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Abstract - In this paper, white limestone cement 

(WLC) was investigated to assess the possible use of this 

mineral material as an effective adsorbent for the 

removal of Zinc ions from an electroplating factory. The 

influence of various parameters such as contact time, 

pH solution, sorbent dose and agitation speed has been 

studied for the adsorption of Zn (II) onto white 

limestone cement (WLC) in batch mode. In order to 

investigate the mechanism of sorption suitable kinetic 

models have been used to test experimental data. The 

equilibrium Zn uptake (qe = 5.3 mg/g) onto WLC was 

reached for the initial Zinc concentration=38mg/L, 

pH=10.1, WLC material dosage= 7g/L and for 240 mn 

equilibrium contact time at 18°C±02. The results 

showed that, pseudo second-order and Elovich models, 

provides the best fit to experimental data predicting a 

chemisorption process. The removal of Zn (II) ions onto 

WLC material from electroplating effluent was also well 

describes by homogeneous diffusion and intra-particle 

diffusion models. 
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1. Introduction 
 
Conventional physical and chemical methods for removal 
of toxic metals including chemical precipitation, ion 
exchange, membrane separation and adsorption by 
activated carbon are available, but they have drawbacks 
such as incomplete metal removal, high energy and 
reagent requirements, high capital and operational cost 
and excessive generation of toxic sludge [1-3]. With 
increasing environmental awareness and the toughening 
of governmental policies, it has become necessary to 
develop new environmentally friendly ways to clean up 
contaminants using low-cost methods [4, 5]. 
Zinc Electroplating provides corrosion resistance to the 
steel fastener by acting as a barrier and sacrificial coating. 
Zinc is more electrochemically reactive than steel, so when 

exposed to a corrosive environment, the zinc plating 
corrodes sacrificially, delaying rust formation on the 
fastener even after portions of bare steel are exposed. 
Electroplating production is a widely used and most 
environmentally harmful industrial process, during which 
a large volume of wastewater containing heavy metal ions 
such as copper, zinc, nickel, cadmium, lead and chromium 
is generated. All these metals are very toxic and cause 
great environmental damage [6]. As only 30 to 40% of all 
metals used in plating processes are effectively used, 
waste effluents from acid-Zn2+- plating lines are 
responsible for high amounts of Zn2+ encountered in 
electroplating discharges [7, 8].  
Chemical precipitation with lime or caustic soda is one of 
the common conventional treatments, where recovery of 
metals or water is not a consideration. However, to 
effectively decrease metals to acceptable levels requires a 
large excess of chemicals, which generates volumetric 
sludge and increases the costs. Other available 
technologies for electroplating effluent treatment such us 
ion exchange [9] and electrodeionization (EDI) [10] were 
studied. It has been demonstrated that certain species of 
plants, which are naturally available at low cost such as 
rice husk [1, 2], Trichoderma viride biomass [5], Azolla 
filiculoides biomass [8], Aspergillus lentulus biomass [11], 
Saccharomyces cerevisiae biomass [12], sugar cane bagasse 
[13], crab shells [14], have the potential to effectively 
remove heavy metals from electroplating industries 
effluents by a sorption process thus offering an alternative 
to the existing technologies.  
In the present study, we have studied the efficiency of 
white limestone cement (WLC) material for the removal of 
Zn (II) from an electroplating effluent. We attempted, 
indeed, to investigate in batch mode the effect of contact 
time, pH solution and white limestone cement material 
dosage on Zn (II) removal efficiencies. In order to 
investigate the mechanism of Zn (II) ions removal from 
Zn-electroplating effluent using white limestone cement 
(WLC), pseudo first-order, pseudo second-order, intra-
particle diffusion, Elovich and mass transfer models in 
batch system have been used to test experimental data.  
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2. Materials and methods 

2.1 Materials  

The White Cement Company “SOTACIB” is a corporation, 
which exploits a plant of white cement, in Feriana 
(Kasserine) in the middle-west of Tunisia. Over the years, 
several improvements have been made to the production 
process. The production volume in 2010 is about 476 000 
metric tons of White clinker and sales volume reached 505 
000 metric tons of white cement. The White Limestone 
Cement CEM II/A-L 42.5 N is characterized by the 
homogeneity and the regularity during the time. It is the 
result of grinding white clinker, between 80 and 94% and 
limestone with an addition of secondary 
component between 6 and 20 %. These additions do not 
include any product promotes the corrosion or negatively 
affects the properties of concrete made with this cement. 
This cement is in accordance with the Tunisian standards 
NT 47-01, certificate delivered by INNORPI, European 
Standard EN 197-1: 2000, certificate delivered by AENOR 
and Spanish standard DCE-3471, certificate delivered by 
the Spanish Ministry of Industry, Tourism and trade. The 
average performances of chemical and mechanical 
characteristics of white limestone cement (WLC) 
compared to the requirements EN 197-1:2000 are given in 
Table 1 [15]. 
 
