Environmental Engineering and Management Journal May 2018, Vol.17, No. 5, 1139-1147

http://www.eemj.icpm.tuiasi.ro/; http://www.eemj.eu

“Gheorghe Asachi” Technical University of lasi, Romania

POWDERED MARBLE WASTES REUSE FOR CADMIUM REMOVAL
FROM AQUEOUS SOLUTIONS UNDER DYNAMIC CONDITIONS
Ammar Mlayah®*, Salah Jellali?

Water Research and Technologies Centre (CERTE), Georesources Laboratory, Tunisia
2\Water Research and Technologies Centre (CERTE), Wastewaters and Environment Laboratory, Tunisia

Abstract

A factorial design analysis was performed in order to determine the significant factors influencing cadmium removal from
aqueous solutions by powdered marble wastes (PMW), using a continuous stirring tank reactor (CSTR) system. Investigated
factors were initial cadmium aqueous concentration (5-30 mg L), PMW dosage (5-15 g L™?) and flow rate (20-40 mL min™).
Results showed that the cadmium aqueous concentration and PMW dosage were the most influencing factors on metal removal
from synthetic aqueous solutions. Furthermore, interactions between cadmium concentration-PMW dosage and cadmium
concentration-flow rate have also significant effects. The optimal conditions for highest cadmium removal rate by PMW (96.04%)
were established at initial cadmium concentration of 5 mg L™, adsorbent dosage of 15 g L and flow rate of 20 mL min-.,
According to SEM, EDS and especially XRD analyses, cadmium removal is likely to be controlled by adsorption onto particle
surface through cation exchange and complexation. On the other hand, the competition between four metals showed that the
selectivity sequence of the metals was: Pb > Cu > Zn > Cd. The proposed low cost material efficiently removes metals present in
synthetic solutions and can be applied for industrial effluents treatment.
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1. Introduction 2010), membrane filtration (Guo et al., 2008) and
electrochemical processes (Babel and Kurniawan,
2003; Mahitti and Fuangfa, 2008). However some of
these technologies have the drawback of high costs
due to chemical reagent consumption, energy

requirements as well as the production of large

Wastewater discharge from metal plating,
textile, tanneries, batteries and fertilizers industries
often contain relatively high concentrations of
cadmium (Cd) and could present a serious

environmental problem due to Cd toxicity, non
biodegradability and bioaccumulation in living
tissues and food chain (Volesky, 1990). The presence
of Cd above critical levels may cause several
diseases to human such as anemia, hepatitis, nephrite
syndrome etc. (Volesky, 1990). In the last decades,
various technologies have been tested and developed
to remove heavy metals from wastewater, such as
chemical precipitation (Sadeghi et al., 2017; Zaki et
al., 2007), ion exchange (Chaudhari and Murthya,

amounts of sludges (Volesky, 1990). Hence, it has
become necessary to develop new environmentally
friendly and low cost technologies for heavy metal
removal from industrial effluents. One of the
promising alternatives that has been intensively
tested and applied over the last two decades is the use
of low cost materials and natural wastes for cadmium
removal from wastewaters through adsorption
processes. Various materials have been tested under
static mode (batch tests) including activated carbon
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(Depci et al., 2012; Qu et al., 2013), limestone (Aziz
et al., 2008), clays (Turan and Ergun, 2009), silt
(Ouadjenia-Marouf et al., 2013), lignite (Ugurum,
2009), bentonite (Mohammed-Azizi et al., 2013),
hydroxyapatite (Mateiuc et al., 2017) and zeolite
(Javadian et al., 2013). Due to their small dimensions
and non-continuous renewal of effluent, the
extrapolation of batch results to real applications is
generally very difficult. Only a few experiments have
been carried out using laboratory columns but
confronted to the clogging phenomenon caused by
suspended solid filtration (Jellali et al., 2010a, 2016;
Oliva et al., 2011). Continuous stirring tank reactors
are other techniques used to tackle these problems by
treating an important amount of wastewaters and
ensuring continuous renewal of both the aqueous
solutions and the adsorbents. The need of using this
technique at laboratory or field scale has been
pointed out by several authors (Jellali et al., 2010b;
Mlayah and Jellali, 2015; Wei et al., 2008). On the
other hand, laboratory assays addressing heavy
metals removal efficiency through adsorption process
showed dependence on several factors such as pH,
adsorbent dosage, initial aqueous concentration,
contact time, and particle size distribution. In
conventional methods used to evaluate the impact of
each of these factors, experiments have been
conducted by varying one factor and keeping others
as constants (Jellali et al., 2010b; Krika et al., 2016;
Tang et al., 2013). The factorial design technique has
been successfully employed in order to reduce the
number of experiments and to determine not only the
importance of each factor but also the possible
interactions between two or more factors. Recently,
this method has been used for a number of
investigations dealing with the adsorption of heavy
metals (Basak, 2013; Calero et al., 2013; Saadat and
Karimi-Jashni, 2011, Srivastava et al.,, 2017).
However, there are limited investigations concerning
such applications for Cd ion adsorption using CSTR
technique.

