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Abstract

In recent years, the discharge of dye-laden effluents from the textile industries
into the aquatic environment has increased considerably. These industries are
among the largest consumers of water. They generate huge amounts of pollu-
tants from their huge discharge of toxic effluents and pose serious public
health problems. So, this study focuses on the use of the mixture of titanifer-
ous sand and attapulgite for the removal of methyl violet by adsorption in
discontinuous mode. The different adsorbents were characterized by X-ray
fluorescence spectroscopy and their different physico-chemical properties
such as pH, zero charge potential, bulk and absolute density, porosity and
specific surface area were determined. The response surfaces, through the
Box-Behnken model, were used to model and optimize the operating condi-
tions. The different factors studied were the ratio of titaniferous sand and at-
tapulgite, the initial concentration of methyl violet and the pH. These vary
between 1.25 and 8, 20 and 100 mg/L, 4 and 10 respectively. The results ob-
tained after statistical analysis of the data show that the optimum mixture ra-
tio is 2, the optimum concentration is 99.92 mg/L and the optimum pH is
9.88 corresponding to a maximum capacity of 5.52 mg/g and a maximum
removal efficiency of 99.56%. The study of the effects of the different factors
showed that the initial concentration of methyl violet and the pH significantly
influence the adsorption capacity and the removal efficiency of the dye.
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1. Introduction

The increase in domestic and industrial activities is the cause of water pollution.
Indeed, industrial effluents often contain significant quantities of chemical pol-
lutants, which may be organic, such as petroleum hydrocarbons and synthetic
dyes [1] [2]. The latter, discharged into the aquatic environment in high concen-
trations, causes enormous problems such as increased toxicity and chemical
oxygen demand [3] [4]. Treatment methods for toxic effluents are currently fac-
ing enormous difficulties due to the lack of universal treatment methods [5] [6].
Among these effluents, those containing organic pollutants pose enormous dis-
posal difficulties. Several treatment methods have been developed in recent years
to eliminate refractory chemical compounds [7] [8]. Among them are biological
processes that are widely used in wastewater treatment plants, involving the me-
tabolic activity of microorganisms to degrade the organic matter present in the
water [9] [10]. However, these biological processes are ineffective when faced with
a biorefractory organic load [11] [12]. Physico-chemical purification processes,
on the other hand, only transfer the pollution and subsequently produce sludge
that requires further treatment, thus increasing the cost [13] [14]. These major
constraints have led to the search for alternative methods that are easier to im-
plement and less costly. Among the various alternative techniques, adsorption is
the most widely used method [15] [16]. Activated carbon is currently considered
to be one of the most versatile adsorbents and many studies have shown its ef-
fectiveness, but its use remains limited due to the problem of regeneration and
its high cost [17] [18]. To overcome these drawbacks, the search for other more
economical and efficient natural adsorbents is important.

This work is part of a perspective of eliminating coloured organic molecules,
in particular methyl violet, using a mixture of natural materials. The materials
targeted in this study are titaniferous sand and attapulgite. The study of the ef-
fects of different parameters such as the ratio of the two materials, the concen-
tration of the adsorbate and the pH as well as their interactions will be carried

out through a Box-Behnken design.

2. Materials and Methods
2.1. Materials
2.1.1. Preparation of Adsorbents

The adsorbents used in this work are titaniferous sand and attapulgite. The tita-
niferous sand is a residue of a mining industry located in Senegal. The treatment
was carried out by bringing it into contact with a sulphuric acid solution of con-
centration 4 mol/L and a volume of 100 mL. The mixture was stirred for 4 hours
to ensure maximum contact with the sulphuric acid. At the end of the operation,
the sand is recovered and washed several times with distilled water until a pH
close to neutrality is obtained. It is then dried in an oven for 24 hours and placed
in flasks for later use. The other material, namely attapulgite, has not undergone

any prior treatment and is used in a raw state in the work.
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2.1.2. Adsorbat

In this study, methyl violet with the formula C,;3H26N3Cl was used as a pollutant.
It is an organic compound belonging to the triphenylmethane family. It is a ca-
tionic dye mainly used as a dye in the textile and paint industry. Its structure is
given in Figure 1.

