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a b s t r a c t

The removal of Ni (II), Cu (II), Zn (II), and Co (II) ions from simulated aqueous solutions using calcium
silicate powder (CSP), a new by-product derived from the production of alumina from coal ash, has been
studied. CSP showed high efficiency for the removal of these metal ions. The maximum adsorptions were
420.17, 680.93, 251.89, and 235.29mg/g for Ni (II), Cu (II), Zn (II), and Co (II), respectively. Total (100%)
removal of Ni (II) was obtained when the initial concentration was 100mg/L, indicating that CSP was
highly effective even at an extremely low concentration. Adsorption isotherms and kinetics have been
studied using different models. It has been found that the adsorption isotherms can best be described on
the basis of the Langmuir model, with the kinetics of adsorption following a pseudo-second-order re-
action process. The calcium ion concentration was examined before and after adsorption to investigate
the mechanism of removal of the heavy metal ions. It was found that the removal of heavy metal ions is
mainly achieved through ion-exchange, combined with some adsorption.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metal pollution has become an increasingly serious
environmental problem in recent decades, causing numerous dis-
eases and disorders. An action plan for tackling soil pollution in
China was released on 28th May 2017. The Action Plan for Soil
Pollution Prevention and Control aims to improve soil quality,
ensure safe agricultural products and a healthy living environment
for people, according to the State Council, China’s cabinet. To con-
trol soil pollution by heavy metals, China has vowed to cut the
discharge of major heavy metal pollutants in key industries by 10%
by 2020. Finding a highly efficient remediation technology remains
a bottleneck. Various processes exist for removing dissolved heavy
metals from aqueous solutions, including ion-exchange, precipita-
tion, phytoextraction, ultrafiltration, reverse osmosis, electro
coagulation, electro dialysis, and adsorption. Adsorption, particu-
larly using low-cost absorbents, has attracted a great deal of
attention from the research community and industry due to its high
jmdt@163.com (J. Sun).
efficiency and simplicity of operation.
Numerous studies have been reported regarding the adsorption

of heavy metals by both natural and artificial adsorbents. Natural
zeolites, which are abundant, low-cost adsorbents, show high
adsorption capacity for heavy metal ions in water (Erdem et al.,
2004). The kinetics (Kocaoba et al., 2007; Motsi et al., 2011;
Panayotova and Velikov, 2002), equilibrium (Kocaoba et al.,
2007), and influence of temperature and pH (Jimenez et al., 2004)
have been investigated in relation to these materials. Activated
carbon adsorbents are widely used in the removal of heavy metals
(Adebisi et al., 2017; Demiral and Güng€or, 2016; Jusoh et al., 2007;
Kang et al., 2008; Tounsadi et al., 2016). Carbon nanotubes and
graphene, as new carbon absorbents, have also been applied in the
removal of heavy metals (Duru et al., 2016; Gu et al., 2015; Gupta
et al., 2016; Ihsanullah et al., 2016; Sahraei et al., 2017). Bio-
sorption is an alternative for the removal of heavy metals due to its
low cost and eco-friendly nature (Alluri et al., 2007; Basu et al.,
2017; Mudhoo et al., 2012; Tang et al., 2017; Wang and Chen,
2009). Reducing the cost of adsorbents is a critical issue for
spreading the use of adsorption technologies for the removal of
heavy metals.

Synthesized calcium silicates as low cost adsorbents have been
used in removing heavy metals. Tobermorites were made from

mailto:qingt@buaa.edu.cn
mailto:sunjmdt@163.com
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waste container glass using hydrothermal method and showed
high removal capacities for Cd2þ and Zn2þ (Coleman et al., 2006,
2014). Functionalized calcium silicate nanofibers were derived
from oyster shells for removal of heavy metal ions, showing
removal capacity of 203 and 256mg g�1 for Cu(Ⅱ) and Cr (Ⅵ) cat-
ions (You et al., 2016). The cement based materials have been
widely researched for stabilization or solidification of heavy metals
(Chen et al., 2009; Tommaseo and Kersten, 2002). All these studies
showed the potential application of calcium silicates in the removal
of heavy metals.