Powdered marble wastes are generated by
marble processing during large stone polishing. This
phase is accompanied with the discharge of huge
amounts of PMW into the environment and landfills
(Aukour and Al-Qinna, 2008). However, these
wastes could be interesting materials for heavy metal
removal from aqueous media due to their unique
mineralogical composition and their confirmed
effects onto aqueous pH (Jaouadi et al., 2014). To
date, only very few studies have investigated PMW
reuse for urban wastewater treatment especially for
phosphorus removal and recovery (Gervin and Brix,
2001; Jaouadi et al., 2014).

The main purposes of the present study are i)
to investigate the initial aqueous solution pH, ii) to
determine the individual effects and the double
interactions between flow rate, initial aqueous
concentration and adsorbent dosage on Cd removal
efficiency from aqueous solutions under dynamic
conditions. Accordingly, a 2° factorial design is
applied with abundant, renewable and eco-friendly
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calcitic materials: Bianco Giaoa marble wastes in
CSTR system, iii) to study the influence of other
cations in the medium, and finally iv) to explore the
involved mechanisms through specific assays and
analyses.

2. Material and methods
2.1. PMW preparation and characterization

In this study, the solid matrix is constituted by
powdered marble wastes (PMW) resulting from the
manufacturing of large stones of “BIANCO GIOIA”
marble. PMW were collected as a dry pure powder at
the vicinity of cutting and polishing devices from a
marble processing company located in the southern
suburb of Tunis, the capital city of Tunisia. Collected
PMW were first sieved mechanically in order to
remove bulk materials and debris, then washed with
distilled water and dried at 40 °C for 48 h to a
constant weight. The particle size distribution of the
used PMW was determined using a Malvern
Mastersizer STDO06 laser granulometer. Phases
present in the PMW were analyzed using an X-ray
diffractometer Cu-K, radiation (Philips PW 1710).
Scans were conducted from 0° to 60° at a rate of
2°mint. The elemental composition of PMW was
achieved by energy dispersive spectroscopy (EDS)
using a Quanta-200-Fei apparatus. The BET specific
area was determined using a Quantachrom Autosorb
1 sorptiometer. The pH of zero point charge (pHzec)
of PMW was performed according to the solid
addition method described by Ngah and Hanafiah
(2008), using 0.01 M KNOs solutions, 1g of PMW
for initial pH values of 2, 4, 6, 8 10, and 12.

2.2. Synthetic cadmium solution preparation and
analysis

Cadmium nitrate (Cd(NOs),) was used in
CSTR tests as the source of cadmium ions. The
working solutions were prepared through dilutions
with distilled water of a stock cadmium solution of 1
g L. Cd concentration analysis was performed by
AAS (Perkin Elmer AAnalyst). pH measurements
were performed by a pH meter (692 pH/lon Meter,
Metrohm).

2.3. CSTR cadmium removal studies

2.3.1. Laboratory CSTR presentation and
experimental protocol

Continuous flow tests were carried out using a
CSTR system for Cd removal from synthetic
solutions (Fig. 1). A 1.2 L glass reactor was used to
ensure the contact between PMW and cadmium in
aqueous solutions. At the start of the assays, the
desired PMW dosage was put in the reactor, which is
then rapidly filled with aqueous cadmium solution at
the desired concentration. Afterwards, the cadmium-
containing water was continuously fed from a 10 L
volume tank to the CSTR system with a variable flow
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pump  (Masterflex,  Cole-Parmer  Instrument
Company, USA) at different flow rates
corresponding to pre-defined contact times. The
reactor was continuously stirred at 300 rpm using a
magnetic stirrer (Agimafic-S, 1. P. Selecta Company)
for several hours until equilibrium had been reached.
This state is characterized by a quasi-stability of
cadmium concentrations at the entrance of the
settling set up (Fig. 1). The effluent was sampled at
the entrance of the settling device at certain time
intervals to determine the efficiency of this CSTR
system for Cd removal. For each aqueous sample (10
mL), the suspension (containing water and PMW
losses) was filtered through filter paper (0.45 pm)
and the filtrate was analyzed in order to determine
dissolved cadmium concentration. All assays
presented hereafter were conducted in duplicate and
only mean values are reported.