Table-1: Chemical and mechanical characteristics of white 
limestone cement 

 Chemical 
characteristics 

Mechanical  
characteristics 

 

Chloride 

Content 

(%) 

Sulphate 

Content 

(%) 

Compressive 
strength 

(Mpa) 
at 28 days 

First 

setting 

time 

(mn) 

Requirements 

EN 1971:2000 
≤ 0.1 ≤ 4 ≥ 42.5 ≥ 60 

Average 

performances 
≤ 0.1 ≤  3.5 48 - 52 ≥ 100 

 

2.2 Electroplating effluent sampling 

The Zn-electroplating wastewater was collected from a 
factory manufacturing in North of Tunisia. Zn (II) 
concentration in the electroplating rinse effluent sampled 
in the present study, for instance, was found much higher 
than the regulated criteria (5 mg/L, Tunisian Standards 
NT 106-02).  The electroplating rinse effluent (([Zn (II)] = 
38 mg/L), pH 3.12), sampled from an acid-Zn2+-
electroplating line, was characterized by high amounts of 
chlorides ions (3.8 g/L) and boric acid H3BO3 (25 g/L). 

 

2.3 Batch kinetic experiments 

Zn (II) sorption kinetics study was carried out with initial 
concentration from electroplating rinse effluent and kept 
at room temperature (18°C±02). The flask was capped and 
stirred magnetically for 300 min to ensure approximate 
equilibrium. Several mL of reaction solution was sampled 
for intervals between 0 and 300 min of sorption contact 
time at pH0= 3, WLC material dose at 7 g/L and for 
agitation speed at 700 rpm. At the end of each sorption 
period, the solution was filtered through a 0.45 µm 
membrane filter and analyzed for Zn (II) concentration. 
The effect of the initial aqueous pH solution on Zn (II) 
sorption was examined in a series of experiments while 
pH varied between 3 and 12.6. The pH of the solution was 
maintained at a defined value by adding HNO3 and/or 
NaOH solutions (0.1 M). The added volume for pH 
adjustment did not exceed 1% of the solution volume. The 
effect of WLC material dosage on the Zn (II) removal was 
determined by varying doses from 1 to 20 g/L. The effect 
of agitation speed (100–1100 rpm) on Zn (II) sorption 
onto WLC material was also investigated. Measurements 
were made in triplicates for the analysis of Zn (II) 
parameter and data were recorded when the variations in 
two readings were less than 5%. In this paper, All data 
represents an average of three independent experiments 
(N = 3) and data represent the mean value. 
 

2.4 Zn (II) analysis and uptake 

The analysis of Zn2+ ions was was determined by atomic 
absorption spectrophotometry. The triplicate experiments 
demonstrated the high repeatability of this adsorption 
method and the experimental error could be controlled 
within 5%. The uptake of Zn2+ ions (mg/g) was calculated 
from the decrease of the Zn (II) concentration in solution 
with respect of V, the volume of the solution in L and M the 
mass of white limestone cement (WLC) in g from mass 
balance equation as follows: 

 
2.5 Kinetic models 

The study of adsorption kinetics is very useful for 
understanding the involved mechanisms and also for the 
design of future large scale adsorption facilities. Many 
models are used to fit the kinetic adsorption experiments. 
The most used ones are the pseudo-first order, pseudo-
second order, intra-particle diffusion and Elovich models 
[16, 17]. In order to examine the mechanism of adsorption 
process such as mass transfer and chemical reaction, 
suitable kinetic models is needed to analyze the rate data. 
The most models used in literature have been extensively 
applied in batch reactors in this study to describe the 
transport of adsorbates inside the adsorbent particles. 
Mass transfer models in batch system were used in this 
study. The concentration profiles inside the particle can be 
predicted either by the Homogeneous Diffusion Model or 
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by the Linear Driving Force Model and can be solved 
analytically using MATLAB © 2012 [18]. 

2.5.1 Pseudo first-order equation 

The pseudo first-order equation is generally expressed as 
follows: 

 

After integration and applying the boundary conditions, 
for qt = 0 at t = 0 and qt = qt at t= t, the integrated form of 
equation (2) becomes: 

 
Where qe and qt are the amounts of phosphates sorbed at 
equilibrium and at time t (mg/g), respectively, and k1 is 
the rate constant of pseudo first-order sorption (l/min). 

