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Abstract

A high amount of zinc disposed in the landfill sites as a mixed-metal plating sludge represents a valuable zinc source. To recover zinc from the
plating sludge, a sulfidation treatment is proposed in this study, while it is assumed that ZnS formed could be separated by flotation. The sulfidation
treatment was conducted by contacting simulated zinc plating sludge with Na,S solution at S~ to Zn?** molar ratio of 1.5 for a period of 1-48 h,
while changing the solid to liquid (S:L) ratio from 0.25:50 to 1.00:50. The conversion of zinc compounds to ZnS was determined based on the
consumption of sulfide ions. The reaction products formed by the sulfidation of zinc were identified by X-ray diffraction (XRD).

As a result, it was found that the conversion of zinc compounds to ZnS increased with an increase in S:L ratio. A maximum conversion of
0.809 was obtained at an S:L ratio of 1.00:50 after 48 h. However, when the zinc sludge treated at S:L ratio of 1.00:50 for 48 h was subjected to
XRD analyses, only ZnS was identified in the treated zinc sludge. The result suggested that the rest of zinc sludge remained unreacted inside the
agglomerates of ZnS. The formation behavior of ZnS was predicted by Elovich equation, which was found to describe the system satisfactorily

indicating the heterogeneous nature of the sludge.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The surface finishing treatment of metal products is character-
ized as an important part of their manufacturing process since it
ensures their high surface resistance against corrosion, as well as
improving their thermal and electrical properties, among others.
Electroplating is most widely used technique for surface finish-
ing of metals, ceramics and plastics, in which heavy metals such
as zinc, copper, nickel, chromium and tin are commonly used. In
particular, zinc accounts for more than 30% (6054 tonnes/year)
of the total amount of metals used in Japan [1].

The heavy metals employed are mainly deposited on the
surface of electroplating products, but a part of these metals
is discharged in rinsing wastewater. The discharged wastewa-
ter contains soluble metallic salts such as ZnSO4, CuSO4 and
NiSOy at high concentrations of 100-300 mg/L. In Japan, the
rinsing wastewater is treated to decrease the concentrations
of the heavy metals to values below the permissible limits of
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3mg/L and 5 mg/L for Cu and Zn, respectively [2]. For com-
parison, the daily permissible limits allowed for common metal
finishing facilities discharging more than 38,000 L of wastew-
ater per day defined by the U.S. Environmental Protection
Agency are 4.5 mg/L, 4.2 mg/L and 4.1 mg/L for Cu, Zn and Ni,
respectively.

For the removal of heavy metal from wastewater, various
techniques such as chemical precipitation [3—5], ion exchange
[6], adsorption, chelation [7] or combination of chemical pre-
cipitation with reverse osmosis, ion exchange or electrodialysis
[8] are available. Among the above techniques, chemical precip-
itation has been widely employed for the conversion of heavy
metals to insoluble metal hydroxides, metal oxides, metal car-
bonates or metal sulfides [3]. In the majority of plating shops,
the chemical precipitation with either NaOH or Ca(OH); is com-
monly used to treat the rinsing wastewater and the precipitate
formed by the chemical precipitation is called plating sludge
[3,9]. The plating sludge containing various metal compounds
is dehydrated [10], and then solidified with a stable binder in
order to prevent the heavy metals from dissolving in the landfill
sites [11]. As solidification binder, cement, lime, fly ash [12—14]
or asphalt emulsion is usually employed [15].
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Nomenclature

a Elovich parameter [1/h]

b Elovich parameter

ns, initial amount of sulfide ions [mol]

ns, amount of sulfide ions consumed during blank
experiment [mol]

ns, amount of residual sulfide ions [mol]

nzn total amount of Zn involved in simulated Zn
sludge [mol]

t time [h]

to Elovich time constant [h]

X fractional conversion

Xeale fractional conversion obtained from Elovich
kinetic equation

Xexp fractional conversion obtained from experiments

However, it is envisaged that the metal deposits of Zn, Cu and
Nimay be depleted within 30, 36 and 50 years, respectively [16].
Therefore, from the viewpoint of environment protection as well
as conservation of metal resource, a development of effective
systems for recycle and reuse of the metals involved in industrial
waste is required. McLay and Reinhard [17] reported that the
number of companies interested in using metal-bearing sludges,
such as smelters, has recently increased. However, the recovery
of heavy metals from the mixed metal sludge by smelting was
found to be difficult because of the sludge heterogeneity as well
as the presence of inorganic salts [17]. Given this, it is considered
to first convert heavy metals involved in plating sludges to a
uniform chemical form such as sulfides, and then to selectively
recover the heavy metal sulfides from mixed plating sludges by
flotation, a widely used separation technique in processing the
metal sulfides ores [18,19].