= Sampling
overflow

Cadmium aqueous
solution

Magnetic stirrer

Fig. 1. Schematic representation of the experimental design
for cadmium removal studies

2.3.2. Studied factors in the factorial design

In order to determine individual and double
interactions of various parameters on Cd removal
from aqueous solution by PMW using CSTR
technique, a factorial design of experimental series
was applied. For this purpose, three factors, namely
initial aqueous concentration, adsorbent dosage and
flow rate were varied at two levels as described in
Table 1. During these experiments, the initial
aqueous pH was fixed to 3.6.

Table 1. Experimental ranges and levels of studied factors
in the factorial design

where: Co and Cs are the influent and the equilibrium
aqueous cadmium concentration measured at the
outlet of the reactor, respectively.

2.3.3. Effect of ion competition

In order to assess the competing effect of
other cations on cadmium removal by PMW, a CSTR
removal test of cadmium (10 mg L?) was performed
in the presence of lead, zinc and copper at aqueous
concentration of 50, 10 and 10 mg L™ respectively.
The PMW dosage, aqueous pH and feeding flow rate
were fixed at 5 g L% 3.6 and 20 mL min?
respectively.

3. Results and discussion
3.1. PMW characterization

The PMW wused in this study can be
considered as a very fine solid porous media (Table
2). In fact, particle mean diameter is relatively low
(22.6 pm). The BET specific area of PMW was
estimated to 0.14 m? g! which is comparable to
commercial calcium carbonate (So et al., 2011) and
dolomite (Karaca et al., 2006). X-ray and EDS
analyses indicate that PMW is exclusively formed by
calcite with relatively high contents of Ca. The pHzpc
value was 8.11 which is very close to the value found
for calcite with a purity of 98% in CaCOs;
(Karageorgiou et al., 2007). As a consequence, under
the chosen experimental conditions (initial pH =3.6),
PMW particles surface should be positively charged.

Table 2. Main physico-chemical characteristics of the used
powdered marble wastes (1: dx: mesh diameter that allows
x% of the porous media to pass through; 2: UC:
uniformity coefficient: ratio of deso/d10)

dio (UM)! 2.6

dso (m)? 28.6

UC (-)? 10.9

dso (um)* 22.6

Ca (%) 329

Mg (%) 0.75

Specific area (m?gt) 0.14

pH of zero point charge (pHzrc) 8.11

Factor Coded Range and level
symbol -1 +1
Initial cadmium A 5 30
concentration (mg L)
PMW dosage (g L) B 5 15
Flow rate (mL mint) C 20 40

The cadmium removal efficiency (R%) is
given by (Eq. 1):

©=Co) 15 @)

0

R(%)=

3.2. Effect of initial aqueous pH

The pH is an important factor for determining
the form of cadmium species in aqueous solutions. It
influences the strength of Cd adsorption mechanism
as it determines the degree and sign of the charge on
these ions (Rangel-Porras et al., 2010). For aqueous
pH lower than 4, the dominant species is free Cd?*.
For pH higher than 6, cadmium is mainly present as
CdHO3*, CdCOsq and Cd(COs)s**. The results,
depicted in Fig. 2, showed that aqueous pH has a
significant effect on cadmium removal. Therefore, it
appears that cadmium removal was inhibited at low
pH values. For the lowest tested aqueous pH (pH=2),
maximal removal efficiency was evaluated to about
88% during only 15 min. However, for initial
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aqueous pH values of 3.6 and 5, the measured
cadmium concentrations at the outlet of the reactor
were lower than detection limits for a relatively long
period. Removed cadmium amounts were estimated
according to mass balance method to 1.069, 2.782
and 2.973 mg g* for initial pH of 2, 3.6 and 5
respectively. At an initial pH of 3.6, the removed
cadmium amount was about 8.6 times higher than silt
(Ouadjenia-Marouf et al., 2013), 4.3 times than
perlite (Mathialagan and Viraraghavan, 2002) and
2.1 times than calcitic limestone materials (Rangel-
Porras et al. 2010).