Coal remains one of the main energy resources. Indeed, coal
accounted for 62.0% of the total energy consumption in China in
2016 (Statistical Communiqu�e of the People’s Republic of China on
the 2016 National Economic and Social Development http://www.
stats.gov.cn/english/PressRelease/201702/t20170228_1467503.
html). Fly-ash is one of the emission pollutants of coal combustion,
with about 60 million tonnes being discharged annually in China.
Dust and soluble components of fly-ash present great risks to the
environment. Comprehensive utilization of fly-ash is considered of
great importance by the Chinese government. Fly-ash is mainly
composed of alumina and silica, with some other metal oxides. Coal
resources with aluminum contents in the coal ash of over 50% are
abundant in the northwest of China. Overall, the reserve of this kind
of ash in China exceeds 20 billion tonnes. A demo-refinery for coal-
ash-based alumina has been constructed in the Inner Mongolia
Autonomous Region. The strategy of producing alumina from fly-
ash has been a typical case of cyclic economy in China. This
alumina production route was released as a Chinese policy in 2013.
The fly-ash represents an alternative raw material for alumina due
to the shortage of bauxite in China. However, the silica-based by-
product constitutes a secondary pollutant and will influence the
economic efficiency of the production of alumina from fly-ash if it
cannot be effectively reused. Therefore, exploring novel routes for
the utilization of this silica-based by-product is a promising strat-
egy. During alumina refining, the silica in the fly-ash is removed as
calcium silicate powder (CSP), a new by-product. Employment of
CSP as an adsorbent to remove heavy metals in water, thereby
controlling pollution with waste, should achieve a winewin situ-
ation for the economy and the environment.

Herein, we report the mechanism of Ni2þ, Cu2þ, Zn2þ, and
Co2þremoval by CSP from alumina production, along with data on
its performance, to pave a way for application of CSP. It has been
found that the high adsorption capacity of CSP for heavy metal ions
results from ion-exchange. The CSP has shown super removal ca-
pacities of the four used heavy metals. The environmental benefit
for soil pollution control has been analyzed.
2. Experimental method

2.1. Chemicals and materials

CSP was supplied by Inner Mongolia Datang International
Renewable Energy Resource Development Co., Ltd. (Hohhot, China)
and was used as received. Nickel (II) nitrate and cobalt (II) chloride
were purchased from TianJin JINKE Fine Chemical Research Insti-
tute (Tianjin, China). Ammonium citrate, dimethylglyoxime, eth-
ylenediamine tetraacetic acid tetrasodium salt, hydroxylamine
hydrochloride, copper (II) sulfate, zinc(II) nitrate, and sodium py-
rophosphate were purchased from Xilong Scientific (Guangdong,
China). Sulfuric acid, sodium citrate, acetic acid, orthoboric acid,
sodium hydroxide, and hydrochloric acid were purchased from
Beijing Chemicals (Beijing, China). 2,9-Dimethyl-1,10-
phenanthroline, zincon monosodium salt, 4-(5-chloro-2-
pyridylazo)-1,3-diaminobenzene, ethylenediaminetetraacetic acid
(EDTA), and 2-hydroxy-1-(2-hydroxy-4-sulfo-1-naphthylazo)-3-
naphthoic acid were purchased from Sinopharm Chemical Re-
agent Beijing Co., Ltd. (Beijing, China). All reagents were of
analytical grade and were used without further purification.
2.2. Adsorption

Solutions containing Ni2þ, Cu2þ, Zn2þ, and Co2þ were prepared
by dissolving nickel (II) nitrate, copper (II) sulfate, zinc(II) nitrate,
and cobalt (II) chloride, respectively, in deionized water. Simulated
wastewaters containing different concentrations of these four ions
were prepared to test the adsorption capacities of CSP. The initial
concentrations of Ni2þ and Cu2þ are 200, 400, 600, 800, 900 and
1000mg/L respectively. The initial concentrations of Zn2þ are 200,
400, 600, 800 and 1000mg/L. The initial concentrations of Co2þ are
100, 200, 300, 400, 500, 600, and 700mg/L.

