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Sahara desert sand (SaDeS) was employed as a mineral sorbent for retaining organic dyes from aque-
ous solutions. Natural sand has demonstrated a strong affinity for organic dyes but significantly lost
its adsorption capacity when it was washed with water. Therefore, characterization of both natural and
water washed sand was performed by XRD, BET, SEM and FTIR techniques. It was found that water-soluble
kyanite, which is detected in natural sand, is the dominant factor affecting adsorbance of cationic dyes.
The sand adsorbs over 75% of cationic dyes but less than 21% for anionic ones. Among the dyes studied,

Is(g‘:rzrfiisert sand Methylene Blue (MB) demonstrated the strongest affinity for Sahara desert sand (Q. = 11.98 mg/g, for ini-
Adsorption tial dye solution concentration 3.5 x 10~> mol/L). The effects of initial dye concentration, the amount of

Dyes the adsorbent, the temperature and the pH of the solution on adsorption capacity were tested by using
Methylene Blue as model dye. Pseudo-first-order, pseudo-second-order and intraparticle diffusion mod-
els were applied. It was concluded that adsorption of Methylene Blue on Sahara desert sand followed
pseudo-second order kinetics. Gibbs free energy, enthalpy change and entropy change were calculated
and found —6411 J/mol, —30360]/mol and —76.58 J/mol K, respectively. These values indicate that the
adsorption is an exothermic process and has a spontaneous nature at low temperatures.

© 2009 Elsevier B.V. All rights reserved.

Water treatment

1. Introduction

Industrial processes, such as dyeing of textile fibers and printing,
use synthetic organic dyes that often cause environmental pollu-
tion. Removing these dyes from industrial wastes is essential from
many points of view. In recent years, Sahara desert sand (SaDeS)
has become the subject of investigations related with its influence
on the lower atmosphere and its effects on oceanographic equi-
librium. Many of these studies have reported that SaDeS has the
capacity of adsorbing and carrying volatile organics [1-5]. Although
this fact is known, there are not many studies in the literature treat-
ing adsorption itself, while there are no studies focusing on removal
of industrial wastes by the use of SaDeS [6]. In view of the lim-
ited supply of water in countries of northern Africa, where SaDeS
is abundant, use of this natural material for cleaning waste waters
may be of great value.

In the recent years several works have appeared in the scientific
literature reporting adsorption of several dyes, most notably among
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them, Methylene Blue (MB), by both natural and synthetic sorbents
[7-17]. The adsorption of MB has become an index of adsorption
performance for adsorbents, because of its low cost and availability
in abundance [11,12]. In the present work, the adsorption capacity
of SaDeS on some anionic (Acid Orange-7, Congo Red, Eriochrome
Black T and Rose Bengal) and cationic (Janus Green, Rhodamine
6G, Toluidine Blue and MB) dyes was studied and by using MB
as a model dye, the effect of adsorbent amount, initial dye con-
centration, temperature and pH on its adsorption capacity were
determined.

2. Experimental
2.1. Materials

All chemicals were purchased from Aldrich and Merck and were
used as received. Water was purified by using a Millipore instal-
lation. The chemical structures of the dyes used in this work are
shown in Fig. 1. SaDeS was collected in Tozeur, Tunisia. After col-
lection, stones and other heavy particles were removed from the
sample, then crunched, ground and sieved through a 230 mesh
sieve.
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Fig. 1. Chemical structures of the dyes studied in this work.

2.2. Instruments

UV-vis absorption measurements were recorded by using an
Analytic Jena S 600 UV spectrophotometer. X-ray diffraction (XRD)
spectra were obtained with a Phillips X'pert Pro spectrometer (CuK
radiation A = 1.56°). SEM images were registered by using a Phillips
XL-30S FEG microscope. FTIR measurements were made with a
PerkinElmer Spectrum BX-FTIR spectrophotometer. Specific sur-
face area was measured with a Quantachrome Autosorb automated
nitrogen adsorption system.