2.2. Methods

2.2.1. pH Zero Charge Point (Isoelectric Point)

The pHy. was determined by introducing 0.2 g of adsorbent and 50 mL of a so-
dium chloride (0.1M) solution into 250 mL Erlenmeyer flasks. These solutions
were adjusted to pH values between 2 and 12 using NaOH and HCI (0.1M) solu-
tions. The suspensions were kept under constant agitation for 24 hours at room
temperature. The pH values corresponding to the final stage are recorded. The
meeting point of the two curves pHgna = f (pH initial) and pHgna = pH final gives

the isoelectric point [17].

2.2.2. Determination of the Nature of the Adsorbent

The acidic or basic nature of the adsorbent was determined by contacting 1 g of
adsorbent with 100 mL of distilled water. The mixture was stirred for 1 h at room
temperature and the suspension was filtered to measure the pH of the final solu-

tion. This value gives an idea of the acid or basic nature of the adsorbent [19].

2.2.3. Determination of the Specific Surface

The specific surface area of the adsorbents was estimated using the Sear’s me-
thod. This consists of introducing 0.5 g of adsorbent into a previously prepared
salt solution (10 g of NaCl in 50 mL of distilled water) and adjusting the pH to a
value of 3 using hydrochloric acid of 0.IN concentration. The reaction mixture
is then measured with 0.1N NaOH. The volume V of NaOH to be poured in to
raise the pH from 3 to 9 allows the value of the specific surface of the adsorbents

to be estimated [20]. It is deduced from the following relationship:
S(mz/g)=32V—25 (1)

2.2.4. Absolute and Bulk Density and Porosity

To determine the absolute density, a 1 litre graduated cylinder was used and
filled with a volume V; of water. A dry mass of adsorbent M, is introduced into
the test tube, taking care to remove all air bubbles. The new volume V; obtained
is read. The absolute density is estimated using Equation (2).

M ads (2)
Vz _Vl

pabs =

For the bulk density, a test tube of volume V'is filled completely with a dry
mass M,qs of adsorbent. Thus, the bulk density of the adsorbent was calculated
through Equation (3).

M
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Figure 1. Chemical structure of methyl violet.

The porosity of the adsorbents is deduced from Equations (2) and (3). It is
given by:

) (4)
pabs

2.2.5. Adsorption in Batch Mode

The study of the adsorption of methyl violet by the composite material consist-
ing of titaniferous sand and attapulgite is carried out using a response surface
design. The design chosen in this study is a Box-Behnken design with 3 factors.
The stirring speed, contact time and particle size are kept constant at 750 rpm,
90 min and <100 pum respectively. The mixtures were stirred in batch reactors
using 250 mL Erlenmeyer flasks. The ratio of the two adsorbents, the initial
concentration of the dye and the pH varied between 1.25 and 8, 20 and 100
mg/L, 4 and 10 respectively. The pH of the methyl violet solution is adjusted us-
ing HCI (0.1N) and NaOH (0.1N). When the set time for adsorption is reached,
the reaction is stopped and the suspension is centrifuged at 600 rpm for 15 min
to obtain a clean supernatant. The residual concentration of methyl violet is
analyzed using a UV-visible spectrophotometer at 585 nm. The adsorption ca-

pacity and removal efficiency are given by Equation (5).

(C,-Cy)=v C -C,
g = , = *100 (5)
m C

i
where:

C: is the initial concentration (mg/L);

Cy is the final concentration (mg/L);

nz: the total mass of the two adsorbents (g);

V- the volume of the solution (mL).

2.2.6. Description of the Experimental Design

For the modelling of the adsorption process, a three-factor Box-Behnken design
with five points in the centre was carried out using the Design expert 8 software.
The default model is cubic with seventeen (17) repeated experiments. The signi-
ficance of the independent variables and their interactions were tested by analy-

sis of variance (ANOVA). To express the observed response as a function of the
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experimental factors, the second-order polynomial model was chosen and is

written as Equation (6).
Y = ﬁo + z:;lﬁi xi + Zik:lﬁn Xi? + Zikzlzujzlﬂij xi XJ (©)

where ) is the constant, B;and f; are the linear and quadratic coefficients of the

input variable X; respectively and f;is the interaction coefficient of the input va-

riables X;and X
The number of trials was determined using Equation (7).
N=2k(k-1)+p (7)
where:

N: the number of trials.
k: the number of parameters.

p: the number of points in the centre.