2.5.2 Pseudo second-order equation 

If the rate of sorption is a second-order mechanism, the 
pseudo second-order chemisorption kinetic rate equation 
after integration is expressed as: 

 
Where kII is the rate constant of pseudo second-order 
sorption (g/(mg.min) and qe is the amount of phosphates 
sorbed at equilibrium (mg/g). 

2.5.3 Intra-particle diffusion equation 

The fractional approach to equilibrium changes according 
to a function of (D/r2)1/2, where r is the particle radius and 
D the diffusivity of solute within the particle. The initial 
rate of the intra-particle diffusion is the following: 

 
Where kd is the intra-particle diffusion rate constant 
(mg/g min1/2). 

2.5.4 The Elovich equation 

The Elovich equation is given as follows: 

 
The integration of the rate equation with the same 
boundary conditions as the pseudo first- and second-order 
equations becomes the Elovich equation. 

 

Where α is the initial sorption rate (mg/g min), and the 
parameter β is related to the extent of surface coverage 
and activation energy for chemisorption (g/mg). 

2.5.5 Mass transfer models in batch system 

2.5.5.1 Homogeneous Diffusion Model 

Mass conservation inside the particles 

 
The initial and boundary conditions for Eq. (8) are: 

 
 

 

 

 
2.5.5.2 Linear driving force model (LDF) 

If the average metal concentration inside the particle is 
considered, instead of a concentration profile, the 
following equations are obtained: 

 

 

 
Mass conservation in the fluid inside: 

 
Initial condition: 

 
Rearranging equations (12) and (13) the following 
expression is obtained that can be solved analytically 
using the initial conditions of equation (14): 

 
3. Results and discussion 

3.1 Effect of experimental conditions 

3.1.1 Effect of contact time 

The relationship between contact time and Zn (II) sorption 
onto WLC material is presented in Fig. 1. The experiments 
were carried out at 18°C ± 02, a WLC dose at 7 g/L, an 
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agitation speed at 700 rpm and for a contact period of 300 
min at pH=3. The results show that adsorption process is 
clearly time dependent. It was observed that most of the 
Zn (II) uptake occurs within a time of 210 mn at 94 % of 
the totally sorbed for an initial Zn (II) concentration of 38 
mg/L. For periods greater than 210 mn, the Zn (II) uptake 
is further increased but with a much slower rate. At the 
beginning of the removal experiments, the sorption rate 
was relatively rapid because Zinc ions were mainly 
adsorbed at the exterior surfaces of WLC. When the 
adsorption of the exterior surfaces of the material reached 
saturation, the Zinc ions entered the related particles and 
were absorbed with a slower rate by the interior surface 
of the particles. This finding is in concordance with many 
authors [19-21] when they studied phosphates removal by 
minerals such phosphates mine wastes, dolomite and 
marble wastes. Equilibrium began establishing itself after 
approximately a contact period of 240 mn. This outcome is 
generally in line with previous similar studies such as the 
adsorption of Zn (II) ions onto some natural and low cost 
adsorbent, where the equilibrium time was evaluated to 
be about 240 mn [22, 23]. 
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 Fig -1: Effect of contact time on Zn (II) sorption onto WLC 
(Conditions: [Zn]0 = 38 mg/L, pH0 = 3, adsorbent dose= 7 
g/L, agitation speed = 700 rpm at 18 °C±02 ) 

3.1.2 Effect of pH solutions 

The effect of pH on Zn (II) specie from electroplating 
effluent by sorption onto WLC material was examined in a 
series of experiments that used the same initial Zn (II) 
concentration (38 mg/L) while maintaining pH at different 
values between 3 and 12.6. The effect of pH on Zn (II) 
specie sorption onto WLC material is illustrated in Fig. 2. 

Fig -2: Effect of pH solution on Zn (II) sorption onto WLC 
(Conditions: [Zn]0 = 38 mg/L, contact time = 240 mn, 
adsorbent dose = 7 g/L, agitation speed = 700 rpm at 
18°C±02 ) 

The results show that the uptake of Zn (II) specie sorption 
onto WLC material tends to increase with the increase of 
pH from 3 mg/g at pH 3.12 to 5.35 mg/g at pH 10.1. With 
increasing pH, electrostatic repulsion decreases due to 
reduction of positive charge density on the sorption sites 
thus resulting in an enhancement of metal sorption. The 

above fact related to the effect of pH on heavy metal 
adsorption onto low cost abundantly available materials 
also supported by several earlier workers [22, 24, 25]. At 
higher pH values OH- ions compete for Zn (II) with the 
active sites on the surface of the adsorbent. Zinc is 
expected to form hydroxides Zn(OH)2 in the high pH 
condition (pH>8) of cement system. The hydroxy-
complexes Zn(OH)4

2− and Zn(OH)5
3− can be present in a 

strong alkaline solution [26]. 
 