These findings are mainly caused by the fact
that at lower pH, the concentration of positive charge
(protons) increased on the sites of solid particles
surface, which limited the adsorption of Cd ions
because of charge repulsion phenomenon. As the
aqueous pH values increase, the charge density on
PMW surface becomes more negative and proton
concentrations decrease. This behavior favors the
removal of positively charged cadmium ions onto
particle surface. On the other hand, due to the
dissolution of PMW into the distilled water (Jaouadi
et al., 2014), the aqueous pH values of the solution in
the reactor during equilibrium phase become more
important when increasing the initial pH solutions.
Indeed, these equilibrium pH values were evaluated
to 5.73, 6.64 and 6.68 for initial pH of 2; 3.6 and 5
respectively. These outcomes indicate that Cd
precipitation should be negligible. This trend has
been also pointed out by Rangel-Porras et al. (2010)
when they studied cadmium removal using calcitic
materials. Consequently, the experiments carried out
hereafter were conducted at an initial aqueous pH of
3.6.

mpH=2
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T 47
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5
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Fig. 2. Effect of initial aqueous solution pH
on Cd adsorption by PMW

3.3. Factorial design adsorption experiments

The design matrix of uncoded values for the
studied factors and the response in term of average
cadmium removal efficiency are shown in Table 3.
Results were analyzed using Minitab 15 program and
the main effects and interactions between studied
factors were determined. The codified model
employed for the 22 factorial designs is given by (Eq.
2):
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R(%)=a, +a,A+a,B+a,C+a,AB+a,AC+a,BC +a,,ABC

)
where: R(%) is the percentage removal of cadmium,
ap is global mean, a;, a; and az are the individual
effect of the concentration, dose and flow rate
respectively. Coefficients ai2, a1z and a3 describe the
interacting effects of cadmium concentration- PMW
dosage, cadmium concentration- flow rate and PMW
dosage- flow rate respectively. ais shows the
interacting effect of cadmium concentration- PMW
dosage- flow rate.

Table 3. Uncoded design table for the factors and

responses
Run | Concentration | Dose Flow rate | Removal
order (mg LY gLY | (mLmin?) | (R (%))
1 5 5 20 94.14
2 30 5 20 45.94
3 5 15 20 96.04
4 30 15 20 90.90
5 5 5 40 92.13
6 30 5 40 38.5
7 5 15 40 95.92
8 30 15 40 78.43
Effects, regression coefficients, standard
errors and “t” values (standardized effects) are

illustrated in Table 4. By substituting the coefficients
“ai” in Eq. (2), we obtain a model equation relating to
the level of parameters and cadmium removal
efficiency:

R (%)=79.00 -15.56 A+11.32B—2.76C +9.90AB
—2.22AC-0.39BC - 0.86 ABC
_ _ Q)
A positive sign of a given parameter indicates
that the response increases with the increase in the
value of this parameter (Turan et al., 2011).

Table 4. Statistical parameters for the used 22 factorial
designs for cadmium removal by PMW using CSTR

technique
Term Effect | Coefficient Standard t P-
error value | value
Constant 79.00 0.388 203.62 | 0.000
ai -31.11 -15.56 0.388 -40.10 | 0.001
a 22.65 11.32 0.388 29.18 | 0.001
as -5.51 -2.76 0.388 -7.10 | 0.019
a1 19.80 9.90 0.388 25.52 | 0.002
a3 -4.45 -2.22 0.388 -5.73 | 0.029
a3 -0.79 -0.39 0.388 -1.01 | 0.418
a123 -1.73 -0.86 0.388 -2.23 | 0.156
R-Sq 0.9994
R-Sq 0.9969
(adj)

The coefficient of determination (R?) value for

the regression model is 0.9994 (Table 4). This
indicates that 99.94% of the total variation in
cadmium removal response is attributed to the
studied experimental variables; the obtained
coefficient is satisfying comparing to some other
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studies dealing with lead removal from aqueous
solutions (Berrama et al., 2013; Martin-Lara et al.,
2011). The closer the R? value to unity, the better the
model will be; it will provide a predicted value which
is closer to the actual values for the response
(Berrama et al., 2013). R? value of 0.9994 is
considered highly significant, indicating that there is
a good agreement between the experimental and the
predicted value of cadmium removal.