3. Results and Discussion

3.1. Physico-Chemical Parameters

The values of the different adsorbent parameters are summarized in Table 1.
These values obtained show on the one hand that titaniferous sand treated

with sulphuric acid is very dense, somewhat acidic and has a relatively low spe-

cific surface area, whereas attapulgite is basic, less dense than titaniferous sand

and has a higher specific surface area.

3.2. X-Ray Fluorescence Characterisation

The different values obtained during the characterisation of the titaniferous sand
are summarized in Table 2 and those for attapulgite in Table 3. Figure 2 and
Figure 3 illustrate the fluorescence analyses performed.

Analysis of the titaniferous sand treated with sulphuric acid (Table 2) shows
that titanium, iron and aluminium are the predominant elements which are
present at concentrations of 300,000 ppm, 63423.27 ppm and 18676.65 ppm re-
spectively. This confirms the presence of oxides such as titanium dioxide, iron
oxide and alumina, which are essential elements in the adsorption of refractory
organic and inorganic compounds. However, for attapulgite, the major elements
are silicon and aluminium with concentrations of 408028.69 ppm and 24737.43
ppm respectively (Table 3). The literature has revealed a great importance given
to these elements in the context of surface adsorption of organic compounds and
heavy metals [20] [21].

3.3.Isoelectric Point: pHp,c

The pH zero charge point is the pH value for which the net charge on the surface
of the adsorbent is zero. The pH valuepsc of titaniferous sand and attapulgite
found is 8.75 (Figure 4). For pH values above pH,,. the surface of the adsorbent

will be negatively charged by deprotonation of the functional groups on the ad-
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sorbent surface. Under these conditions, the support is ready to attract any ca-
tionic compound resulting in an increase in the electrostatic force between the
negative charge of the adsorbent and the positive charge of the dye. While for
pH values below pH,,. the surface of the support is positively charged, adsorp-
tion with anionic dyes is much more favoured. Similar results have been re-
ported on the study of methylene blue adsorption on eucalyptus and palm bio-

material depending on the particle size [22].

Table 1. Physico-chemical properties of adsorbents.

Physical properties Titanic sand Attapulgite
pH 6.4 8.21
PHypc 8.75 8.75
Absolute density (kg/m?) 4054 1660
Bulk density (kg/m?) 2500 455
Porosity (%) 38.33 72.5
External specific surface (m?*/g) 13.4 70.68

Figure 2. X-ray spectrum of activated titanium sand.

Figure 3. X-ray spectrum of non-activated attapulgite.
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Figure 4. Isoelectric point of attapulgite (a) and titaniferous sand (b).

Table 2. Constituents of titanium sand.

Sample Units Ni Al Fe Mn Ca
Titaniferous sand + HoSO4 (4M) ppm  92.77 18676.65 229129.56 6573.29 2233.36
Si Zn \% Zr Ti p Cr As
63423.27 182 750.3 2421.75 3E+05 1130.31 1116.39 149.35
Se S Cl Sn Nb Sr Au
15.94 544.35 167.69 28.71 430.57 6.04 105.8
Table 3. Attapulgite constituents.
Sample Units Al Fe Mn Ca
Attapulgite  ppm 24737.43 17829.26 388.91 11952.21
Si Zn v Cd K Zr Ti P Cr As
408028.69 101 89.82 4.55 1105 53.61 1303 2159.72 514.58 7.3
Cl Mo Nb Sr Rb Bi
189 12.55 16.89 71.02 14.27 1.63

3.4. Statistical Analysis Procedure

Table 4 shows the levels of the study factors. Their combination allowed us to
obtain 17 experiences illustrated in Table 5.

3.5. Analysis of Variance

It then tests the statistical significance of each of the effects by comparing the
root mean square to an estimate of the experimental error. Effects with probabil-
ities below the threshold value a = 0.05 are significantly different from zero at

the 95% confidence interval. The coefficients of determination R? indicate that
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Table 4. Levels of study factors.

Factor Name Units Minimum Maximum
A Ratio 1.25 8.00
B Concentration mg/L 20.00 100.00
C pH 4.00 10.00

Table 5. Experience matrix.

