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Introduction

Cement kiln dust (CKD) is a highly alkaline fine powdery 
material removed with the exhaust gas from cement kilns 
and collected at cyclones, electrostatic precipitators, or bag 
filters. The characteristics of CKD vary from plant to plant 
depending on kiln feed composition, kiln design and opera-
tion, fuel type, and the type of dust control systems (Adaska 
and Taubert 2008). CKD characteristics even vary from 
batch to batch within the same plant (Wang and Ramakr-
lahnan 1990). However, CKD composition is still generally 
the same, as reported by the IEEE-IAS Cement Industry 
Committee and U.S. Bureau of Mines (Adaska and Taubert 
2008; Haynes and Kramer 1982). Collected data from vari-
ous cement plants show that production of a metric ton (t) of 
cement product will generate approximately 41 kg of CKD. 
The yearly production of cement in the USA alone ranged 
from 75 to 100  million t and, worldwide, approximately 
2.5–3.4 billion t. Therefore, huge quantities of CKD must 
be appropriately disposed of (Adaska and Taubert 2008; 
Khanna 2009; Van Oss 2012). Consequently, reuse of CKD 
waste to improve water quality is attractive in terms of sus-
tainable development and reduced disposal costs (Adaska 
and Taubert 2008).

There are many conventional processes for removing 
metals from aqueous solutions, such as chemical precipita-
tion, adsorption, ion exchange, flotation, and electrochemi-
cal deposition. Adsorption/desorption and precipitation/
dissolution are the main mass transfer mechanisms that 
govern the interaction of metals with CKD. Many theo-
retical and experimental studies have investigated these 
mechanisms, but unfortunately, none of them clearly distin-
guished between the contributions of the different transfer 
mechanisms. Studies such as Al-Meshragi et al. (2008) and 
Waly et al. (2010) dealt with CKD as an adsorbent material 
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synthetic acidic aqueous solutions onto cement kiln dust 
(CKD) particles in a single component system. The objec-
tives of this study were to: distinguish between adsorp-
tion and precipitation when both mechanisms are occurring 
simultaneously; define their individual contributions; and 
consequently, specify the dominant mechanism. This was 
achieved by conducting a new experimental procedure for 
the precipitation phase that depended on CKD leachate in 
combination with a derivation of a simultaneous adsorp-
tion-precipitation equation. High removal efficiencies, 
approaching 100 %, of the Cu and Zn ions, were attained. 
Precipitation was the dominant mechanism for remov-
ing low concentrations of these metals, while adsorption 
appears to be more significant in removal of high metal 
concentrations.

Keywords  Precipitation · Adsorption ·  
Water contamination · Isotherm

1 3

Mine Water Environ (2017) 36:209–216

DOI 10.1007/s10230-016-0416-2

/ Published online: 27 September 2016

http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-016-0416-2&domain=pdf&date_stamp=2016-9-13


dosage of adsorbent was added to the different flasks, and 
the flasks was agitated at high-speed using an orbital shaker. 
A fixed volume (20  mL) of the solution was withdrawn 
from each flask and filtered to separate the adsorbent; a 
10 mL clear solution was pipetted out for determination of 
the residual metal concentration in the solution using the 
Shimadzu AA–6300 flame atomic absorption (AA) spec-
trophotometer. The apparent adsorbed–precipitated portion 
was obtained by mass balance.

Experiments were conducted with contact times of 15, 
30, 60, 90, 120, and 180 min, agitation speeds of 0, 50, 100, 
150, 200, and 270 rpm, initial metal concentrations of 25, 
100, 500, and 1000 mg/L, and CKD dosages of 0.5, 1, 2.5, 
and 5 g/100 mL. Then, to determine the amount removed 
by precipitation, a specific quantity of CKD was added to 
100  mL of acidic uncontaminated water (pH = 3) and the 
solution was continuously stirred at high-speed using an 
orbital shaker to find the equilibrium time. The solution was 
then filtered to separate out the CKD, similar to the “tea-
bag” experiment described elsewhere (Volesky 2004). This 
free metal solution was then mixed with the Cu or Zn solu-
tion and the resultant solution was filtered after the required 
equilibrium time.