2.3. Characterization of SaDeS

The N, surface area of SaDeS was found to be 15m?2/g. For
this study we considered natural, water washed (250 mg SaDeS

in 100 ml of distilled water, stirred for 2 h and filtered, 10 times),
calcinated (450°C, 4h in oven) and UV treated (1000 W/m?2 Xe
lamb, 12h) SaDeS. Among them, by using the same adsorbent
amount, dye concentration and initial volume of solution, natural
SaDeS gave the maximum adsorption capacity. In the case of MB,
comparing with natural SaDeS, we obtained a decrease in adsorp-
tion capacity of 63%, 30% and 46% in water washed, UV and heat
treated sand, respectively. Apparently, natural SaDeS contains some
water-soluble and UV and heat degradable active components, that
increase its adsorption capacity. At this point of the study, taking the
significant decrease in adsorption capacity into account, we tried to
identify the structural changes that SaDeS goes through following
water treatment. As can be seen in Fig. 2, natural SaDeS reveals an
ordered, needle-like structure, which vanished after the dust was
washed.
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Fig. 2. SEM images of natural and washed SaDeS.
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Fig. 3. FTIR spectra of natural and washed SaDeS.

In order to explain these data, it was necessary to carry out a
characterization of both natural and washed SaDeS. FTIR and XRD
analyses of natural and washed SaDeS are shown in Figs. 3 and 4,
respectively. The information provided by these spectra is summa-
rized in Table 1. The basic components present in natural SaDeS are
calcite, SiS,, quartz, sjoegrenite and kyanite. After washing, calcite
and quartz were still there, while SiS,, kyanite (Al,SiO5) and sjoe-
grenite {[MggFe,(OH)16C03(H20)45]0.25} were no longer detected.
In addition, an increase of the quantity of SiO, was detected.

Increase of SiO, is probably due to the production of silica by the
following reaction: SiS, +2H,0 — SiO, +2H,S [18]. It is interesting
at this point to note the data of Fig. 5. Fig. 5 shows that when SaDeS
was submerged in water, the pH value of the supernatant increased.
This was expected since Sahara dust is known to increase the pH of
rain drops [1]. However, at relatively high SaDeS concentrations the
maximum pH value of the supernatant water was lower. It is then
highly probable, that the formation of SiO, and H,S is responsible
for this pH differentiation.

Table 1
Data obtained by analysis of SaDeS by XRD and FTIR.
Component Natural Washed
XRD? FTIR XRD FTIR
Calcite + 1420-1430cm~' CO; + 1420-1430cm~! CO3
Silicon sulfide + 1105 cm~! Si-S stretching - 1010 cm~! Si-O dominant silica peak
Quartz [25] + 775-795cm~! doublet + 775-795 cm~! doublet
Sjoegrenite® [26] + 3530 and 1620 cm~! O-H stretching of MgOH and FeOH - Disappeared
Kyanite [27] + 3385-3410cm! triplet - Disappeared

2 Presence of the components is determined by using Philips X'pert Pro spectrometers library.
b One may think that the peaks attributed to sjoegrenite are due to hygroscopic water. If that was the case, those bands should have been seen in washed SaDeS sample as

the two samples were dried in the same conditions.
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Table 2

Parameters for the effect of initial dye concentration and temperature for MB.

Intra particle diffusion

Pseudo-second-order model

Qe (calculated;

mg/g)
12.16
10.39
8.38
6.41
3.85
12.16
12.03
11.79
11.81

Pseudo-first-order model
Q. (calculated;

mg/g)
3.74
2.86
2.39
1.91
1.14
5.12
8.58
3.47
2.77

Q. (experimental; mg/g)

Temperature (°C)

Initial dye

concentration Cy,
mol/L (mg/L)

h(mg/gmin)  k; (mg/gmin!/2)

k (g/mg min)

k (min~1)

r2

r2

r2

1.021
0.643
0.847

0.9733
0.9893

4.115

9.02
10.58

0.061

0.9999
0.9998
0.9999
0.9992
1.0

0.076

0.9054
0.9311
0.832

11.98
10.21

RT

3.5x 107> (13.08)
3.0 x 10~° (11.21)
2.5 x 107> (9.35)
2.0x 107> (7.48)
1.5 x 107> (5.61)

3.5x 105
(13.08)

3.713

0.098

0.107
0.087

RT
RT

0.9462
0.9685
0.9183
0.9544
0.9147
0.9606
0.887

3.109
2.9814

8.49
10.06
33.52

0.121

8.26
6.35
3.89
11.80
11.46
11.52
11.67

0.006
0.949
1.5221
6.032

0.245
2.26

0.196
0.510

0.7855
0.7963
0.8995
0.9511

0.8859
0.8058

RT

1.892
3.791

RT

9.02
8.25
11.32
17.81

0.061

0.9999
0.9962
0.9999
0.9998

0.1308
0.2042
0.1151

0.1149
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Fig. 4. XRD spectra of natural and washed SaDeS.