3.1.3 Effect of material dosage 

The effect of WLS material dosage on Zn (II) uptake is 
depicted in Fig. 3. The selected material was used at 
concentration ranging from 1 to 20 g/L in a batch 
adsorption technique. The results show that the uptake of 
Zn (II) specie sorption onto WLC material tends to 
increase with the increase of material dosage from 3.4 
mg/g for WLS dose = 1 g/L to 5.3 mg/g for WLS dose = 20 
g/L. The mineral mass in the solution also affects the 
adsorption process, since it determines the availability of 
active sites. The increase of the adsorbent concentration 
results in more sites being available in the same solution 
volume [27]. At low mineral concentrations high amount 
of sorbate is readily available to be captured by few 
available sites. An increase in the solid concentration 
increases the surface area of the adsorbent, which in turn 
increases the number of binding sites for the same liquid 
volume and thus the total amount of metal that is removed 
increases [28]. However, the amount of metal adsorbed 
per unit mineral mass decreases. At high mineral 
concentrations the available metal concentration is 
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insufficient to cover completely the exchangeable sites on 
the adsorbent, usually resulting in low metal uptake [29]. 
Moreover, the interference between binding sites due to 
increased adsorbent concentration can result in a low 
specific uptake [30].  
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Fig -3: Effect of WLC dosage on Zn (II) sorption onto WLC 
(Conditions: [Zn]0 = 38 mg/L, contact time = 240 mn, 
pH0=3, agitation speed = 700 rpm at 18 °C±02 ) 

3.1.4 Effect of agitation speed 

The rate of the adsorption process may be controlled by 
external mass transfer or/and intra-particle diffusion. 
External mass transfer is usually important at the initial 
stages of the process. The results show that the rate of zinc 
sorption on WLS material was not significantly influenced 
by the degree of stirring (Fig. 4). Thus, mass transfer 
across the boundary layer did not impact the adsorption 
rate of the process. Taparcevska et al. [31] investigated the 
impact of agitation speed (150-190 rpm) on Zn2+ removal 
from aqueous solutions by employing zeolite and 
concluded that the rate of zinc adsorption on zeolite was 
not significantly influenced by the degree of stirring. On 
the contrary, Shawabkeh et al. [32] used zeolite produced 
by Jordanian oil shell ash to remove zinc from wastewater 
and found that the rate of adsorption increased with 
increasing agitation speed. Finally, the application of 
appropriate agitation increases ion mobility in the 
solution and thus, the mass transfer resistance reduces 
[27, 33]. 

 

Fig-4: Effect of agitation speed on Zn (II) sorption onto WLC 
(Conditions: [Zn]0 = 38 mg/L, contact time = 240 mn, pH0 = 
3, adsorbent dose = 7 g/L at 18 °C±02 ) 

3.2 Kinetic modeling 

Adsorption kinetics modeling is very useful for better 
understanding of Zn (II) sorption mechanisms onto WLC 
material such as the importance of the chemical reactions 
and the particle diffusion processes. To fit the obtained Zn 
(II) sorption experimental data, we used the most well-
known of them, namely the pseudo first-order, the pseudo 
second-order, the intra-particle diffusion model and the 
Elovich kinetic model. Mass transfer models in batch 
system (Homogeneous Diffusion Model and Linear Driving 
Force Model) were also used in this study. Results of the 
theoretical and experimental values of Zn (II) sorption 
uptake at equilibrium (qe (mg/g)) and correlation 
coefficient (R2) are presented in Table 2.  