D. Kuchar et al. / Journal of Hazardous Materials B137 (2006) 185-191

The objective of this study is to clarify the conditions of sul-
fidation of zinc compounds involved in simulated zinc plating
sludge to zinc sulfide. The sulfidation treatment was conducted
by contacting simulated zinc plating sludge with Na; S solution,
while keeping the molar ratio of $>~ to Zn* at 1.5 and varying
the solid to liquid (S:L) ratio from 0.25:50 to 1.00:50. The con-
version of zinc compounds to zinc sulfide was evaluated based
on the determination of the amount of sulfide ions consumed
by sulfidation reactions for a period ranging from 1 h to 48 h. In
addition, an attempt was made to describe the sulfidation char-
acteristics of zinc compounds involved in the sludge by using
Elovich kinetic model [20-23].

2. Experimental
2.1. Preparation of simulated zinc plating sludge

Fig. 1(a) shows the flow chart used for the preparation of sim-
ulated zinc plating sludge. An amount of 14.5 g ZnSO4-7H,0
was dissolved in a 400 mL distilled water, and then the pH
value of the solution was increased to 9.40 £ 0.10 using 1 M
NaOH aqueous solution making up the total volume to 500 mL.
The pH value of 9.404+0.10 was chosen with respect to
neutralization conditions generally used in the treatment of
mixed-metal wastewater streams to lower heavy metal solubil-
ities below the permissible limits [3]. According to Eq. (1),
zinc ions reacts with hydroxyl ions to form insoluble zinc
hydroxide.

Zn?t +20H™ — Zn(OH),(s) (1

In our experiments, the precipitation was allowed to proceed
for 30 min, and then the slurry/precipitate was filtered using a
filter paper with pore size of 1 wm. After the filtration, the pre-
cipitate was rinsed in 500 mL distilled water for another 30 min
at a constant pH value of 9.40+£0.10, in order to purify the
zinc precipitate. Subsequently, the precipitate was filtered and

Na,S solution | | Simulated zinc plating sludge |

| ZnS0Oy solution |

IM NaOH

Stirring for 30 minutes
pH 9.4 -9.5

3

| Filtration

!

Rinsing for 30 minutes
pH9.4-95

| Plastic container |

+

Treatment for 1 hour to
48 hours

]

| Filtration |

1 |

Filtrate || Filter cake - precipitate |

| Filtration |

+

1 )

| Drying —75°C, 24 hours |

Grinding and sieving

Analyses of §% content
by ion chromatography
Analyses  of  Zn®'
content using ICP

Drying for two days at
ambient temperature

1]

(a) Particle size <75 m o)

Fig. 1. Flow chart of: (a) preparation of simulated zinc plating sludge and (b) sulfidation treatment of zinc plating sludge.
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dried in a muffle furnace at a temperature of 75 °C for 24 h. The
dried precipitate was ground in an agate mortar and screened to
particle size lower than 75 pum. The precipitate treated in such
manner is hereafter referred as the simulated zinc plating sludge.

In order to determine the content of zinc in the simulated
zinc plating sludge, an amount of 100 mg of the sludge was
dissolved in hydrochloric acid and the solution was analyzed
by inductively coupled plasma (ICP) equipment (Vista-MPX
Simultaneous ICP-OES, Varian, Inc.). The average content of
zinc in the simulated zinc sludge was found to be 0.6021 g
Zn/g sludge and this value was used to calculate the amount
of Na;S-9H, O to adjust the molar ratio of S2- to Zn** to 1.5 in
solutions.

In order to determine the composition of simulated zinc plat-
ing sludge, thermogravimetric analysis of the simulated sludge
was conducted using TG analyzer (TGA-50, Shimadzu) under
N>/O, atmosphere of N:80%/0,:20%, at gas flow rate of
50 mL/min and heating rate of 2 °C/min. Further, the simu-
lated sludge was subjected to X-ray powder diffraction (XRD)
analysis with scanning mode of 26/6, under the condition of
50kV/100 mA (RINT-2500 TTR, Rigaku Model), and finally to
scanning electron microscopy-energy dispersive spectrometric
(SEM-EDS) analysis (JSM-6330F-JEOL, JED-2140-JEOL).