Metal uptake experiments were performed in batch reactors
(250mL flasks) placed in a shaker bath. Each metal ion adsorption
tests were conducted using six flasks, each containing 0.1 g of CSP
and 100mL of solution. At predetermined time intervals, the
adsorption process in one of the flasks was stopped and the solu-
tion was filtered to analyze the metal ion concentration. Each flask
was used only once, retrieving data for just one time interval to
avoid possible errors deriving from changes in the ratio between
adsorbent material and solution caused by the removal of the
sample solution for analysis. The Ni2þ, Cu2þ, Zn2þ, and
Co2þcontents were analyzed by spectrophotometry using dime-
thylglyoxime (National Standard of the People’s Republic of China,
GB/T 11910e1989, Water quality-Determination of nickel- Dime-
thylglyoxime spectrophotometric method), 2,9-dimethyl-1,10-
phenanthroline (National Environmental Protection Standard of
the People’s Republic of China, HJ 486-2009, Water quality-
Determination of copper-2,9-dimethyl-1,10-phenanthroline spec-
trophotometric method), zincon monosodium salt (National Stan-
dard of the People’s Republic of China, GB/T 10656e2008, Analysis
of water used in boiler and cooling-Determination of Zinc-Zincon
Spectrophotometry), and 4-(5-chloro-2-pyridylazo)-1,3-
diaminobenzene (National Environmental Protection Standard of
the People’s Republic of China, HJ 550-2015, Water quality-
Determination of cobalt-5-Cl-PADAB Spectrophotometry), respec-
tively. The Ca2þconcentration was analyzed through the EDTA
titrimetric method (National Standard of the People’s Republic of
China, GB 7476e87, Water quality-Determination of calcium- EDTA
titrimetric method).

The adsorption of metal ions by CSPwas calculated according to:

Rð%Þ ¼ C0 � Ce
C0

� 100 (1)

where R is the removal of metal ions and C0and Ce are the initial and
equilibrium concentrations (mg/L), respectively.

Rð%Þ ¼ C0 � Ce
C0

� 100 (2)

where qe is the equilibrium adsorption capacity, V is the volume of
the metal ion solution (L), andW is the weight of the adsorbent (g).

Several models have been proposed in the literature to describe
adsorption isotherms. In this study, the Langmuir and Freundlich
isotherm models were used to describe the relationship between
metal ion adsorption and the equilibrium concentration in solution.

The Langmuir model assumes monolayer adsorption and that
the surface of adsorbents consists of identical adsorption sites. The
linear form of the Langmuir isotherm is expressed as (Huang et al.,
2012):

http://www.stats.gov.cn/english/PressRelease/201702/t20170228_1467503.html
http://www.stats.gov.cn/english/PressRelease/201702/t20170228_1467503.html
http://www.stats.gov.cn/english/PressRelease/201702/t20170228_1467503.html


Fig. 1. Particle size distribution of CSP.

Fig. 2. XRD profile of CSP.
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Ce
qe

¼ 1
qmaxKL

þ Ce
qmax

(3)

where qe (mg/g) is the amount of metal ion adsorbed per unit mass
of adsorbent, Ce (mg/L) is the equilibrium concentration of the
metal ion, and qmax (mg/g) and KL (L/mg) are the Langmuir con-
stants related to the adsorption capacity and adsorption rate,
respectively.

The Freundlich model assumes that the surface of the adsorbent
is heterogeneous and that stronger binding sites are occupied first.
The model is described by the equation:

log qe ¼ log KF þ
1
n
log Ce (4)

where KF is a characteristic parameter of the adsorption capacity
([mg/g]/[mg/L]1/n), and n is the adsorption intensity.

Pseudo-first-order and pseudo-second-order models (Schiewer
and Patil, 2008) were used in this work to describe the rate of metal
ion uptake on the CSP.