Run A:Ratio  B: Concentration CpH Capacity Yield
mg/L mg/g %
1 8.00 20.00 7.00 1.06 95.90
2 1.25 100.00 7.00 5.51 99.27
3 4.63 20.00 4.00 1.07 96.71
4 8.00 60.00 10.00 3.27 98.34
5 4.63 20.00 10.00 1.07 96.91
6 4.63 60.00 7.00 3.29 98.78
7 8.00 60.00 4.00 3.14 94.29
8 4.63 100.00 4.00 5.37 96.67
9 1.25 60.00 10.00 3.29 98.74
10 4.63 60.00 7.00 3.29 98.74
11 4.63 100.00 10.00 5.50 99.06
12 4.63 60.00 7.00 3.28 98.66
13 1.25 60.00 4.00 3.29 98.83
14 4.63 60.00 7.00 3.29 98.70
15 8.00 100.00 7.00 5.23 94.31
16 1.25 20.00 7.00 1.07 96.46
17 4.63 60.00 7.00 3.29 98.77

the cubic model used is very reliable in predicting the responses and also ex-
plains 100% of the variability in capacity (Table 6) and 99.98% of the variability
in yield (Table 7). The actual and predicted values of the responses are shown in
Figure 5 for the capacity and Figure 6 for the removal yield. The actual values
are those obtained through experimentation while the predicted values are de-
rived from the mathematical model. The adjusted coefficients of determination
(R%gjustea) for both responses show a perfect correlation between the actual and
predicted values. These results are in agreement with those found by [23].

The mathematical models that relate the two responses to the various factors

involved in adsorption are given below.
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Capacity = +3.29-0.041+ A+2.18*B +0.034+C —0.067 * AB

+0.035% AC +0.033% B *C —0.036 * A> —0.032 * B

—2.988E-003%C? —0.027 * A’ xB ®)
—6.282E-004 * A? xC —0.029 * A* B?
Yield = +98.74-1.23+ A+ 0.53*B +0.65«C —-1.10* A*B
+1.04% A*C +0.55%B*C —1.02% A —1.23% B ©)
~0.17%C? -0.23% A**B +0.35% A>+C —0.15% A* B®
Table 6. Adsorption capacity anova.
Sum of Mean F p-value
Source Squares df Square Value  Prob >F
Model 37.66 12 3.14 1.194E+006 <0.0001 significant
A-Ratio 6.752E—-003 1 6.752E-003 2567.91  <0.0001
B-Concentration 19.02 1 19.02  7.235E+006 <0.0001
CpH 4.545E-003 1 4.545E-003 1728.67 <0.0001
AB 0.018 1 0.018 6917.58  <0.0001
AC 4.782E-003 1 4.782E—-003 1818.86 <0.0001
BC 4.253E-003 1 4.253E-003 1617.59 <0.0001
A? 5.592E—-003 1 5.592E-003 2126.74 <0.0001
B 4.214E-003 1 4.214E-003 1602.74 <0.0001
c 3.758E-005 1 3.758E-005  14.29 0.0194
ABC 0.000 0
A’B 1.406E-003 1 1.406E-003 534.57 <0.0001
AC 7.892E-007 1 7.892E-007 0.30 0.6129
AB 1.735E-003 1 1.735E-003 659.86 <0.0001
AC 0.000 0
BC 0.000 0
BC 0.000 0
A? 0.000 0
B 0.000 0
c 0.000 0
Pure Error 1.052E-005 4 2.629E-006
Cor Total 37.66 16
Std. Dev. 1.622E-003 R-Squared  1.0000
Mean 3.26 Adj 1.0000
R-Squared
C.V. % 0.050 Pred N/A
R-Squared
PRESS N/A Pr‘:fizgm 3138.100
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Table 7. Anova of removal efficiency.

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 42.81 12 3.57 1507.63 <0.0001 significant
A-Ratio 6.08 1 6.08 2567.91 <0.0001
B-Concentration 1.12 1 1.12 47523  <0.0001
CpH 1.67 1 1.67 706.29 <0.0001
AB 4.86 1 4.86 2052.70 <0.0001
AC 4.30 1 4.30 1818.86 <0.0001
BC 1.20 1 1.20  506.33  <0.0001
A? 4.36 1 4.36 1842.36 <0.0001
B 6.34 1 6.34 2678.17 <0.0001
c 0.12 1 0.12  48.65 0.0022
ABC 0.000 0
A*B 0.10 1 0.10 43.61 0.0027
AC 0.24 1 0.24 101.20  0.0005
AP 0.044 1 0.044 18.75 0.0124
AC 0.000 0
BC 0.000 0
BC 0.000 0
A’ 0.000 0
B 0.000 0
C 0.000 0
Pure Error 9.466E-003 4 2.366E-003
Cor Total 42.82 16
Std. Dev. 0.049 R-Squared  0.9998
Mean 97.60 Adj R-Squared 0.9991
CV.% 0.050 Pred R-Squared N/A
PRESS N/A Adeq Precision 117.241