It has been observed that SaDeS quantities over 15 mg/25 ml
water do not cause a significant change in pH of the suspension.
Therefore, in the adsorption studies of the dyes, the solution vol-
ume and the natural SaDeS amount were fixed to 25 ml and 20 mg,
respectively. The pH of 25ml water containing 20 mg of SaDeS,
measured by the use of WTW pH/Cond 340i, is 8.24.

2.4. Models for adsorption, kinetic and thermodynamic studies

The amount of dye adsorbed (Q.) at equilibrium was calculated
by using the equation [19-21]:

nﬁo - ﬁmi\
m

Qe = (1)

where, (y is the initial dye concentration (in mg/L), V is the vol-
ume of the solution (in L) and m is the mass of the adsorbent (in
g). Adsorption data were fitted to a Langmuir isotherm which has
been used for many adsorption processes of monolayer adsorption
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Fig. 5. Variation of pH of 25ml water containing SaDeS as a function of SaDeS
quantity.
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[10,22]:
o= (o) * (o) @

where Qp, is the monolayer capacity. By plotting Ce/Qe versus Ce the
Langmuir constant (Ki ) was obtained.

Pseudo-first-order and pseudo-second-order models have been
widely used in understanding the dye kinetics [13-16]. These mod-
els were tested for the adsorption of MB on SaDeS and the best
model was selected depending on the linear regression correlation
coefficient, r2, values.

Pseudo-first-order model has been described by Lagergren [23]:

log Qe — kt
2.303

where Q; is the amount of dye adsorbed at a time (mg dye/g SaDeS)
and k is the equilibrium rate constant (min~1). The application of
this kinetic model gave 12 value of 0.9311.

Pseudo-second-order model was also applied using the equation
below (Ho’s pseudo-second-order model) [24]:

t 1 t

Q  kQ2 "G “)
where k is the rate constant of second-order adsorption (g/mg min)
and kQZ is the initial adsorption rate constant (h). The application
of the pseudo-second-order model gave 2 values of 0.999.

For calculating the rate constant of intraparticle diffusion the
equation:

Q=kit'/2 4+ ¢ (5)

log(Qe — Q) = (3)

was used, where k; is the intraparticle diffusion rate constant
(mg/gmin'/2). This constant was calculated from the slope of the
straight-line portions of the plots, Q; versus t!/2, The intercept of
this plot, c, is proportional to the extent of boundary layer thick-
ness [16]. The obtained values are presented in Table 2 at different
initial dye concentrations and temperatures.

Thermodynamic properties, such as the Gibbs free energy
change (AG°, J/mol), enthalpy change (AH°, J/mol) and entropy
change (AS®, J/mol K) were obtained from the experiments carried
out at different temperatures and by the use of following equations
[10,22]:

AG® = —RTIn K (6)

AG [ AS AH®
anL:_RT:<R)_<RT> 7)

Table 3
Adsorption percentages of the dyes by SaDeS (A, wavelength of maximum light
absorption by the aqueous solution of the dye).

Dye (cationic) A(nm) Ads(%) Dye (Anionic) A(nm)  Ads (%)
Methylene Blue 665 91 Congo Red 490 21
Toluidine Blue 630 84 Eriochrome Black T 620 20
Janus Green 664 84 Rose Bengal 525 =1
Rhodamine 6G 533 76 Acid Orange-7 483 =1

A plot of In Ky versus 1/T should be a straight-line with a slope of
—(AH°/R)and an intercept of (AS°/R).Ris the universal gas constant
(8.3145 ]/mol K).

