And the following key objectives were determined: (i) deter-
mine the best modification conditions of fly ash; (ii) charac-
terize the modified fly ash with the best adsorption
performance; (iii) study the influence of initial pH, tempera-
ture, absorbing time, and initial concentrations of Cd** and
Pb*"; and (iv) analyze the kinetic models.

2. Methods and Materials

2.1. Materials. Fly ash, used in the batch adsorption experi-
ments, was collected from the Datong Power Plant, Shanxi
Province. Chemical reagents used in this study include HCI,
NaOH, Cd(NO,),4H,0, and Pb(NO,),, and the above
reagents were of analytical grade (GB/T 601-2016, Jinhui-
taiya, China).

2.2. Preparation of IP. FA was dried in a constant tempera-
ture drying oven at 85°C. Then, the material was mixed with
NaOH in 1:1 and 1:2 proportions and the mixture was put
in the nickel crucible, respectively, and then the nickel cruci-
ble was put in the muffle furnace and fired at 200°C for 2 h.
Finally, the samples were cooled to ambient temperature,
and the pH of adsorbents was washed to neutral. The adsor-
bents prepared under the 1:1 and 1:2 proportions of
FA :NaOH were marked IP1 and IP2, respectively.

Then, dried FA was mixed with NaOH in 1 :2 proportion
and the mixture was put in the nickel crucible, respectively.
Then, the nickel crucible was put in the muffle furnace and
fired at 150 and 250°C for 2h, respectively. Finally, the
samples were cooled to ambient temperature, and the pH of
samples was washed to neutral. The adsorbents prepared at
the roasting conditions of 150 and 250°C were marked IP3
and IP4, respectively.

Initial pH of the solution was determined by a Mettler
Toledo digital pH meter (calibrated using buffers of pH
4.01,7.00, and 9.21), and FA and IP4 were analyzed through
energy-dispersive X-ray (EDX), X-ray diffraction (XRD, D8
Advance), Fourier transform infrared (FTIR) spectroscopy
(Nicolet iS10, Thermo Fisher Scientific), and scanning elec-
tron microscopy (SEM, S-4800, Hitachi Limited).

2.3. Adsorption Trial. The influence of different adsorption
parameters on the adsorption of two metal ions was analyzed
by batch adsorption experiments. Heavy metal-polluted
wastewater was obtained using Cd(NO;),-4H,0 and
Pb(NO,),. Dilute the 1000 mg/L Pb** and Cd** solution to
100 mg/L; then, 50 mL Pb** and Cd** solutions (the initial
concentrations of two metal ions are both 100 mg/L) were
put in 250 mL Erlenmeyer flasks and mixed with 0.1g of
IP1, IP2, IP3, and IP4, respectively. Then, Erlenmeyer flasks
were carried out on a shaker at 180 rpm and continuously
stirred for 60 min at 25°C. After adsorption, the residual con-
centration of Cd** and Pb** in the filtrate was determined
through an atomic absorption spectrometer (PinAAcle 900,
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TaBLE 1: Basic physicochemical properties of materials.

Material H Total Cd Total Pb  Total Zn  Total Cu
P (mg/g)  (mglg)  (mgly)  (mglg)
FA 8.57 0.31 26.4 58.4 25.6
1P4 9.02 0.32 29.8 49.7 21.3
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FIGURE 1: Adsorption of lead and cadmium by different fly ash-
alkali ratios of modified materials.

PerkinElmer). The material with the best adsorption perfor-
mance was selected by comparing the adsorption capacity.
The basic physicochemical properties of materials are shown
in Table 1.

The removal efficiency w (%) and the adsorption capacity g,
(mg/g) were calculated as Equations (1) and (2), respectively.

w=""%) 1000, (1)
C0
(Co—CYV,
G=—— (2)

where C, and C, represent the concentration of Cd** and Pb**
before and after adsorption (mg/L), respectively; m means
material mass (g); and V is the volume (mL).

3. Results and Discussions

3.1. Effect of Preparation Parameters on IP
Adsorption Capacity

3.1.1. Effect of the FA/NaOH Mass Ratio. Figure 1 displays the
effect of different FA/NaOH mass ratios on the adsorption of
Pb*" and Cd**. Compared with IP1 and IP2, FA had the low-
est adsorption capacity for Cd**, which was only 27.59 mg/g,
while the adsorption capacity for Pb** was 20% higher than
that for Cd**, indicating that the original fly ash had a certain
adsorption capacity for Pb>" and Cd**. As can be seen, the
adsorption amount of IP on both Pb*" and Cd** was
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FIGURE 2: Adsorption amount of lead and cadmium (a) and removal efficiency of modified materials at different temperatures (b).
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F1GUre 3: The SEM-EDX diagram of FA (a, ¢) and IP4 (b, d).