2.2. Sulfidation of simulated zinc plating sludge

The sulfidation of the simulated zinc plating sludge was con-
ducted in a batch system according to the procedure shown in
Fig. 1(b), and all experiments were carried out in triplicates.
First, 50 mL of each Na;S aqueous solution in which the molar
ratio of S>~ to Zn>* was kept at 1.5, was poured into the plastic
containers. The molar ratio of S~ to Zn>* of 1.5 was chosen in
order to keep the S~ ion in excess throughout the whole sulfida-
tion period. Second, the simulated zinc sludge was charged into
each plastic container in appropriate amounts to maintain the
S:L of 0.25:50 (weight concentration of about 5 g/L), 0.50:50
(weight concentration of about 10 g/L) or 1.00:50 (weight con-
centration of about 20 g/L). Then, the plastic containers were
shaken on a vertical shaker for 1-48 h. Finally, at the end of the
experiment, the slurry was filtered with a filter paper of 1 pum
pore size.

2.3. Analyses of filtrate and filter cake

The concentration of the residual sulfides in the filtrate was
analyzed using an ion chromatography (Shimadzu, electrocon-
ductivity detector type: CDD-10Avp) equipped with a column-
Tosoh, TSK gel IC-Anion-PW 6837, 50 mm x 4.6 mm i.d. The
conversion of zinc compounds to zinc sulfide was calculated
according to Eq. (2):

ns, — nsb — ns,

X = @

nzn
where X is the fractional conversion, ng, the initial amount of
sulfide ions [mol], s, the amount of sulfide ions consumed dur-
ing blank experiment [mol], ns. the amount of residual sulfide
ions [mol] and nyz, is the total amount of Zn involved in simu-

lated Zn sludge [mol]. The amount of the sulfide ions, ng, [mol]
consumed by the oxidation of S~ ions to SO4>~ with oxy-
gen present in water (blank experiment) was determined as the
difference between the initial amount of sulfide ions (ng,) and
the residual amount of sulfide ions after performing the blank
experiment. In this work, the blank experiment was carried out
by shaking only the aqueous Na, S solution in a plastic container
for a period of 1-48 h. The amount of Na;S-9H»O dissolved in
water to perform the blank experiments was exactly the same as
in the case of experiments performed with simulated zinc plating
sludge.

The filtrates were subjected to ICP measurement to determine
the content of zinc. The filter cakes were dried for 2 days at
ambient temperature, and were subjected to XRD and SEM-
EDS analyses to confirm the presence of zinc sulfide formed.

3. Results and discussion
3.1. Characterization of simulated zinc plating sludge

From the results obtained by XRD and TGA, it was found that
Zn(OH); was not the main precipitation product formed during
the preparation of simulated zinc plating sludge. Instead, the pre-
cipitate was mostly composed of various zinc sulfate hydroxide
hydrates which are, in our work, denoted by general formula
of [Zny(OH),-(SO4)-nH,0]. The TGA results showed that crys-
talline water in the sludge was evaporated in the temperature
range of 165-300 °C and the remaining ZnSO4 was decomposed
to ZnO in the temperature range of 670780 °C. Based on the
weight loss resulting from the decomposition of ZnSO4 to ZnO,
the amount of ZnSO4 involved in zinc sulfate hydroxide hydrate
was estimated to be about 17 wt%.

The SEM images of the simulated zinc plating sludge taken
at different magnifications are shown in Fig. 2. It can be seen
from the figure that the particle of zinc plating sludge is an
agglomerate of fine floccules of zinc compounds with a diameter
of about 1 wm. It is considered that the particles agglomerated
during filtration and drying process.

3.2. Effect of solid to liquid (S:L) ratio on fractional
conversion

To investigate the effect of S:L ratio on the sulfidation of zinc
compounds in the sludge, the experiments were performed at
three different S:L ratios. The fractional conversion of Zn com-
pounds to ZnS calculated by Eq. (2), is plotted against time in
Fig. 3. In this figure, the fractional conversion increased rapidly
within the first 6 h for all S:L ratios followed by a slower progress
in conversion for the rest of the experimental period. Moreover,
the progress in the fractional conversion seems to stop after 12 h
for the S:L ratio of 1.00:50, and the maximum fractional con-
version obtained after 48 h was 0.809.