3.3.1. Student’s test

Student’s t-test was performed in order to
determine whether calculated main and interaction
effects were significantly different from zero.
Absolute values of individual and combined effects
of the studied parameters are presented in the Pareto
chart as horizontal columns (Fig. 3). The vertical line
in the chart gives the minimum statistically
significant effect magnitude with a 95% confidence
level. Since the effects extending this line are
considered to be significant factors, the main effects
of cadmium concentration, PMW dosage and flow
rate and also interactions between cadmium
concentration-PMW  dosage, and  cadmium
concentration are important parameters for cadmium
removal from aqueous solutions by PMW using the
CSTR technique. However, interactions between
flow rate-PMW dosage and also cadmium
concentration- PMW dosage- flow rate are
considered to have relatively insignificant effects on
cadmium removal.

Pareto Chart of the Standardized Effects
(response is R (%), Alpha = 0.05)

ame
oncentration (mg/L)

| low rate (mU/min)

Term
>
o o

T T T T
0 10 20 30 40
Standardized Effect

Fig. 3. Pareto chart of the standardized effects for
cadmium removal by PMW

3.3.2. Analyses of variance (ANOVA)

Table 5 illustrates the sum of squares (SS) and
the mean of squares (MS) of each studied factor, P-
value, and F-ratio, which is defined as the ratio of
respective mean square effect and mean square error.
P-values are probabilities that could be used to
determine the statistically significant parameters in
the model. For a 95% confidence level, P-values for
significant parameters should be lower than 0.05
(Saadat and Karimi-Jashni 2011; Srinivasan and
Viraraghavan, 2010). According to the obtained F-
values and p-values (Table 4) and as determined by
the Pareto chart, the effect of cadmium concentration,

PMW dosage, flow rate and interactions between
cadmium concentration- PMW dosage and cadmium
concentration and flow rate are statistically
significant.

Thus, according to Student’s t-test and F-test,
and taking into account only the significant
parameters, Eq. (3) becomes Eq. (4):

R (%)=79.00-15.56 A+11.32B—2.76C +9.90AB — 2.22AC
(4)

3.3.3. Main and interaction effects

The main effect plot of Cd removal from
aqueous solutions by PMW using CSTR technique is
shown in Fig. 4. A main effect is present when the
mean response changes significantly across the level
of a given factor. It can be concluded from Fig. 3 that
cadmium aqueous concentration was the most
important  factor regarding cadmium removal
efficiency since the corresponding coefficient was
the largest (-15.56). The negative sign of this
coefficient reveals that cadmium removal was
favoured at low aqueous concentrations. Decreasing
cadmium concentration from 30 mg L to 5 mg L!
increased the adsorption efficiency by 31.12%. This
is mainly due to the fact that for low aqueous
concentrations, the ratio of active adsorption sites to
the initial cadmium ions is larger, resulting in higher
removal efficiency. However, at higher initial
cadmium aqueous concentrations, the amount of
metal ions is relatively higher as compared to the
available sorption sites, which induces lower
cadmium percentage removal. On the other hand,
PMW dosage effect seems to be also relatively
important since its coefficient was significant
(11.32). The positive sign of this coefficient proves
that cadmium removal was favored when PMW
dosage increased. Consequently, increasing PMW
dosage from 5 to 15 g L7 increases cadmium
removal efficiency by 22.64%. This finding is due to
the greater availability of exchangeable sites or active
adsorption sites at higher dosages of PMW. The same
trend has been reported by Turan et al. (2011) for the
adsorption of copper and zinc ions using illite. Flow
rate impact is relatively weaker than cadmium
concentration and PMW dosage. Nevertheless, it has
a non-negligible effect on cadmium removal
especially when it was increased from 30 to 40 mL
min. In fact, increasing the flow rate from 20 to 40
mL min* decreases cadmium removal efficiency by
5.51%. This trend can be explained by the fact that
higher is the flow rate, lower is the contact time
between cadmium ions and PMW particles.