The target initial concentration of metal were then 
achieved by adding the required amount of the metal sulfate 
salt to 10 mL of the solution, while the “tea bag” experiment 
was completed in the other 90 mL of the sample. The 90 
and 10 mL solutions were then mixed to produce 100 mL of 
CKD-pretreated solution with the desired initial concentra-
tion of metal. For example, to produce 100 mL of solution 
with 100 mg/L of metal, we pretreated 90 mL of blank solu-
tion with 5 g of CKD; in a separate container, we prepared 
a 10 mL solution with a metal concentration of 1000 mg/L 
to produce, after mixing with the 90 mL that had been pre-
treated, a 100 mL sample with an initial metal concentration 
of 100 mg/L.

based on its fine texture and the composition of its oxides. 
These studies focused on pure adsorption within a certain 
pH range as the control mechanism. However, this is not an 
accurate characterization because the transfer mechanism 
can be affected by the pH of the solution, which was raised 
in the referenced cases by addition of lime; consequently, 
metal hydroxides were precipitated, rather than adsorbed. 
Other studies (Mackie et al. 2010, 2012; Zaki et al. 2007) 
dealt with the treatment process as a pure precipitation pro-
cess due to the high lime content of CKD. A third set of 
studies, such as Klimantavièiûtë et al. (2005) and Saraya et 
al. (2011), just considered the interaction between CKD and 
the contaminants without considering whether the removal 
was achieved by adsorption or precipitation. Accordingly, 
the main objective of this study was to distinguish between 
adsorption and precipitation and to establish the contribu-
tion of each mechanism in the removal of copper (Cu) and 
zinc (Zn) from an aqueous solution treated with CKD.

Materials and Methods

Materials

By-product CKD (collected from the An-Najaf Al-Ashraf 
cement plant, An-Najaf city, Iraq) was used as the reac-
tive material in the batch experiments. The material was 
analyzed using ASTM C 114 “Standard Test Methods for 
Chemical Analysis of Hydraulic Cement” in the An-Najaf 
Al-Ashraf cement plant laboratory (Table 1).

Copper and zinc were selected as representative contami-
nants. To simulate Cu or Zn contamination, a solution of cop-
per sulfate (CuSO4·5 H2O) or zinc sulfate (ZnSO4·7 H2O) 
(SD Fine-Chem Ltd, India) was prepared and added to the 
specimen to obtain a representative concentration.

Batch Mode Sorption Experiments

The primary objectives of the bench-scale experiments were 
to identify how the CKD removes the metals. The results 
of these experiments should be useful in designing large-
scale tests and determining the required reagent mixture and 
concentrations. The bench-scale tests also demonstrated the 
treatment process pathway and allowed us to estimate the 
removal capacity of our reactive material. Figures 1 and 2 
illustrate the general methodology. The right hand path in 
Fig. 2 illustrates the “tea bag” technique that was used to 
isolate the precipitated component(s), while the left hand 
path illustrates the bulk amount of metal released by the 
addition of the CKD.

First, to determine the total amount of metal removed by 
both adsorption and precipitation, a series of 250 mL flasks 
were filled with 100 mL of Cu or Zn solution. A specific 

Table 1  The chemical composition of used CKD

Constituents Composition (wt%)

SiO2 13.38
Al2O3 5.87
Fe2O3 1.61
CaO 40.35
MgO 3.08
SO3 8.83
L.O.Ia 21.8
Na2O 2.63
K2O 4.23
Na2Oeqb 5.42
aLoss on ignition
bNa2O + 0.658 K2O
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metal concentrations at 25 °C, and demonstrates that the 
removal percentages significantly increased with greater 
contact time. The initial sorption rate was rapid and then 
the rate gradually slowed. The slowing of the sorption rate 
was likely due to the decrease over time of sorption sites 
on the surface of the CKD. The kinetic data show that the 
maximum removal efficiency of these metals was achieved 
at about 30 min. There was no significant change in resid-
ual concentrations after 30 min up to 180 min and, conse-
quently, sorption experiments with the other batches were 
conducted for 30 min.

Figure  4 illustrates the effect of agitation and shows 
that a significant percentage of Cu2+ and Zn2+ (≤50 %) 
was removed before shaking, and that the uptake increased 
with the shaking rate, up to about 200 rpm, at which point 
approximately 99 % of the Cu2+ and 97 % of the Zn2+ 
had been removed. There was no significant change in 
ion removal at higher speeds. These results suggest that 
increased agitation speed improved contaminant diffusion 
towards the surface of the reactive media. Thus, proper 
contact was developed between the sorbate and binding 
sites, which promoted effective transfer of sorbate to the 
sorbent sites.

