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Equilibrium analysis for heavy metal cation removal using
cement kiln dust
Mohamed El Zayat, Sherien Elagroudy and Salah El Haggar

ABSTRACT
Ion exchange, reverse osmosis, and chemical precipitation have been investigated extensively for
heavy metal uptake. However, they are deemed too expensive to meet stringent efﬂuent
characteristics. In this study, cement kiln dust (CKD) was examined for the removal of target heavy
metals. Adsorption studies in completely mixed batch reactors were used to generate equilibrium pH
adsorption edges. Studies showed the ability of CKD to remove the target heavy metals in a pH range
below that of precipitation after an equilibrium reaction time of 24 h. A surface titration experiment
indicated negative surface charge of the CKD at pH below 10, meaning that electrostatic attraction of
the divalent metals can occur below the pH required for precipitation. However, surface
complexation was also important due to the substantive metal removal. Accordingly, a surface
complexation model approach that utilizes an electrostatic term in the double-layer description was
used to estimate equilibrium constants for the protolysis interactions of the CKD surface as well as
equilibria between background ions and the sorbent surface. It was concluded that the removal
strength of adsorption is in the order: Pb > Cu > Cd. The experiments were also supported by Fourier
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INTRODUCTION
Inorganic constituents, such as heavy metals, are carcinogenic due to the fact that they can bio-accumulate in our
bodies, resulting in an increase in the concentration of
toxic chemicals in the biological organism (Lenntech
). Heavy metals, such as lead, copper, and cadmium,
have been also named as toxic metals due to their
severe effect on human beings (Mahajan & Sud ).
They can ﬁnd their way to soil and then into freshwater
bodies and groundwater as a leachate from industrial
efﬂuents (Lef ). The most commonly used techniques
for heavy metal recovery are reduction, precipitation, ion
exchange, and adsorption (Dabrowski ; Fenglian &
Wang ). However, most of these methods incurred
high capital and operational costs (Barakat ). Motivated by cost considerations, the efﬁciency of cement kiln
dust (CKD) on heavy metal recovery is investigated in
this study. CKD is an industrial waste which is considered
a problematic issue (USEPA ). CKD has high content
of calcium oxide (CaO) that results in it being used as a
doi: 10.2166/wst.2014.325
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replacement for lime in treating acidic wastewater
(Mackie et al. ). It has been also used as a chemical
coagulant for wastewater treatment, resulting in reduction
in the concentration of total suspended solids (TSS), biochemical oxygen demand (BOD), chemical oxygen
demand (COD), and P-total of wastewater efﬂuent (AboEl Hassan ; El Zayat et al. ). Taha  investigated the effect of CKD on the mobility of heavy metals
present in municipal wastewater and sludge. She found
that CKD is capable of reducing disease-causing organisms, in wastewater, and is more effective for sewage
sludge. Moreover, many researches were conducted to
investigate the inﬂuence of the physicochemical properties of CKD for soil and sludge stabilization (Khaled
; Peethamparan et al. ). It was found that the
CKD has a high propensity to stabilize both soil and
sludge and kill pathogens because of the CKD alkalinity.
The capacity of CKD, as heavy metals scavenger, for chromium uptake from aqueous solutions has also shown good
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results (El Awady & Sami ). However, CKD has not been
tested extensively for the removal of some other heavy metals
from industrial wastewater, such as lead, copper, and cadmium. Moreover, a huge lack of titration experiments for
CKD in the literature was observed besides computational
modeling of the adsorption capacity of the CKD.
Surface complexation models were used to interpret
metal ion adsorption equilibria. In this study, the triplelayer surface complexation model (TL-SCM) was used for
the determination of sorbent surface equilibrium constants
from potentiometric titration data. These values were then
used to estimate adsorption equilibrium constants from pH
adsorption edge data for the three target heavy metals
used in the batch experiments in the bench scale, namely
lead, copper, and cadmium. The ultimate objective of
these studies is to use the model as a scale-up tool for
design of either pilot- or full-scale units.