First� order model : logðqe � qtÞ ¼ log qe � ktt
2:303

(5)

Second� order model :
t
qt

¼ 1
k2q2e

þ t
qe

(6)

2.3. Characterization

The crystal structure of the CSP was studied by X-ray diffraction
(XRD; D/max2200 PC, Rigaku, Japan) using Cu-Ka radiation, over
the 2q range from 10� to 80�.The surface area of the CSP was
determined through nitrogen adsorption at 77 K on an ASAP 2020
instrument (Micromeritics, Norcross, GA,USA). The chemical
composition of the CSP was determined by X-ray fluorescence
spectrometry (XRF; S4-Explorer, Bruker Corporation, Karlsruhe,
Germany). The particle size distribution of the CSP was measured
by the laser scattering technique (Mastersizer, 2000, Malvern In-
struments Ltd., Malvern, UK).

3. Adsorption of heavy metals

3.1. Analysis of the CSP

The composition of the CSP is shown in Table 1. It was mainly
composed of SiO2 and CaO, with small amounts of impurities. The
particle size was about 17 mm (Fig. 1) and the crystalline phase was
mainly calcium silicate hydroxide (Riversideite-9A) (shown in
Fig. 2). The surface area of the CSP was 50.68m2/g.

3.2. Adsorption isotherms

Fig. 3 shows the adsorption isotherms of the CSP for metal ions.
The equilibrium adsorption increased with increasing concentra-
tion of the heavy metal ions. It should be noted that the amounts of
Ni2þ, Cu2þ, Zn2þ, and Co2þadsorbed at equilibrium were387.2,
Table 1
Composition of the CSP (wt%).

Na2O MgO Al2O3 SiO2 P2O5 SO3 C

3.77 0.592 1.03 42.7 0.191 0.271 0
399.89, 197.68, and 195.81mg/g when the equilibrium concentra-
tions were as low as 12.80, 0.11, 1.16, and 4.19mg/L, respectively.
This indicates that these four metal ions can be effectively removed
even at low equilibrium concentrations. Furthermore, Ni2þ was no
longer detected when the solution was analyzed after adsorption
(initial concentration of Ni2þ 200mg/L), showing its complete
removal by the CSP, even at extremely low concentrations.

Fig. 4 shows the linear relationships of Ce/qe versus Ce and of log
qe versus log Ce. Table 2 shows the parameters of the Langmuir and
Freundlich models. The Langmuir model accurately described the
adsorption of the four metal ions by CSP; the R2 correlation values
were all>0.999 for these relationships. The maximum adsorptions
(qmax) were 420.17, 680.93, 251.89, and 235.29mg/g for Ni2þ, Cu2þ,
Zn2þ, and Co2þ, respectively. The adsorption capacities were very
high compared to the results achieved with carbon nanotubes
l K2O CaO TiO2 Fe2O3 SrO

.0975 0.0509 50.9 0.0940 0.130 0.0234



Fig. 3. Adsorption isotherms of CSP for metal ions: (a) nickel (II), (b) copper (II), (c) zinc(II), and (d) cobalt (II).

Fig. 4. Langmuir (a) and Freundlich (b) adsorption isotherms of metal ions onto CSP.

Table 2
Characteristic parameters and coefficients of the experimental data according to the Langmuir and Freundlich models.

Ion Langmuir isotherms Freundlich isotherms

R2 qmax (mg/g) KL (L/mg) RL R2 1/n KF(l/mg)� 10�2

Ni2þ 0.9998 420.17 0.3005 0.0033 0.9733 0.0205 3.6543
Cu2þ 0.9996 680.93 0.5029 0.0020 0.9869 0.0677 4.6938
Zn2þ 0.9997 251.89 1.1711 0.00008 0.9743 0.0396 1.9706
Co2þ 0.9996 235.29 70.8333 0.00002 0.8717 0.0982 1.4051

J. Ma et al. / Journal of Cleaner Production 182 (2018) 776e782 779
(Gupta et al., 2016), carbon foams (Lee et al., 2016), biochar (Inyang
et al., 2016), alga (Kuyucak and Volesky, 1989), natural zeolites
(Erdem et al., 2004), or ion-exchange resins (Kang et al., 2004). The
Langmuir model gave R2correlation coefficients >0.99, fitting the
experimental data better than the Freundlich isotherm.