increased compared with that of fly ash, while the adsorption
capacity of IP2 prepared at the FA/NaOH mass ratio of 1 :2 is
stronger, possibly because the OH™ can easily combine with
heavy metal ions to form a more stable salt complex under
alkaline conditions. It is precisely because of the participation
of NaOH that the grain size of some minerals in the raw ash
gradually decreases. The silicon and aluminum oxides can
fully react with NaOH and play a good activation effect on
the fly ash. Compared with the raw ash and IP1, IP2 has a

better adsorption effect. Therefore, in the following preexper-
iment, the gray-base ratio of 1:2 will have a better effect.

3.1.2. Influence of Calcination Temperature. Figure 2 shows
the adsorption amount and removal rate of two metal ions
on FA and IPs prepared at different temperatures. From
Figure 2(a), the adsorption capacity of two metal ions is
higher on the three modified materials than FA, and the
removal rate and adsorption capacity of adsorbents for
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FIGURE 4: Infrared light map of FA and IP4.

Pb** and Cd** followed IP4>IP3>IP2>FA. The results indi-
cated that increasing the modification temperature is condu-
cive to the adsorption of the modified materials, which may
be due to the reaction between the original fly ash and the
NaOH being more adequate at 250°C. For IP4, the adsorp-
tion capacities of Pb*" and Cd** were 59.51 and 45.91 mg/g,
respectively, when the modification temperature is raised to
250°C, which are 13.5% and 23.48% higher than that for
IP2, respectively. As shown in Figure 2(b), the removal rate
of Pb*" reached 97.5% when the temperature rose to 250°C,
while the removal rate of Cd** was 78.21% under this condi-
tion, which was significantly higher than that of raw ash and
IP3.

3.2. Characteristics of Adsorbents

3.2.1. SEM-EDX Analysis. The SEM-EDX images of FA and
IP4 are displayed in Figure 3. As we can see from
Figure 3(a), FA was characterized by a spherical structure
with a smooth surface. However, after the modification,
many fine particles appeared on the surface of the sample,
IP4 had an irregularly shaped and amorphous particle struc-
ture, and the surface of the adsorbent becomes loose and
porous. The results may be due to the fact that both SiO,
and AL,O, were dissolved from the surface of FA with the
NaOH treatment; the vitreous structure on the FA surface
was also destroyed, which is beneficial to increase the specific
surface area (BET) of the sample [21] and further improve
the adsorption ability of metal ions. The BET and pore
volume of the IP4 were 26.37 m*/g and 0.0017 cm>/g, respec-
tively, and its surface area was nearly 18 times larger than
that of FA. Larger BET is more conducive to the improve-
ment of adsorption capacity. This is mainly due to the
rougher surface of IP4 with more vacancies for adsorption
of heavy metals in case of producing more high-energy active
sites on the surface. For the alkali roasting method making
Ca and AlL,O, leach, its new chemical composition and
surface structure got exposed, and the ability of being a heavy
metal adsorbent is enhanced. While the size of particles got
smaller, IP4 then had more extensive contact with heavy
metal ions, which enhances the adsorption performance as
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FiGure 5: The XRD pattern of FA and IP4.
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FiGure 6: The influence of adsorption time on the removal rate
of Pb*" (a) and Cd** (b). Adsorption conditions: IP4 dosage:
0.05g; adsorption temperature: 25°C; agitation speed: 180 rpm;
initial Cd®* concentration: 100 mg/L; initial Pb** concentration:
150 mg/L; and adsorption time: 0-120 min.

well. Visa [22] reported a similar observation. As we can
see from Figures 3(c) and 3(d), the main elements in the
FA were Al, Si, and O; after modification, Al, Si, and O were
also the main elements of the IP4.

3.2.2. FTIR Analysis. The FTIR spectrum of FA and IP4 is
performed in Figure 4. Four obvious intense and wide adsorp-
tion bands were found, which were located at 410~500 cm™!,
530~570cm™, 800~910cm™, and 950~1200cm’, respec-
tively. The adsorption peak that appeared at 457.13cm™" was
ascribed to bending vibrations of T-O (T = Al/Si) [23, 24].
The intense bands located at 1095.57cm™ were caused by
the TO, tetrahedral asymmetric vibrations [25]. After the
modification, the position of the absorption bands was shifted
to lower wavenumbers, and the intensity of the absorption
peaks at 1095.57, 902.69, 553.57, and 457.13cm™" was weak-
ened. In the FTIR spectra of IP4, wide and intense adsorption
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TasLE 2: Kinetic model fitting parameters for Cd** and Pb*>* adsorption.
Pseudo-first-order Pseudo-second-order
Metal ions q. (mg/g) Ge-exp (ME/B) k, (1/min) R? e-exp (ME/E) k, (g/mg 1/min) R?
cd** 72.59 32.22 0.0082 0.8336 78.74 0.0024 0.9928
Pb** 122.74 65.75 0.013 0.8366 115.53 0.0013 0.9925