MATERIALS AND METHODS
Cement kiln dust
CKD samples were obtained from a local cement manufacturing plant in Upper Egypt. CKD usually has a diameter
below 10 μm, which is within the range of respiration for
humans (Peethamparan ). However, it might vary
between 10 and 50 μm based on the storage process. The
used CKD has a particle size of approximately 74 μm and surface area of approximately 4,000 cm2/g. Due to the ﬁneness
of the CKD particles used, a larger surface area is available
for the reaction of CaO with water to produce Ca(OH)2.
This indicates that the oxide particles present in CKD may
demonstrate great reactivity. Increased surface area also
allows more space for metal adsorption, since CKD has
been proved to act as both a neutralizing agent and a sorbent
(Mackie et al. ). Ca content in CKD was found to be
55.30% by weight using energy dispersive microscopy analyses. This result matches those of Mackie et al. () who
proved that CKD can contain up to 61.3% by weight of total
CaO. High Ca concentration has a positive effect on wastewater treatment (Abo-El Hassan ; Ayoub et al. ).
Surface titration
Sorbent samples were titrated potentiometrically in order to
estimate surface charge characteristics. In this study, 0.1 g of
dry CKD sample was suspended in a Teﬂon reaction vessel
containing 50 ml of deionized distilled water at room
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temperature to yield a solid concentration of 2 g/l. The suspension was continuously stirred and purged by ultra-pure
nitrogen gas prior to titration in order to remove CO2 that
would interfere with an acid–base titration. Standard
0.1 M HNO3 and 0.1 M NaOH were added precisely to
adjust the pH. The pH was measured by a pre-calibrated
Schott pH meter. NaNO3 was used as an ionic background
in order to standardize the solution. Total volume of acid or
base added was less than 5% (5 ml) of the sample volume to
minimize the dilution effects. The pH was measured every
0.1 ml addition of either acid or base. The experiment was
done for ionic backgrounds of 0.1, 0.01, and 0.001 M in
order to examine the impact of background total dissolved
solids concentration on CKD surface charge.
Batch equilibrium experiments
To assess adsorbent capacity and the equilibrium relationship between adsorbent and adsorbate, a whole sorption
isotherm was derived. The sorption isotherm is the ratio
between the quantity of heavy metals adsorbed and that
remaining in solution at ﬁxed temperature at equilibrium.
The purpose of this set of experiments was to determine:
(1) precipitation pH ranges of the synthetic solutions of
lead, copper, and cadmium; (2) most suitable pH for
metal adsorption by CKD; (3) optimum CKD dose and contact time on metal uptake; and (4) absorption capacity of
CKD at different heavy metal concentrations. The effect
of initial pH, contact time, initial CKD dose, and metal
concentration on CKD adsorption equilibrium was examined. All synthetic heavy metal solutions used in the
batch equilibrium experiments had the same initial concentration of 30 ppm except for the identiﬁcation of the
optimum metal concentration experiments, where metal
concentration ranged from 10 to 200 ppm. The target equilibrium pH range was 3–11, and a reaction time of 24 h was
examined. CKD dose varied from 0.15 to 2.0 g/l. A 0.01 M
NaNO3 was used as the ionic background in order to standardize the solutions. Metal concentrations were
determined using an atomic absorption spectrophotometer
(GBC model SensaAA dual ﬂame atomization system). The
batch experiments were conducted using plastic bottles
manufactured by Nalgene (USA) over an orbital shaker to
ensure proper mixing and agitation.
Fourier transform infrared
Fourier transform infrared (FTIR) analysis is a powerful tool
for studying the mechanism of adsorption (Volesky ). It
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is an analytical technique used to identify organic and inorganic materials by measuring the absorption of various
infrared light wavelengths by material interest. CKD
samples before and after metal removal were analyzed
using an FTIR spectrometer (model Bruker vector 22). The
translucent disks of the CKD were obtained by milling
5 mg of each sample with 400 mg potassium bromide to
form a ﬁne powder. Then, the powder was compressed
into a thin pellet and analyzed in the mid-IR region
(4,000–400 cm1).
Sorption equilibrium
Chemical equilibrium constants from experimental data
were determined using the FITEQL computer program.
FITEQL 3.1 is a non-linear least-squares optimization
program (Herbelin et al. ) that is available from
John C. Westall of the Oregon State University. First, a
TL-SCM was used for the determination of sorbent surface
equilibrium constants from potentiometric titration data.
These values were then used to estimate adsorption equilibrium constants from pH adsorption edge data for the
three target heavy metals: lead, copper, and cadmium.
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Me2þ, is:






þ
CT;SO ¼ >SOHþ
2 þ ½>SOH þ ½>SO  þ >SO  Na

 


þ
(3)
þ >SOHþ
2  NO3 þ >SOMe
Total soluble Me(II) mass balance for the equilibrium
condition is:
i

 
 h
CT,Me(II)(sol) ¼ Me2þ þ MeOHþ þ Me(OH)02


þ Me(OH)
3 þ 

(4)

The inner layer charge balance equates total adsorbed
concentrations in the inner layer with the total charges in
the o-plane. For the inner-layer adsorbed complex:
þ
þ

[ >SOHþ
2 ] þ [ >SOH2 þ NO3 ] þ [ >SOMe ]

 [ >SO ]  [ >SO  Naþ ]
¼

SC SA
C1 (ψ O  ψ β )
F

(5)

RESULTS AND DISCUSSION

where SC is the concentration of solid (g/l), SA is the surface
area of the adsorbent, F is a Faraday constant (coulombs/
mole), C1 is the inner-layer capacitance (F/m2), and ψi is
the average electrostatic potential (volt) at the o- and
β-planes, respectively (Sreejalekshmi et al. ).
The analogous outer-layer charge balance is:

Adsorption equilibrium and constant


 


>SO  Naþ  >SOHþ
2  NO3

The simulation of the adsorption mechanism is important
to verify the performance of CKD and to facilitate the
design of adsorption units. The triple-layer model (TLM)
can consider inner layer (o-plane) and outer layer (βplane) surface complexes with adsorbable and electrolyte
species in addition to diffuse layer interactions as in
conventional double-layer theory (Hizal & Apak ).
Mathematical depiction of the TLM includes mass balances, charge balances, and surface equilibrium equations
as follows.
Mass balances for the electrolyte species, assuming
NaNO3 background as in experimental runs, are:

 

þ

CT;NO3 ¼ NO
3 þ >SOH2  NO3

(1)


 

CT,Naþ ¼ Naþ þ >SO  Naþ

(2)

The surface site balance, considering an inner layer, the
surface complex for an adsorbed divalent metal species,
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¼

SC SA
[C1 (ψ β  ψ O ) þ C2 (ψ β  ψ d )]
F

(6)

where C2 is the outer-layer capacitance (F/m2), and ψd is the
average electrostatic potential (volt) in the diffuse layer.
The charge balance for the diffuse layer is:
C2 (ψ d  ψ β ) ¼ 0:1174



pﬃﬃ
Fψ d
I sinh
2RT

(7)
W

where R is the universal gas constant (cal/( K · mole)), T is
the absolute temperature ( K), and I is the ionic strength
(mol/l).
The metal-hydrolysis mass law expression is:
W

Kn,hydolysis ¼

þ
[Me(OH)2n
n ][H ]
2þ
[Me ]

(8)

Metal ion adsorption from aqueous solution is assumed
to occur at functional group sites on the surface of CKD.
The predominant adsorption sites for this case are assumed
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to be >SOHþ
2 , >SOH, and >SO . The following protolysis
reactions describe the acid–base chemistry of the surface:

þ
>SOH þ Hþ ↼
⇁ >SOH2

(9)


þ
>SOH↼
⇁ >SO þ H

(10)


where the surface species >SOHþ
2 , >SOH, and >SO can
acquire protons in solution.
TL-SCM expressions for the equilibrium constants are:

KS1

½>SOHþ
2
expðFψ 0 =RT Þ
¼
½>SOH½Hþ 

KS2 ¼

½>SO ½Hþ 
expðFψ 0 =RT Þ
½>SOH

(11)

(12)

where KS1 and KS2 are the equilibrium constants for the
respective surface protolysis reactions, and F, R, T, and ψ0
are as deﬁned previously (Sreejalekshmi et al. ).
Interactions of electrolyte ions with the surface species
are according to the following reactions in correspondence
to the equilibrium expressions:



↼ >SOHþ
>SOH þ Hþ þ NO
3⇁
2  NO3
KE1


½>SOHþ
2  NO3 
¼
exp½Fðψ β  ψ 0 Þ=RT Þ
þ
½>SOH½H ½NO
3

KE2

þ

þ

½>SO  Na ½H 
¼
exp½Fðψ 0  ψ β Þ=RT Þ
½>SOH½Naþ 

Figure 1
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log KS1 ¼ 1:6,
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log KS2 ¼ 2:8,

log KE1 ¼ 3:50,

log KE2 ¼ 5:30
For heavy metal adsorption, the hydrolysis and precipitation of Me(II) hydroxides should be included in the
analysis. It was obvious that signiﬁcant lead precipitation
occurs at pH as low as 6–7, while precipitation of copper
is from pH 7 to 8, and cadmium is at pH ∼8. Therefore,
the adsorption mechanism will take place at pH values
less than the precipitation values. For all three target
metals, the predominant aqueous specie is Me2þ at these
lower pH values. Therefore, the most likely adsorption reactions used in the TLM-SCM of adsorption equilibria were
inner- and outer-layer complexes of Me2þas follows:
þ
þ
Inner layer: >SOH þ Me2þ ↼
⇁ >SOMe þ H

(13)

½>SOMeþ ½Hþ 
2þ

½>SOH½Me 

expðFφ0 =RT Þ

(15)


þ
↼ >SO  Me2þ þHþ
Outer layer: >SOH þ Me2þ ⇁
(14)

Potentiometric titration data and TL-SCM simulation for CKD using FITEQL 3.1.
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where ψβ is the average potential (volt) of the outer, or β, plane.
Model calculations also required the surface area of the sorbent (m2/g), surface site density (sites/nm2) and linear
charge potential (F/m2). Figure 1 shows the potentiometric
data plot at two ionic strengths compared to the TL-SCM simulations. The pH of zero charge is ∼10.0. The log Ki values are:

Kads;1 ¼



↼ >SO  Naþ þ Hþ
>SOH þ Naþ ⇁


Water Science & Technology

Kads;2 ¼

½ð>SO  Me2þ Þþ ½Hþ 
½>SOH½Me2þ 

exp½Fðφ0  2 φβ Þ=RT Þ
(16)
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Figure 2

|

Pb(II) adsorption edges with TL-SCM.

Figure 3

|

Cu(II) adsorption edges with TL-SCM.

Figure 4

|

Cd(II) adsorption edges with TL-SCM.
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Equilibrium constants for TL-SCM of adsorption edges
Log K