3.3. Adsorption kinetics of Ni2þ, Cu2þ, Zn2þ, and Co2þ onto CSP

The adsorption of metal ions onto CSP versus time is shown in
Fig. 5. The initial concentration of the metal ions was 400mg/L.
Cu2þ ion showed the highest adsorption rate and it was no longer
detected in the solution after 1 h of adsorption. The estimated
removalsofNi2þ, Co2þ, and Zn2þwere 96.98%, 60.75%, and 30.47%,
respectively.

Fig. 6 shows the relationship of log (qeeqt) versus t and plots of
the values of t/qt against t for the adsorption of the metal ions onto
CSP. The parameters k1,k2, and qe, determined from the slopes and
intercepts of the curves, are shown in Table 3. There are notable



Fig. 5. Kinetic adsorption curves of CSP for heavy metals (the initial metal ion con-
centration was 400mg/L).
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differences between the experimental and theoretical values,
indicating that the first-order model does not fit the data well over
the entire range of contact times studied. On the other hand, the
pseudo-second-order model fits the experimental data quite well.
3.4. Mechanism of the adsorption of metal ions on the CSP

In spite of the high adsorption of metal ions, since the surface
area of the CSP was only 50.68m2/g, it is not reasonable that the
uptake of metal ions was due to adsorption alone. Moreover, it was
found that the process could best be described by a second-order
reaction. It is well known that silicates often show considerable
ion-exchange ability. To gain more insight into the mechanism of
metal ion removal, the calcium ion concentration was determined
before and after adsorption. The results are shown in Table 4. The
sample indicated as “Blank” was a control sample containing only
Fig. 6. Pseudo-first-order (a) and pseudo-second-order

Table 3
Comparison of the pseudo-first-order and pseudo-second-order adsorption rate constan

Ion Qe,exp (mg/g) Pseudo-first-order model

Qe,cal (mg/g) K1 (h�1)

Ni2þ 387.92 220.21 0.9809
Cu2þ 399.89 18.66 1.6747
Zn2þ 121.87 95.68 0.4972
Co2þ 243.02 384.55 1.0451
CSP. The equilibrium concentration of calcium was 26.42mg/L,
indicating that the CSP had been partially dissolved. For the four
test solutions, complete removal of the heavy metal ions was
achieved, with final concentrations of 0mg/L in the equilibrated
solutions. On the other hand, the calcium ion concentration
increased considerably compared to the blank sample, indicating
that ion-exchange had occurred. The increase in calcium ion con-
centration was nevertheless lower than the amount of absorbed
heavy metal ions, suggesting that their removal does not occur
uniquely through an ion-exchange process. Considering that the
surface area of the CSP was 50.68m2/g, it is reasonable that
adsorption also contributed to the removal of the heavy metal ions.
4. Environmental and economic benefits

The application of CSP in the removal of heavy metals from
water will clean the water, collect heavy metals, and reduce soil
pollution. We chose Inner Mongolia Datang International Recycling
Resource Development (IMDIRRD) Co., Ltd. (Hohhot, China) as a
case to evaluate the environmental and economic benefit of CSP
adsorption as a means of removing heavy metals. IMDIRRD was
founded in 2007 for the re-utilization of coal fly-ash from a coal-
fired power plant. The main product of IMDIRRD is alumina pro-
duced from coal fly-ash. A demo-line has been constructed, with a
production of alumina of 200,000 tonnes per annum, along with
150,000 tonnes of CSP. This route for the utilization of coal fly-ash
has been one of the typical cases of cyclic economics in China. If all
of the 150,000 tonnes of CSP could be used as an adsorbent to
remove heavy metals from water, the benefits will not only be
water cleaning, but also the recovery of heavy metals and reducing
soil pollution.