Interaction effect plots are presented in Fig. 5.
The non-parallel lines in this figure indicate that
there is a significant interaction between these two
factors. Trends in Fig. 5 and coefficients of Eq. (3)
showed positive interactions between cadmium
concentration and PMW dosage. Increasing PMW
dosage from 5 to 15 g L7 increased cadmium
removal efficiency by 2.85% at 5 mg L cadmium
concentration and by 42.44% at 30 mg L.
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Table 5. Analysis of variance for cadmium removal by PMW using CSTR technique

Source Dfegrees of Sum of squares Adj. Sum of Ad). Mean of F-ratio P-value
reedom squares squares
Main effects 3 3022.60 3022.60 1007.53 836.66 0.001
2-way interactions 3 824.83 824.83 274.94 228.31 0.004
3-way interactions 1 5.99 5.99 5.99 4.97 0.156
Residual error 2 241 241 1.20
Pure error 2 241 241 1.20
Total 9 3855.83
Main Effects Plot for R (%0) Interaction Plot for R (%6)
Data Means Data Means
Concentration (mg/L) Dose (g/L) 5 10 15 20 30 40
o \ - [ ——— 7 Concentration
| " u (mg/L)
80 // Concentration (mg/L) e : 1?2
70 \ / k50 -
5 60 T T T T . . 10 Dose
8 5,0 175 30,0 5 10 15 - e
2 Flow rate (mL/min) bose (ar) —_ F75 -
90 Ly 15
80 /\\
70
Flow rate (mL/min)
60 : T T
20 30 40

Fig. 4. Main effects plot for the removal of cadmium from
aqueous solutions by PMW using CSTR technique

This indicates that at higher cadmium concentrations,
changes in PMW dosages have a greater effect.
However, a negative interaction between cadmium
concentration and flow rate was registered. In fact, at
lower flow rate (20 mL min?), cadmium removal
efficiency was 95.09% and 68.42% at cadmium
concentrations of 5 and 30 mg L%, respectively.
However, at higher flow rate (40 mL min?),
increasing cadmium concentration from 5 to 30 mg L
L decreased cadmium removal efficiency from 94.02%
to 58.46%. Interactions between PMW dosage and
flow rate and also between all the studied factors are,
however, non-significant.

3.3.4. Normal probability plot of residuals

For statistical analysis of experimental data, it
is necessary to check that the data of cadmium
removal from aqueous solutions using the CSTR
technique follow a normal distribution pattern
(Antony, 2003). The normality of data can be checked
by plotting a normal probability plot of the residuals
(Fig. 6). If the points of the plot fall close enough to
the straight line, then corresponding data are normally
distributed (Antony, 2003; Abdel-Ghani et al., 2009).
It is obvious from Fig. 6 that the experimental points
follow a straight line suggesting normal distribution
of data.

3.4. Effect of ion competition
Generally, several metal ions are ubiquitous in

natural waters and industrial effluents, so it is
important to study the sorption selectivity of PMW
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Fig. 5. Interaction effect plot for Cd removal from aqueous
solutions by PMW using CSTR technique

towards target metal ions when assessing its technical
applicability. In this regard, the impact of the
presence of other heavy metals (Cu, Pb, Zn) on
cadmium removal from synthetic aqueous solutions
was carried out accordingly. Experimental results
indicated that maximal cadmium removal efficiency
by PMW (at equilibrium) has decreased due to the
presence of other (Cu, Pb, Zn) from 100% to 4.9%
(Fig. 7). This observed decrease could be explained
by competition between metal ions over the same
sorption sites. Removal efficiencies of Pb, Cu and Zn
were estimated to 82.5%, 41.8% and 15.1%
respectively (Fig. 7). These were relatively higher
than the one relative to Cd, which proves that for real
wastewater rich in various heavy metals, cadmium
ions will not be selectively removed. The same trend
has been observed by Ouadjenia-Marouf et al. (2013)
when they studied the removal of Cu, Cd and Cr by
dam silt under batch mode. Furthermore, Rangel-
Porras et al. (2010) found that Cd removal efficiency
by three calcitic limestone materials from Mexico had
been so much lower than Pb. This low selectivity to
cadmium in comparison to other metals could be
attributed to their physicochemical characteristics
(size and electronegativity), their low availability, and
the difficulty of the formation of corresponding metal
hydroxide complexes (Abdel-Aty et al., 2013).
Furthermore, this sorption preference to Pb may be
also imputed to the fact that its hydration energy is
lower than those of the other mentioned heavy metal
ions (Deng et al., 2013; Rangel-Porras, 2010). In fact,
cations with highest (absolute value) free energy of
hydration should therefore prefer to remain in the
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solution phase where their hydration requirements
may be better satisfied.