TaBLE 3: Comparison of previously reported Cd** and Pb**
adsorption capacities of different adsorbents.

m (mg/ Reference
Adsorbent C d(% (mg I§l?>2+
Ca-alginate bead 1.26 1.74 [2]
Camellia seed husk biochar 45.6 113.2 [3]
Modified orange peel 13.7 73.5 [5]
Chitosan-MAA material 1.84 11.3 [7]
Modified fly ash 3.6 10.8 [10]
IP4 78.74 115.5 This study

bands were observed at 3417.91 and 1651.80cm™, respec-
tively, which were attributed to O-H stretching and O-H
bending [26, 27].

3.2.3. XRD Analysis. Figure 5 presents the XRD spectra for
the FA and IP4, which suggested that the position of diffrac-
tion peaks was similar to that reported by Chen et al. [28].
The XRD results indicated that the mullite and quartz were
the main components of FA, and the diffraction peak of
mullite was mostly at around 20 of 35°~38°. Compared with
the spectra of FA and IP4, the spectrum of IP4 was
completely different from FA, there were no mullite and
quartz peaks on the IP4, and the curve of IP4 was relatively
smooth and has no extra peaks. This result may be caused
by the SiO, and AlL,O; in the FA dissolved when modified
by NaOH and may further form new soluble aluminosilicate
compounds; then, that is, the raw coal fly ash was activated,
which leads to the dissolution of the glass phase and the
appearance of a new amorphous form.

The excellent performance of IP4 is mainly due to con-
taining Na,O and OH’, both of which dissociate the Si-O
and Al-O peaks in the network structure with a higher degree
of polymerization in FA; new unsaturated active bonds were
constructed [21]. Under the action of the low-temperature
roasting method with NaOH, the crystal structure in FA
not only was destroyed but also led to the dissociation reac-
tion of ALO;, SiO,, etc. To form active negatively charged
groups, the acidic ions on the surface of FA (H") will also
be dissociated under alkaline conditions. In addition, the
surface of the modified material is electronegative, which
enhances the adsorption performance.

3.3. Influence of Adsorption Time. The influence of contact
time on the removal efficiency of Pb*" and Cd*" is shown
in Figure 6. As we can see from Figure 6, the removal rate
of two metal ions was increased rapidly in the initial adsorp-

tion period of 0~30 min, and the adsorption equilibrium was
basically reached at around 30 min; after that, with the exten-
sion of time, the removal efficiency increased only slightly.
When the adsorption time reached 120 min, the removal rate
of Pb>" and Cd** was 82.71% and 74.37%, respectively. This
phenomenon may be due to the fact that there were many
adsorption sites on the IP4 surface at the first period of
adsorption; thus, the adsorption rate was fast [29]. With the
reaction of adsorption sites and metal ions, available adsorp-
tion sites on the adsorbent surface were occupied, and the
removal rate no longer changes significantly [30, 31].

The pseudo-first-order and pseudo-second-order models
(Equations (3) and (4), respectively) were introduced to ana-
lyze the rate-controlling mechanism of the adsorption pro-
cess [32].

k)t
log (g, —4) =log q. 2(3‘33 (3)

t 1 + t (4)
qt kzqg qe)

where g, and g, (mg/g) were the adsorption amounts of Pb**
and Cd** at adsorption time ¢ and at adsorption equilibrium,
respectively, and k, (1/min) and k, (g/mg-min') mean the
adsorption rate constants.

The fitting results of adsorption kinetics are listed in
Table 2. Obviously, the pseudo-second-order adsorption
model showed higher correlation coefficients (R*), which
demonstrated that the adsorption behavior of two metal ions
on IP4 was better described by the pseudo-second-order
model compared to the pseudo-first-order model. The results
demonstrated that the adsorption behavior of metal ions on
adsorbents was controlled by the rate-limiting step of chem-
isorption, as also research by Song et al. [33]. Moreover, the
adsorption process has involved valence forces because of
the exchange of electrons between IP4 and HMs [34].
Besides, the adsorption effect of IP4 is better than that of
other materials, which can be used as an economical and
environmentally friendly adsorbent for waste treatment
(Table 3).