Based on the previous experimental results, the adsorption ca-
pacity of CSP for heavy metals increased with the equilibrium
concentrations. To ensure that the treated water would meet
environmental requirements, the adsorption capacities were
selected as 200, 400, 100, and 100mg/g for Ni2þ, Cu2þ, Co2þ, and
Zn2þ respectively. It should be noted that such adsorption capac-
ities would be worthwhile for the recovery of heavy metals. The
(b) kinetics for adsorption of metal ions onto CSP.

ts for the adsorption of metal ions onto CSP.

Pseudo-second-order model

R2 Qe,cal (mg/g) K2 (g/(mg,h)) R2

0.9702 401.61 0.0117 0.9999
0.7141 400.00 0.5364 1
0.8484 141.84 0.0068 0.9730
0.6453 309.60 0.0019 0.9764



Table 4
Calcium ion concentrations before and after adsorption.

Samples Initial Equilibrium

Cheavy metal (mg/L) CCa2þ (mg/L) heavy metal ion (mmol) Cheavy metal (mg/L) CCa2þ mg/L calcium ion (mmol)

Blank 0 0 0 0 26.42 0.0659
Ni2þ 100 0 0.1704 0 67.05 0.1673
Cu2þ 100 0 0.1574 0 60.34 0.1501
Zn2þ 100 0 0.1530 0 60.26 0.1503
Co2þ 100 0 0.1697 0 66.65 0.1663

Table 5
Economic and environmental benefits of application of CSP in the treatment of heavy-metal-polluted water.

Heavy
metal

Adsorption capacity,
mg/g

Heavy metal concentration in waste water,
mg/L

Recovery of heavy metal,
tonnes

Cleaning water, 106

tonnes
Reduction of polluted soil,
hectare

Ni2þ 200 50e100 3000 300e600 53,571e107,143
Cu2þ 400 50e100 6000 600e1200 107,143e214286
Zn2þ 100 50e100 1500 150e300 26,786e53,571
Co2þ 100 50e100 1500 150e300 26,786e53,571
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heavy metal concentration in the waste water was selected as
50e100mg/L, a general range for industrial waste water containing
heavy metals. When treating water containing heavy metals at this
concentration, the heavy metals can be collected almost
completely. The reduction of soil pollution was calculated based on
the assumption that the water will be used for irrigation in the
North China Plain Region. The total amount of all the irrigations was
selected as 80mm, while full irrigation was considered as four ir-
rigations for wheat and three irrigations for maize (Sun et al., 2015;
Xiao et al., 2017). Therefore, the amount of water for irrigation was
5600m3/hectare. Table 5 shows the analysis results concerning the
potential benefit of application of CSP in the removal of heavy
metals from waste water. If all the CSP from the demo-line at
IMDIRRD were to be used as an adsorbent for the removal of heavy
metals fromwater, the benefits will cover water cleaning, recovery
of heavy metals, and reduction of soil pollution. Based on the above
selected conditions, the amount of heavy metals recovered will be
1500e6000 tonnes, and the treated water and reduction of
polluted soil will be 1.50e12� 108 tonnes and 26,786e214,286 ha
respectively.

5. Conclusions

CSP is a new kind of by-product from the procedure for the
production of alumina from solid waste coal fly-ash. CSP has been
investigated as an adsorbent for the removal of Ni2þ, Cu2þ, Zn2þ,
and Co2þ ions from simulated solutions. A high adsorption capacity
of these heavy metals onto CSP was achieved, with maximum ad-
sorptions in the range of hundreds of mg/g. The isotherms were
well described by the Langmuir model. Kinetic studies have indi-
cated that the adsorption of heavymetals follows a pseudo-second-
order equation, indicating chemisorption. The mechanism of the
removal of heavy metals by CSP has been delineated. The change in
calcium cation concentration shows that the removal of heavy
metals is to a great extent due to an ion-exchange process. Re-
utilization of CSP as a low cost adsorbent for removal heavy
metal in water not only offers an application of this by-product, but
also offers great environmental and economic benefits. CSP can be
use to clean waste water containing heavy metal and recycle the
heavy metals.
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