The increase in the S:L ratio brought about an increase in
the pH value of the reacting system owing to a higher amount of
Na,S-9H, 0 dissolved in water to establish the molar ratio of 2~
to Zn%* of 1.5. Hence, hi gher values of the fractional conversion
at higher S:L ratios were partially attributed to a higher pH value
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Fig. 2. SEM images of simulated zinc plating sludge.

of the reacting system. The significance of pH arises from an
increase in the solubility of Zn compounds with an increase in
pH, owing to the formation of more soluble zincates, according
to Egs. (3) and (4) [24].

Zn*t +30H™ — Zn(OH)3~ 3)
Zn*t + 40H™ — Zn(OH),>~ 4)

Based on the increase in conversion of zinc compounds to
ZnS with an increase in pH of the reacting system, it is consid-
ered that the solubility of zinc compounds is influential in the
sulfidation of Zn to ZnS in the simulated zinc plating sludge.

On the contrary, the precipitation of Zn>* ions as insoluble
ZnS according to Eqgs. (5)—(7) is supposed to be instantaneous
and thus having negligible effect on reaction rate, since the con-
centrations of Zn>* ions in all filtrates measured by ICP were
found to be less than 1 mg/L.

Zn*t + 8>~ — ZnS(s) (5)
Zn(OH)3~ 4+ S*~ — ZnS(s) + 30H™ (6)
Zn(OH)4>~ +S%~ — ZnS(s) + 40H~ @)
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Fig. 3. Dependence of the fractional conversion of zinc in simulated zinc plating
sludge on time, and the results of conversion rate modeling using Elovich kinetic
equation.

3.3. Analyses of treated zinc plating sludge

After the sulfidation treatment, the simulated zinc plating
sludge was subjected to XRD analysis. Fig. 4 shows the XRD
patterns of zinc compounds in the treated sludge. It was con-
firmed that ZnS was formed as a product of sulfidation of zinc
compounds. As indicated in the XRD diagram, characteristic
zinc sulfide peak became higher with an increase in sulfidation
time as well as with an increase in S:L ratio. It can be observed

B Zn, (OH),.(SO,).nH,0 O Zn(OH), ® 7/nS
® S:L ratio 1.00:50 - shaken for 12 hours
o [

S:L ratio 1.00:50 - shaken for 1 hour

M

S:L ratio 0.50:50 - shaken for 12 hours

S:L ratio 0.50:50 - shaken for 1 hour

Intensity [cps]

S:L ratio 0.25:50 - shaken for 12 hours

S:L ratio 0.25:50 - shaken for 1 hour

Simulated Zn sludge

15 25 35 45 55 65 75
Diffraction angle 20/0 [degree]

Fig.4. XRD patterns of simulated zinc plating sludge before and after sulfidation
treatment.
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Fig. 5. SEM-EDS images of treated simulated zinc plating sludge.

that only ZnS was present, when the sample was contacted with
Na; S solution for 12 h at S:L ratio of 1.00:50. Based on the XRD
results and the results of fractional conversion (Fig. 3), it was
concluded that some of the unreacted zinc hydroxide and zinc
sulfate hydroxide hydrate were enclosed inside the agglomerates
of ZnS.

Fig. 5 shows the SEM-EDS results of the zinc sludge treated
with NayS for 12 h at the S:L ratio of 1.00:50. SEM image shows
that the sulfidation product is composed of fine particles of ZnS.
From the EDS maps, zinc, sulfur and oxygen atoms are located
at a nearly the same positions, but the number of oxygen atoms
detected is significantly lower than those of zinc and sulfur. This
result may support the above-mentioned conclusion that some
unreacted zinc hydroxide or zinc sulfate hydroxide hydrate was
enclosed inside the agglomerates of ZnS.

From the point of view of zinc recovery from mixed plating
sludges, it is supposed that the agglomerates of ZnS enclosing
unreacted zinc plating sludge should be separable by flotation,
since the flotation is based on the surface interactions of particles
with flotation agents. Thus, the proposed sulfidation treatment
followed by flotation could be used to selectively recover zinc
from mixed plating sludges.