Table-2: Zn (II) uptake (mg/g) and correlation coefficient 
(R2) of experimental and predicted kinetic models 

 

For the pseudo-first-order model, the difference between 
experimental and theoretical adsorbed masses at 
equilibrium is very high. The theoretical values are more 
to twice times higher than the experimental one. These 
results state a bad fit between the model and the 
experimental data. As a consequence, sorption of Zn (II) 
onto WLC material is not an ideal pseudo-first-order 
reaction. For the pseudo-second-order model, the 
difference between the experimental and theoretical Zn 
(II) sorption uptake at equilibrium is very small (less than 
5%). The mass transfer (Homogeneous Diffusion Model) 
and intra-particle diffusion models were able to fit the 
kinetic experimental data. The Elovich model can be also 
suitable for describing the sorption kinetic of Zn (II) onto 
WLC material. A comparison of calculated and measured 
results for all kinetic models as time depending is shown 
(figure 5).  

 qe (mg/g) R² 
Experimental 5.344 0.9463 
Pseudo-first-
order model 

12.67 0.7812 

Pseudo second-
order model 

5.322 0.9857 

Elovich model 5.324 0.9463 
Intra-particle 

diffusion model 
5.799 0.9381 

Linear driving 
force model 

6.529 0.8431 

Homogeneous 
diffusion model 

5.315 0.9384 
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Fig-5: Comparison between experimental and predicted 

kinetic models for Zn (II) sorption onto WLC 

The pseudo first-order and Linear Driving Force Model 
equations do not give a good fit to the experimental data 
for the Zn (II) sorption onto WLC material. The pseudo 
second-order equation provides the best correlation for all 
of the sorption process and fit the experimental data well. 
Several researchers have reported that the adsorption of 
these metals on minerals follows the pseudo second-order 
model. The pseudo second-order equation describes the 
chemical sorption and thus some type of chemical reaction 
is considered to take place that includes valence forces 
with the exchange of ions or the formation of covalent 
bonds [27, 34]. The agreement of the Elovich equation 
with experimental data may be explained as below. The 
general explanation for this form of kinetic law involves a 
variation of the energetics of chemisorption with the 
active sites are heterogeneous and therefore, exhibit 
different activation energies for chemisorption. Elovich 
model gives a good correlation for adsorption on highly 
heterogeneous surfaces and also it shows that along with 
surface adsorption chemisorptions is also a dominant 
phenomenon taking place [35]. However, the good fit of 
the pseudo second-order and Elovich models with the 
experimental data does not necessarily reveal the true 
nature of the mechanism that takes place [36]. The 
reaction kinetic equation limits the uptake rate in only one 
mechanism [37]. Nevertheless, metal adsorption on 
minerals is considered a diffusion process in which more 
than one stage may be observed to take place. The transfer 
of metal ions from the liquid to the solid phase is a 
complex process, which involves the diffusion into the 
boundary layer that surrounds the solid particles, as well 
as, on the surface and the interior of the solid particles. 
The adsorption of metal ions on the solid surface includes 
the following stages [27, 38, 39]:  

(i) the transfer of the metal ions from the bulk solution to 
the liquid–solid interface which takes place through 
convection, 

(ii) the diffusion of the metal ions through the boundary 
layer that surrounds the solid particles, reaching the solid 
surface (i.e. film diffusion),  
(iii) the diffusion of metal ions on the surface (surface 
diffusion) and the interior (pore diffusion) of the solid 
particle,  
(iv) the adsorption of the metal ions to active adsorption 
sites on the mineral’s surface. This stage is considered to 
be an equilibrium reaction. 
 
The diffusion mechanism depends on several parameters 
including the structure and the type of adsorbent, the 
physic-chemical properties of the adsorbent and 
adsorbate, as well as, other conditions that may affect the 
process performance [27]. 

4. CONCLUSIONS 
 
The removal of Zn (II) from an electroplating effluent 
using white limestone cement (WLC) was carried out 
under different experimental conditions. The results 
showed clearly that the increase of pH and sorbent dose 
increase the Zn (II) sorption efficiencies. The equilibrium 
sorption capacity of Zn (qe = 5.3 mg/g) onto WLC was 
reached for the initial Zinc concentration = 38 mg/L, pH = 
10.1, WLC material dose = 7 g/L and for 240 mn 
equilibrium contact time at 18°C±02. All findings 
presented in this study suggest that the sorption of Zn (II) 
ions onto WLC material follows the pseudo second-order 
and Elovich models predicting a chemisorption process. 
The removal of Zn (II) ions adsorption onto WLC material 
was also well describes by homogeneous diffusion and 
intra-particle diffusion models. The on-site technology for 
Zn (II) treatment enables the extraction of pure zinc ions 
from rinse water and recycling of the metal back to the 
plating bath, which is not only economically profitable but 
also environmentally beneficial. Concentration and 
extraction of heavy metals by WLC material sorption could 
be implemented as an efficient and economically viable 
process, complementing existing water purification 
methods. The treated effluent can be recycled to rinse 
tanks therefore reducing water consumption in electro- 
plating shops. 
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