Predicted vs. Actual

|
Capacity
: |
Color points by value of
Capacity:
1.06 5.51

Predicted

Actual

Figure 5. Design-expert plot: Predicted versus actual for adsorption capacity.
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Predicted vs. Actual
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Figure 6. Design-expert plot: Predicted versus actual for removal efficiency.

3.6. Effects and Interactions of Key Factors

The response surface method was used to estimate the effect of the three factors
on methyl violet removal. The effects of the different variables such as ratio,
concentration and pH were investigated using the perturbation plot for the ca-
pacity and removal yield . This graph allows the effect of all factors on the res-
ponses at a particular point in the design space to be studied. From Figure 7, the
effect of initial dye concentration (p < 0.0001) is more influential on the adsorp-
tion capacity compared to the effects of dye ratio and pH which are less pro-
nounced. On the other hand, the effects of ratio (p < 0.0001), initial dye concen-
tration (p < 0.0001) and pH (p < 0.0001) have a strong influence on the removal
efficiency which is justified by the strong curvature of these different factors
(Figure 8). However, for the study of the different types of interactions, a
three-dimensional representation was used for two selected types of factors. The
interactions AB (ratio and concentration), AC (ratio and pH) and BC (concen-
tration and pH) all have a very significant influence on the adsorption capacity.
The interactions between these different factors are shown in Figure 9. These
same interactions, namely AB (p < 0.0001), AC (p < 0.0001) and BC (p < 0.0001),
have a highly significant influence on the removal efficiency because their prob-

abilities are lower than the threshold value a = 5% (Figure 10).

3.7. Desirability

The corresponding desirability of the optimal torque is 1 (Figure 11). Based on
the observed responses, the best results were obtained for test 2. The maximum
adsorption capacity predicted by the model is 5.52 mg/g under the following op-
timal conditions: ratio of 2, concentration of 99.92 mg/L and at pH 9.88. The
confirmation test showed an adsorption capacity of 5.4905 mg/g. The optimal
yield predicted by the model is 99.56% under the same optimal conditions. The

confirmation test showed a removal efficiency of 98.90%.
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Figure 7. Capacity disturbance graphs.

Factor Coding: Actual Perturbation
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Figure 8. Removal efficiency disturbance graphs.
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Figure 9. Three-dimensional plots of the interactions between ratio and concen-
tration (a), ratio and pH (b), initial concentration and pH (c) on the capacity.
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Factor Coding: Actual 3D Surface
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Figure 10. Three-dimensional plots of the interactions between ratio and
concentration (a), ratio and pH (b), initial concentration and pH (c) on yield.

2 99.92
S 1
1.25 8 20 100
A: Ratio =2 B: Concentration = 99.92
‘r/gi;
4 10 1.06 5.51
C:pH=9.88 Capacity = 5.52837
O—f
Desirability = 1.000
94.29 99.27 Solution 1 out of 21
Yield = 99.5644

Figure 11. Desirability graph corresponding to the optimal couple:
ratio = 2, concentration 99.92 mg/L and pH = 9.88.
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4. Conclusion

The objective of this study was to investigate the removal of methyl violet in
aqueous media using a mixture of titaniferous sand and attapulgite. The re-
sponse surface method was used to optimize the operating conditions of the ex-
periment. The analysis of the perturbation curves of the different parameters
showed that the effect of the initial concentration of the dye and the initial pH
was much more influential on the adsorption capacity while for the removal ef-
ficiency, these three factors notably the ratio, the initial concentration and the
pH influence it significantly. The results of the optimization through desirability
showed that the optimal conditions of the experiment are: 2 for the ratio, 99.92
mg/L for the initial concentration and 9.88 for the dye pH. The maximum ad-
sorption capacity and the maximum removal efficiency of the dye corresponding

to the optimal parameters are 5.52 mg/g and 99.56% respectively.
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