3.4. Evaluation of controlling factors for sulfidation of zinc
compounds

As mentioned in Section 3.2, the fractional conversion of zinc
compounds involved in plating sludge to zinc sulfide increased
with an increase in S:L ratio and with an increase in the pH

value of the reacting system. It is therefore important to evaluate
the effect of these two parameters on the sulfidation of zinc
compounds. For this aim, the zinc simulated plating sludge was
treated with Na,S solution for 24 h at a constant S:L ratio of
0.25:50, while the pH value was adjusted with 1 M NaOH in the
range of 12.68 (without NaOH addition) to 13.30.

Fig. 6 shows the change in the fractional conversion of zinc
compounds involved in plating sludge obtained at the fixed S:L
ratio of 0.25:50, while changing pH of the reacting system with
NaOH (dashed line). In this figure also, the fractional conver-
sions obtained at the S:L ratios of 0.25:50, 0.50:50 and 1.00:50
after 24 h are plotted against the pH value of the reacting systems
(solid line). In the latter case, the increase in pH value naturally

0.90
O S:L ratio fixed at 0.25:50 (varied pH value)

— 080 F OS:L, varied from 0.25:50 to 1.00:50 «
= S:L - 1.00:50
g
F 070 ©
3
2
=
S 060 |
=
g = S1-050:50
5 0350 F
=<
S
=

040 | .

SL-025:50
0.30 !
12.60 12.80 13.00 13.20 13.40

pH[]

Fig. 6. Dependence of fractional conversion on pH value of reacting system.
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resulted from an increase in the amount of Na;S-9H, O dissolved
in distilled water to adjust the molar ratio of S>~ to Zn** to 1.5
and no pH adjustment was made.

It can be seen that the fractional conversion increased lin-
early with an increase in the pH value resulting from an increase
in S:L ratio (solid line). On the contrary, a two stage behavior
was observed when the pH value was adjusted with 1 M NaOH
at fixed S:L ratio of 0.25:50 (dashed line). In the first stage
(pH range of 12.68-13.00), the fractional conversion increased
almost linearly with an increase in pH, which corresponded to
the results obtained when S:L ratio was varied. This suggests
that at an S:L range of 0.25:50 to about 0.50:50, the pH of the
reacting system was the main controlling factor, while the effect
of change in S:L ratio on the fractional conversion was almost
negligible. Then, in the second stage (pH range of 13.00-13.30)
lower values of fractional conversion were obtained at fixed S:L
ratio of 0.25:50 compared to the results obtained when varying
S:L ratio (solid line). The result indicates the importance of S:LL
ratio on the conversion of zinc compounds to ZnS at an S:L ratio
higher than 0.50:50.

The S:L ratio is related to the weight concentration of the
zinc plating sludge in the reacting system and thus to the num-
ber of solid particles in the reacting system. It is assumed that
the higher number of particles present in the same volume of
the reacting system led to a higher number of mutual colli-
sions at the S:L ratio of 1.00:50 compared to the number of
mutual collisions at the S:L ratio of 0.25:50. Consequently, the
ZnS agglomerates, in which unreacted zinc compounds were
enclosed, disintegrated. Hence, the fractional conversion of sul-
fidation of zinc compounds at a higher S:L ratio became higher,
compared with that obtained at a lower S:L ratio at the same pH
value.

3.5. Modeling of the sulfidation of zinc plating sludge

For describing the conversion of Zn compounds in the plat-
ing sludge to ZnS, the Elovich kinetic model, which has been
used in modeling of adsorption of gases on solid adsorbents
[20], removal of copper and zinc from effluents [21], extrac-
tion of arsenic from contaminated soils [22] and the thermal
decomposition of solid oxygenated complexes formed by coal
oxidation [23], was applied to our experimental results. The
Elovich equation is an empirical model which in terms of the
fractional conversion is expressed by Eq. (8),

dx
o —ae ®)

where X is the fractional conversion, ¢ the time [h] and a, b are
the constants—Elovich parameters. The integration of Eq. (8)
with the boundary conditions of X=0at r=0, X=X at r=t gives
Eq. (9):

1 1

X = — In(ab) + — In(t + t,) )
b b

where 7, is the Elovich time constant [h].