The residual metal concentration in the filtered solution 
was quantified by AA analysis, and the precipitated compo-
nent was obtained by a mass balance calculation. The pH 
of the solution was measured at each stage of this process 
using a WTW pH 330i meter; these experiments were con-
ducted under the same conditions used for determination of 
the total adsorption-precipitation.

Results and Discussion

Effect of Contact Time and Agitation Speed

Two selected values for each contaminant concentration 
and CKD dosage were sufficient for calibration; this fol-
lows the approach of many other studies on the use of 
CKD to remove metals from aqueous solutions (El-Awady 
and Sami 1997; Waly et al. 2010; Zaki et al. 2007). The 
results of the preliminary tests to define equilibrium con-
ditions (contact time and agitation speed) for use in the 
laboratory batch tests are shown in Figs. 3 and 4. Figure 3 
illustrates the effect of contact time on the percent removal 
of Cu and Zn using different adsorbent dosages and initial 
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of adsorption and precipitation, increased with the adsor-
bent dosage.

Table  2 shows the percentages of precipitation and 
adsorption from the total removal efficiencies of Cu and 
Zn ions onto CKD particles. It is clear that the adsorp-
tion proportion increased (and the precipitation proportion 
decreased) when the mass concentration of reactive mate-
rial was high. Pure precipitation overcame total adsorption-
precipitation at low concentrations. This is attributed to the 
formation of hydroxide ions, which appears to be faster than 
adsorption, which needs more time to achieve the maximum 
adsorption capacity. Accordingly, precipitation is the domi-
nant mechanism at low concentrations, while adsorption is 
significant at high concentrations.

Predominant Mechanisms of Removal Process

The results of total sorption and pure precipitation were 
obtained and plotted in Figs. 5 and 6 for Cu and Zn, respec-
tively. These results showed that there was a lag in metal 
removal by pure precipitation relative to that removed by 
total adsorption–precipitation. This can be attributed to 
direct contact between CKD and metal ions in the total 
adsorption–precipitation case, which increased the chance 
of metal ion attachment on the CKD adsorbent.

Based on these results, the predicted theoretical-uptake 
values of pure adsorption due to CKD can be specified as a 
complementary portion of the total sorption, as illustrated in 
Figs. 5 and 6. As expected, total removal, equal to the sum 
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adsorption capacity. Thus, precipitation is the predominant 
mechanism in the removal of low metal concentrations, 
while adsorption becomes more significant at high metal 
concentrations.
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Conclusions

This study showed that adsorptive removal of Cu or Zn 
onto CKD particles is an important component of the total 
adsorption–precipitation process. The proportional contri-
bution of adsorption increased (i.e. the share of precipita-
tion decreased) when the mass of reactive material was 
increased. However, pure precipitation dominated over 
total adsorption–precipitation at low metal concentra-
tions. This is attributed to the rapid formation of hydrox-
ide ions; more time is required to achieve the maximum 

Table 2  Percentage removal shares between precipitation phase and 
adsorption phase with respect to total removal efficiencies of copper 
and zinc ions onto ckd particles

Co 
(mg/L)

Dos-
age 
(g/100 
mL)

Removal of Cu (%) Removal of Zn (%)

Sorp. Adsorp. Precip. Sorp. Adsorp. Pre-
cip.

1000 0.5 29 11 18 – – –
1000 1.0 37 16 21 – – –
1000 2.5 67 39 28 – – –
1000 5.0 95 53 42 – – –
500 0.5 38 0 38 14 1 13
500 1.0 77 22 55 22 3 19
500 2.5 99 38 61 37 14 23
500 5.0 100 22 78 65 36 29
250 0.5 – – – 40 14 26
250 1.0 – – – 43 19 24
250 2.5 – – – 61 34 27
250 5.0 – – – 66 28 38
100 0.5 85 24 61 33 10 23
100 1.0 99 16 83 85 29 56
100 2.5 99 3 96 100 36 64
100 5.0 99 0 99 100 20 80
25 0.5 99 3 96 100 0 100
25 1.0 100 2 98 100 0 100
25 2.5 99 1 98 100 0 100
25 5.0 99 1 98 100 0 100
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