3. Results and discussion
3.1. Adsorption, kinetic and thermodynamic studies

Concentration of the dyes was arranged in order to have absorp-
tion values of 0.7-0.8. Although the time period applied is 50 min,
it is observed that the maximum change in absorption percentage
occurs within the first 10 min. The maximum adsorption percent-
ages and wavelength of maximum light absorbance of the dyes are
given in Table 3. It is observed that SaDeS is a strong adsorbent
for cationic dyes. Anionic dyes are weakly adsorbed while some of
them are not adsorbed at all. Table 4 shows the adsorption capac-
ity of MB dye in other systems for comparison. In the literature, it
is known that kyanite is capable of adsorbing positively charged
material by electrostatic attraction [28]. Therefore it is assumed
that kyanite is the major factor affecting the adsorbent proper-
ties of SaDeS and the significant decrease in adsorption capacity
of the sand following water treatment is attributed to the kyanite
loss.

Since maximum percentage of adsorption was obtained for MB
(Table 3.)and since MB has been used as a model compound in many
other reports [7-17], we have chosen this dye for further studies of

Table 4

Adsorption capacity of MB dye in various systems.

Sorbent Ads (%) Q. (mg/g) Reference

Fly ash 58 40 for Cp =65 mg/L [7b]

Guava (Psidium 96 295 for Cp =300 mg/L [10]
guajava) leaf powder

Sand 92 - [12]

Wheat cells 95 76 for Co =100 mg/L [13]

Peat 90 90 for Cp =200 mg/L [17]
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Fig. 7. (a) Ho’s second-order model application for MB adsorption on SaDeS and (b) intraparticle diffusion plot for the removal of MB from aqueous solution.

adsorption mechanisms on SaDeS by examining the influence of
different experimental parameters.

3.1.1. Effect of adsorbent amount

Adsorbent amount is an important parameter in the determi-
nation of adsorption capacity. The effect of the adsorbent amount
is investigated by addition of various amounts of SaDeS in 25 ml
3.5 x 10~> M MB aqueous solution, at room temperature and at con-
stant time interval (50 min). It is observed that the percentage of
adsorption increases approximately until 20 mg of SaDeS and a 10-
fold increase in the adsorbent amount results in a 4-fold increase
in the adsorption percentage (Fig. 6a) and a 4-fold decrease in the
amount of dye adsorbed per unit mass of the adsorbent. This obser-
vation is attributed in literature to the fact that adsorption sites
remain unsaturated [13].

When the adsorption data obtained by the use of various quan-
tities of SaDeS in a 3.5 x 10~>M MB solution, are fitted to the
Langmuir equation (Eq. (2)), the best fit is observed for SaDeS quan-
tities of higher than 18.1 mg/25 ml water (Fig. 6b). This finding
supports our choice of 20 mg SaDeS per 25 ml of dye solution for
further investigations.

3.1.2. Effect of concentration

The adsorption capacity of SaDeS for MB was studied for five
different initial dye concentrations as shown in Table 2. The results
indicated that the adsorption capacity increases with increasing the
initial dye concentration. When the dye concentration increased
from 1.5x 10> M to 3.5 x 10> M at room temperature (RT), the
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amount of adsorbed dye increased from 3.89 mg/g to 11.98 mg/g,
respectively (Table 2). For an initial dye concentration 1.5 x 10~4 M,
the loading capacity of the adsorbent increased to 41.5 mg/g.

At this point of our study we applied the pseudo-first-order
and the pseudo-second-order models for the five different initial
dye concentrations and the results are presented in Table 2. Both
models basically include all steps of adsorption such as external
film diffusion, adsorption and internal particle diffusion [9,11]. As
we can see, the correlation coefficients obtained for the pseudo-
first-order model were between 0.7855 and 0.9311, while for the
pseudo-second order model were almost equal to unity. When the
initial dye concentration changed from 3.5 x 107> M to 1.5 x 107> M,
the initial adsorption rate, h, increased from 9.02 to 33.52 whereas
the rate constant, k, also increased from 0.061 to 2.26. In addition to
the r2 values, the amount of adsorbed dye at equilibrium, Qe, calcu-
lated from pseudo-second-order model, is more comparable with
the experimental data, with only a minor deviation being appar-
ent. Fig. 7a shows the linearized plot of the pseudo-second-order
model, indicating the pseudo-second-order nature of the adsorp-
tion. The obtained plot with the use of Eq. (4) is given in Fig. 7b.
In this plot, the initial linear portion is attributed to bulk diffusion,
and the second to intraparticle/pore diffusion [10]. Although the
r2 values of intraparticle diffusion are also above 0.9, and the k;
values are increasing with the increasing initial dye concentration,
the intercept values obtained are not proportional to the initial dye
concentration. It is known in literature that intraparticle diffusion
model is better fitted to denser solids like activated clay and/or chi-
tosan flakes and small molecules obey the pseudo-second-order