3.4. Influence of pH on Adsorption. The pH is a critical factor
that influences the metal ion removal on the adsorbent. The
effect of initial pH on the removal rate and adsorption
amount is displayed in Figure 7. As we can see from
Figures 7(a) and 7(b), the removal rate and adsorption capac-
ity of Pb** and Cd** on IP4 significantly increased with the
increasing pH from 2 to 6 and reached a plateau region at
pH > 6. When the pH of the solution was low, excessive
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FiGure 8: The influence of the initial concentration of heavy metals on the removal rate and adsorption amount of Pb** (a) and Cd*" (b).
Adsorption conditions: IP4 dosage: 0.05 g; adsorption time: 60 min; adsorption temperature: 25°C; agitation speed: 180 rpm; initial Cd**
concentration: 25-200 mg/L; and initial Pb>" concentration: 50-250 mg/L.

hydrogen ions can compete with Pb*>" and Cd** for adsorp-
tion sites on the adsorbent surface. Therefore, the binding
of heavy metals to the adsorption sites on the surface was
limited [35, 36]. The negative charge on the surface of the
material increases with the increase in initial pH, and the
removal rate and adsorption capacity improved because of
the electrostatic gravity force between the adsorption sites
on the material surface and metal ions [34, 37]. This observa-
tion is similar to others presenting that metal ion adsorption
is more efficient in alkaline conditions. Besides, as we can see
from Figure 7, the adsorption performance of IP4 to Pb** was
higher than that to Cd**, this may be due to the fact that the
adsorption of metal ions was influenced by the hydrated
radius [38] and the hydrated ionic radius of metal ions
followed Pb>"<Cd>* [39, 40].

3.5. Effect of Initial Concentration. Figure 8 shows the influ-
ence of the initial concentration of Pb** and Cd** on the
removal efficiency and adsorption capacity. As we can see
from Figure 8, with the increase of the initial concentration
of Pb®" and Cd**, the adsorption percentage of the two metal
ions decreased. When the initial concentration of Pb**
increased from 50 to 250 mg/L and that of Cd** increased
from 25 to 200 mg/L, the adsorption efficiency of Pb** and
Cd** decreased from 89.47% to 63.49% and 95.23% to
48.72%, respectively. This may be attributed to the fact that
in the case of a fixed dosage, there were a large number of
adsorption sites on the IP4 surface when the initial concen-
tration of metal ions was low, and metal ions can fully react
with the adsorption sites. Therefore, the removal rate is
higher [41]. The adsorption sites were decreased with the
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increase of the concentration of two metal ions, and the
adsorption rate is reduced. In addition, the adsorption
amounts of two metal ions increased with the increase of
the initial concentration. Besides, Ca*" and Mg2+ contained
in IP4 can be ion-exchanged with Cd**, and the Si-O func-
tional group on the surface of the material can also have a
surface complexation reaction with metal ions [28].

4. Conclusion

In this study, the mass ratio of FA/NaOH and the calcination
temperature play a key role in the modification of FA. After
low-temperature calcination modification of NaOH, the
new silicon-aluminum composite material IP obtains higher
Pb*" and Cd** adsorption capacity. Among them, IP4 (the
FA/NaOH mass ratio was 1:2; the calcination temperature
was 250°C) can be favored for heavy metal adsorption, com-
pared with the other materials. The BET and pore volume of
IP4 are increased, and the specific surface area is 18 times
that of the original FA. The results of the characterization
of IP4 show that IP4 mainly contains Al Si, O, and Na ele-
ments. SiO, and Al,O; on the surface of the FA are attacked,
the glass phase on the surface is dissolved and destroyed, and
then many new adsorption sites remain. The adsorption of
two metal ions by IP4 is affected by initial concentration,
solution pH, and reaction time. In addition, adsorption
results indicated that when the dosage was 0.05 g, adsorption
temperature was 25°C, and the initial concentration of Pb**
and Cd** was 150 and 100 mg/L, respectively; the adsorption
reached adsorption equilibrium at 30 min, and the removal
efficiency of Pb”" and Cd** was 74.37 and 82.71%, respec-
tively. The adsorption capacity of IP4 for two metal ions
followed Pb*">Cd**. The results of adsorption kinetic
models demonstrated that the adsorption process of Pb**
and Cd** by IP4 can be well described by a pseudo-second-
order model and the adsorption process was chemical
adsorption based on ion exchange.

Data Availability

The basic mapping data used to support the findings of this
study are available from the corresponding author upon
request.

Additional Points

Highlights. (i) A new adsorbent has been successfully synthe-
sized from fly ash. (ii) IP presents excellent adsorption capac-
ity for heavy metals. (iii) Both the mass ratio and the
temperature significantly affect the IP preparation. (iv) The
adsorption efficiency of Pb®" and Cd** was 82.71% and
74.37%, respectively.
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