Normal Probability Plot
(response is R (%))

Percent
BEaEER Y B

Standardized Residual

Fig. 6. Normal probability plot of residuals for Cd removal
from aqueous solutions by PMW using CSTR technique
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Fig. 7. Effect of the presence of other cations on Cd
removal from aqueous solutions by PMW

3.5. Cadmium removal mechanism exploration

Cadmium removal from aqueous solutions
might occur by precipitation as cadmium carbonate or
cadmium hydroxide complexes and also by
adsorption onto the active sites of PMW particle
surface. The precipitation of Cd is instantaneous and
very dependent on the aqueous pH values and
solutions contents of OH-, HCOs™ and Cd?*. However,
the adsorption phenomenon can be speculated to
occur in three steps: (1) transfer of cadmium from the
aqueous solution to the sites of the adsorbent
(boundary  layer  diffusion);  (2)  chemical
complexation/ion exchange at the active sites of the
adsorbent surface; and (3) intra-particle diffusion of
cadmium into the interior pores of PMW particles
(Weber and Morris, 1963). In order to differentiate
between these two mechanisms cited above, specific
batch assays have been carried out. In the first set of
assays, aqueous cadmium at an initial concentration
of 5 mg L and initial pH of 3.6 was put in contact for
one hour with 5 g L of PMW. Thus, Cd removal was
imputed to both adsorption and precipitation
mechanisms. In the second set of experiments, the
same cadmium concentration was put in contact for 1
h with a filtrate aqueous solution (using a 0.45 pum

paper filter). This filtrate solution results from the
shaking of 5 g L™ PMW in distilled water at the same
initial pH (3.6). In this case, Cd concentration
decrease is exclusively due to precipitation. The
experimental results showed that in the first set of
assays, adsorption and precipitation mechanisms
achieved about 97.7% of Cd removal from the
aqueous solution. However, for the second type of
assays, where only cadmium precipitation mechanism
is present, cadmium concentration did not show a
decrease which testifies to the absence of cadmium
precipitation phenomenon. Therefore, under the
experimental conditions cited above, cadmium
removal from synthetic aqueous solutions occurs
exclusively by adsorption.

On the other hand, EDS spectra of PMW
samples before and after cadmium removal are shown
in Figs. 8a-b respectively. The EDS spectra of PMW
before Cd removal exhibit peaks of Ca, C, O and Mg,
which are their main basic constituents of PMW (Fig.
8a). The EDS analysis of PMW after cadmium
removal showed the appearance of new peaks relative
to this metal (Fig. 8b).

]
0.90 1.80 .70 3.60 4.50

(@)

0.70 L40 2.10 2.80 3.50 4.20

(b)

Fig. 8. EDS analysis results of PMW
before (a) and after cadmium removal (b)

On the other hand, the XRD spectra of PMW
before cadmium adsorption exhibit peaks relative to
calcite and dolomite, which are the main basic
constituents of the used adsorbent (Fig. 9-C1). The
XRD analysis of PMW after cadmium removal (Fig.
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9-C2) confirms that the precipitation of CdCOs;
(otavite) is absent since no new mineralogical species
were registered. It is important to underline that
cadmium removal from aqueous solutions could be
attributed also to a cation exchange phenomenon with
calcium cations.
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Fig. 9. XRD analysis of raw PMW (C1), Cd-loaded PMW
(C2) (1: Limestone (calcite), 2: dolomite)

4, Conclusions

The study of cadmium removal efficiency
from aqueous solutions by PMW under dynamic
conditions has been performed through a 23 factorial
design.  Outcomes  showed that cadmium
concentration (A), PMW dosage (B) and influent flow
rate (C) as well as interactions of AxB and AxC were
statistically significant. The most significant effects
were ascribed to cadmium concentration and PMW
dosage, and also to the interaction between these two
factors. Furthermore, results indicated that the use of
PMW which is a low cost material and locally
available could be considered as an attractive
adsorbent for cadmium and other metal removal from
aqueous solutions. Further investigation will address
i) the removal of other metals under different
experimental conditions, especially Pb and ii) the test
of up scaled dynamic set-ups for metals removal from
real wastewaters.
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