The relation between the conversion X and In(z + ¢,) obtained
from Eq. (9) is shown in Fig. 7 for different S:L ratios. The

1.00

OS:Lratio 1.00g:50mL
OS:L ratio 0.50g:50mL
AS:Lratio 0.25g:50mL

0.80

0.60

040

Fractional conversion |-]

020

0.00
1 2 3 4 5
Ln(t+t,)

Fig. 7. Dependence of fractional conversion on In( + #,)—Elovich kinetic equa-
tion.

Elovich constants a and b were obtained from the slope and the
intercept of the linear regression plot of X against In(# + #,). The
constant g and b correspond to the initial reaction rate and the
extent of conversion, respectively. In Fig. 8, the Elovich con-
stants a and b were plotted against S:L ratio. The constant b
decreases with an increase in S:L ratio due to a higher conver-
sion ratio achieved at higher S:L ratios. The higher value of the
constant a at a higher S:L ratio is attributed to an increase in
solubility of zinc compounds in the sludge due to a higher pH
value of the reacting system.

The conversion-time curves obtained according to Eq. (9) are
represented in Fig. 3, in which the solid-, dotted- and dashed-
lines are those calculated for S:L ratio of 1.00:50, 0.50:50 and
0.25:50, respectively. The Elovich equation describes the data
points fairly well.

In Table 1, the experimental data on the conversion of zinc
compounds in the sludge were compared with those obtained
from Eq. (9). For this, S:L ratios of 0.375:50 and 0.75:50 were
employed for the reaction time of 3h, 12h and 48 h. It can be
seen from Table 1 that the experimental data of the fractional
conversion (Xexp) were in good agreement with those determined
by Elovich kinetic equation (Xc,c) for the reaction time of 3, 12
and 48 h, except for S:L ratio of 0.75:50 after 48 h. It is supposed
that at S:L ratio higher than 0.50:50, the sulfidation reaction
almost stopped after 12 h, since the unreacted zinc compounds
had been enclosed inside the agglomerates of ZnS.
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Fig. 8. Correlation of Elovich parameters a and b.
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Table 1
Comparison of conversion predicted by Elovich kinetic equation and experi-
mentally obtained conversion

Shaking time [h] S:L ratio
0.375:50 0.75:50
Xeale Xexp Xeale Xexp
3 0.266 0.253 0.416 0.404
12 0.394 0.405 0.618 0.597
48 0.521 0.542 0.820 0.684

4. Conclusions

The sulfidation characteristics of zinc compounds involved
in the simulated zinc plating sludge to zinc sulfide were inves-
tigated by using Na;S as sulfidation agent. In the present study,
the molar ratio of S2~ to Zn%* was fixed at 1.5, while the solid
to liquid ratio was changed from 0.25:50 to 1.00:50. As a result,
the following conclusions were drawn:

e The XRD analyses of the simulated zinc plating sludge
showed that simulated zinc plating sludge was mainly com-
posed of zinc sulfate hydroxide hydrates. Using the thermo-
gravimetric analysis, the amount of unreacted ZnSO, remain-
ing in zinc sulfate hydroxide hydrates was estimated to be
about 17 wt%.

e The conversion of zinc compounds was increased with an
increase in S:L ratio as well as pH value, where the latter
resulted from a higher amount of NayS-9H,O added. The
maximum conversion obtained at the S:L ratio of 1.00:50 was
80.9% after 48 h of the treatment time.

e After the sulfidation for 48 h at S:L ratio of 1:50, only ZnS
was detected in the treated zinc sludge using XRD, and thus
it is assumed that a part of unreacted zinc sludge remained
enclosed in the agglomerates of ZnS. However, from the
resource recovery point of view, the particles of ZnS enclos-
ing unreacted sludge are supposed to be separable by flotation,
and thus, the proposed treatment could be used to selectively
recover zinc from mixed plating sludges. Furthermore, it is
considered that the enclosure of unreacted zinc plating sludge
inside the ZnS could be prevented by grinding and screen-
ing the simulated sludge to lower particle sizes, before the
actual sulfidation treatment (in this experiments, the sludge
was ground and screened to the particle size of 75 pm).

e The sulfidation of zinc compounds in zinc sludge was
described by Elovich kinetic equation. It was found that
Elovich kinetic model fitted well our experimental data and
was further validated at the S:L ratios of 0.375:50 and 0.75:50.
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