Reaction

Lead
Hydrolysis: Pb2þ þ H2O ⇋ PbOHþ þ Hþ
2þ

Pb

7.71

þ

þ 2H2O ⇋ Pb(OH)2 þ 2H

17.12

þ
Pb2þ þ 3H2O ⇋ Pb(OH)
3 þ 3H
2þ

Solubility: Pb

28.06
þ

þ 2H2O ⇋ Pb(OH)2(S) þ 2H

Layer SC: >OH þ Pb2þ ⇋ >SOPbþ þ Hþ

12.80
 1.80

Copper
Hydrolysis: Cu2þ þ H2O ⇋ CuOHþ þ Hþ
2þ

Cu

5.80

þ

þ 2H2O ⇋ Cu(OH)2 þ 2H

14.80

þ
Cu2þ þ 3H2O ⇋ Cu(OH)
3 þ 3H
2þ

Solubility: Cu

26.20
þ

þ 2H2O ⇋ Cu(OH)2(S) þ 2H

Layer SC: >SOH þ Cu2þ ⇋ (>SO–  Cu2þ)þ þ Hþ

12.70
 1.88

Cadmium
Hydrolysis: Cd2þ þ H2O ⇋ CdOHþ þ Hþ
2þ

Cd

10.03

þ

þ 2H2O ⇋ Cd(OH)2 þ 2H

20.35

þ
Cd2þ þ 3H2O ⇋ Cd(OH)
3 þ 3H
2þ

Solubility: Cd

þ 2H2O ⇋ Cd(OH)2(S) þ 2H

18.60
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greater the 6.0, while for both cadmium and copper, the
precipitation started at pH 8.0. It can be concluded that
substantial adsorption occurred at pH values less than
those of precipitation. Adsorption equilibrium constants
as well as those for metal hydrolysis and metal-hydroxide
precipitation are listed in Table 1. The adsorption
obviously took place by electrostatic attraction of Me2þcations to the CKD surface for pH < pHzpc (10.0) where the
sorbent surface charge is negative. However, for all three
target metals, notable removal of metal at approximately
pH 5.5 was observed, indicating that surface complexation reactions are also important. It is likely that heavy
metal uptake at higher pH values is a combination of
adsorption, precipitation, and complex surface interaction
processes that might occur simultaneously. In terms of
adsorption capacity in μM/g at pH values between 5
and 6, the uptake capacity followed the trend of Pb >
Cu > Cd, which is consistent with the electro-negativity
of these metals (1.854, 1.85, and 1.52, respectively).

Comparison between CKD before and after Pb removal.
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Fourier transform infrared

 3.20

Results of batch equilibrium pH adsorption edge
experiments at CKD of 0 and 2.0 g/l are presented in
Figures 2–4 for Pb, Cu, and Cd, respectively. Metal
hydroxide precipitation calculated using the FITEQL
model at CKD of 0 and 2.0 g/l are also presented in
Figures 2–4. It was observed that the lead hydroxide precipitation is the dominant phenomenon at pH values

|

|

33.30
þ

Layer SC: >SOH þ Cd2þ ⇋ (>SO–  Cd2þ)þ þ Hþ

Figure 5

Water Science & Technology

The FTIR experiment was conducted in order to determine the chemical bonds between the target heavy
metals and the sorbent (CKD) by obtaining an infrared
absorption spectrum before and after the metal adsorption. The chemical bonds in a molecule can be
determined by interpreting the infrared absorption spectrum. As shown in Figures 5–7, the FTIR analysis
indicated that there is a difference in the band intensity
and frequency of the main functional groups on the
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Figure 6

|

Comparison between CKD before and after Cu removal.

Figure 7

|

Comparison between CKD before and after Cd removal.

surface of the CKD. The FTIR analysis was compared
with the absorption peaks of known types of atomic
bonds that are listed in the FTIR correlation tables. It is
obvious that strong bonds took place with N–H (primary
amines), C–H (alkyl), and C–X (aromatic) at wavelengths
3,449.0, 1,432.2, and 713 cm1. Moreover, the results of
FTIR conﬁrm that the presence of Ca–O group at wavelength range from 870 to 1,100 cm1 supports the
adsorption mechanism due to free CaO. This was also
observed by Salem in 2012 (Salem et al. ).
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CONCLUSIONS

•
•

Cement kiln dust demonstrates potential to adsorb heavy
metals, even at pH values less than the pHzpc. Metal
removal is a result of electrostatic interactions in addition
to surface complexation.
A TL-SCM was used to describe surface protonation of
the CKD at various ionic strengths assuming >SOHþ
2,

>SOH, and >SO surface species; and the equilibrium
relationship of Me(II) adsorption as a function of pH
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and CKD dose. The removal rate and the strength of
adsorption is in the order: Pb > Cu > Cd.
The FTIR conﬁrms that the active areas such as CaO
present on the CKD samples play a signiﬁcant role in
the adsorption of heavy metals.
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