(b)
4

3,5
3

2,5
1,5 * 300C
1
0,5 -

t (min)

Fig. 8. (a) The variation of the amount of dye adsorbed with adsorption time at different temperatures and (b) application of Ho’s second-order model for MB adsorption on

SaDeS at 30°C.
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from Fig. 7b and Table 1).

model [10,11]. Our results also show that, being a small molecule,
MB adsorbs on SaDeS following pseudo-second-order kinetics.

3.1.3. Effect of temperature

Temperature is an important factor affecting the adsorption rate
and dye uptake. The temperature effect on the adsorption of MB
onto SaDeS is studied by the use of 3.5 x 10~> M MB at 30°C, 40°C,
50°Cand 60°C. The increase in temperature leads to slight changes
in Qe values (Fig. 8). The Q. value decreases from 11.80 mg/g to
11.46 mg/g when the temperature is raised from 30°C to 40°C,
suggesting an exothermic adsorption (Table 2). However, when
the temperature is increased from 40°C to 60°C, the Q. value
increases from 11.46 mg/g to 11.67 mg/g, suggesting an endothermic
adsorption (Table 2). For the pseudo-second-order model, the rate
constant, k, and initial adsorption rate, h, increase significantly with
increasing temperature from 30°C to 60°C. The k value changes
from 0.061 to 0.1277, while the h value changes from 9.02 to 17.81.
No matter whether the adsorption is endothermic or exothermic,
anincrease in the rate constant is always expected with the increase
in temperature. Therefore, equilibrium dye uptake values have to
be considered to actually determine whether the adsorption is
exothermic or endothermic. However, the uptake amount of MB
on SaDeS does not give a clear dependence on temperature. This
situation is attributed to several reasons in the literature such as
the ionization state of various surface groups of adsorbents with a
change in temperature [29] (Fig. 9).

3.14. Effect of pH

The hydrogen ion concentration of the suspension affects the
degree of ionization of the dye and the surface properties of the
adsorbents [22]. Therefore it is one of the important factors that
affect the adsorption capacity of the sorbent. The effect of initial
suspension pH on the adsorption of 3.5 x 10> M MB onto SaDeS
is investigated at the pHs of 3, 5.5 and 7.5 (Fig. 10). The pH was
adjusted using 0.1 M HCl and 0.1 M NaOH solutions. It is observed
that at low pHs, the rate of the adsorption and the total amount of
adsorbed dye decrease, as the negative charge on SaDeS tends to
saturate by protons. This finding is in good agreement with many
other reports published on MB adsorption [30].

3.1.5. Thermodynamic parameters

Thermodynamic parameters of AH°, AS° and AG® are calculated
from the corresponding plots of Egs. (6) and (7). The plot (Fig. 10)
has 2 value of 0.9666. The obtained values are given in Table 5.
The negative values of AS°, AH° and AG° suggest that the overall
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.
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Fig.10. The plotobtained from Eq.(7)to calculate thermodynamic parameters (AH°,
AS° and AG?).

Table 5

Thermodynamic parameters for the adsorption of MB on SaDeS.

T (K) AG° (J/mol) AH° (J/mol) AS° (J/mol K)
303 —7236

313 —6411 -30,360 —76.58

323 —5294

333 —5080

adsorption of MB onto SaDeS has a decreased randomness at the
solid/solution interface, and is an exothermic spontaneous process
at low temperatures [31].

4. Conclusions

Natural SaDeS contains active components that can strongly
adsorb positively charged organic material from an aqueous solu-
tion. For the present SaDeS, which was collected in Tozeur,
Tunisia, the active component was related with kyanite, a nega-
tively charged mineral that imparts electrostatic attraction towards
cationic material. Washed SaDeS loses its active component while
its original microstructure is lost. More than 90% of MB may be
removed from a 3.5 x 10> M 25 ml solution with the use of 20 mg
of adsorbent. The adsorption is found to be pseudo-second-order.
The present study indicates that natural SaDeS is a good candidate
as a low cost adsorbent to be used for the removal of dyes from
water.
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