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ABSTRACT

The adsorption potential of sewage sludge treated with sulfuric (SS,, ), nitric (SS,,,,) and
phosphoric (SS,,,,) acid for the cationic dye, Malachite Green (MG), was investigated. On the basis
of the amount of dye adsorbed (9.52 mg/g), the treatment of sewage sludge with sulfuric acid was
found to be the most suitable in comparison to the other two acids. The adsorption tests were carried
out depending on the adsorbent dose (0.25-4 g), pH of the solution (3-11), temperature (288-318 K),
and contact time. The amount of MG adsorbed by SS,, , was minimal at a very acidic pH (pH < 3);
the optimal pH found was 5. The adsorption of the dye decreases with increasing temperature, while
it increases with rising initial dye concentration. Experimental data were examined by non-linear
regression of Langmuir and Freundlich isothermal models. Analysis of the results obtained using
the three error functions applied and the coefficient of determination revealed that the Langmuir
isotherm describes well the adsorption of MG by SS,. | with a maximum monolayer capacity (q, )
of 95.98 mg/g. The adsorption mechanism of MG by SS, , can be governed by the two steps of dif-
fusion within the film and intraparticle diffusion, the adsorption process is of pseudo-second-order.
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1. Introduction

Dyes are widely used in printing, cosmetics, papers,
and woods, they are also coloring food and pharmaceu-
tical products, but especially in the textile industries for
their chemical stability and the easy of their syntheses
and their color varieties [1]. The use of synthetic dyes in
various industrial applications can cause pollution of the
environment, especially if these effluents are discharged
into the receiving environment without prior treatment.
Unfortunately, these contaminants will be found in lakes,
rivers, and groundwater [2].

* Corresponding author.

Dyes are unsaturated and/or aromatic organic com-
pounds, which seriously harm the environment. Even at low
concentrations, they influence the aesthetic value and reduce
the penetration of light in aquatic life, which hinders the
photosynthesis of aquatic plants. Consequently, aquatic life
will be altered in its entirety. In addition, bioaccumulation of
dyes poses a potential hazard to humans through transport
through the food chain [1,3].

Triphenylmethane (triarylmethane) dyes are one of the
groups of dyes that are most commonly used in the tex-
tile. This groups are recognized by their very recalcitrant
nature which makes them more resistant to microbial degra-
dation. This class contains compounds that generally have a
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net positive charge, a typical example is the malachite green
dye (MG) [4].

Malachite green MG is widely used in aquaculture as a
parasiticide, for the control of fungal infections, protozoan
infections, and some other diseases caused by helminths
on a wide variety of fish and other aquatic organisms. It is
also used in food as coloring agent, a medical disinfectant
and anthelmintic product as well as a dye in textile and other
industries [5,6].

Various detrimental effects associated with malachite
green have been reported in the study of Rangabhashiyam
et al. [7], it can cause damage to the liver, intestines, kid-
neys, gills, gonads, and pituitary gonadotrophic cells.
Is also cytotoxic, carcinogenic, and may cause irritation of
the respiratory and gastrointestinal tract and redness of the
skin, and permanent eye damage.

Various dye loaded effluent treatment techniques have
been used out, such as coagulation—flocculation, photosyn-
thesis oxidation, membrane techniques (ultrafiltration or
reverse osmode), ion exchange, and biological processes [7].

Adsorption is also one of the most effective techniques
for the treatment of colored effluents. This technique is easy
to use, simple of design, and does not require a large invest-
ment, especially if the adsorbent used is not activated car-
bon. In this context, the use of natural waste or by-products
for their recovery as adsorbent material seems to be a very
interesting alternative. Different natural or byproducts
materials have been successfully tested as adsorbent by
researchers, for the removal of Malachite green from aque-
ous solution, that is, Brewers’ spent grain [8], Artocarpus
odoratissimus leaves [9]. Luffa ayegyptica peel waste [10],
lemon peel [11], walnut shells [12], Carica papaya wood [7],
natural sawdust mix composed of pine, oak, hornbeam,
and fir biomasses [13], beech sawdust [14], and sugarcane
bagasse [15].

In this work, our target is to study the adsorption of
cationic dye, Malachite green, on sewage sludge, a munici-
pal wastewater treatment byproduct, which can be valorized
as an adsorbent.

In order to carry out this study, it was essential to exam-
ine a variety of parameters, such as: the effect of chemical
treatment of sewage sludge by different acids, the effect
of experimental operating parameters on the amount of
dye adsorbed, and the modeled of experimental data by
Langmuir and Freundlich isotherms equation, in order to
get more information about adsorption type and mechanism.

2. Materials and methods
2.1. Adsorbent

The adsorbent employed in this work is sewage sludge
from Ibn Zied municipal wastewater treatment plant of in
Constantine, Algeria. The chemical treatment of the sewage
sludge was carried out by mixing a fixed amount of sludge
with a fixed volume of an acid solution at a concentration
of 0.1 M.

The impregnation ratio was 25 (volume of acid solution/
mass of adsorbent) for 24 h. Subsequently, the suspension
was centrifuged at 3,000 rpm for 5 min to remove the activat-
ing agent. The recovered sludge has been washed several

times with distilled water until pH and the conductivity
of washing water were stable. Finally, the obtained sludge
was dried at 378 K for 3 d and ground to a particle size of
<315 um. Three acids have been used for chemical treatment
of sludge: nitric acid, phosphoric acid, and sulfuric acid.

2.2. Adsorbate

The dye used in this study, Malachite Green(MG)
(C,H,CIN,), is a cationic dye of the triarylmethane family
which is a dark green-crystalline powder. The molecular
weight of Malachite Green is 364.911 g/mol [13]. Malachite
Green was supplied by Sigma-Aldrich (France), its molecu-
lar structure is shown in Fig. 1. The wavelength that corre-

sponds to the maximum of absorbance, A__, was 616.5 nm.

2.3. Batch reactor adsorption test

The adsorption of MG by SS, |, was carried out in batch
mode, ata T=298 +1 K, in a 250 mL beaker. Thus, a mass of
0.5 g of sludge was mixed with 100 mL of an aqueous-dye
solution with a concentration of 50 mg/L. This suspension
was then agitated at a speed of 3,000 rpm with heating and
agitating (Heidolph MR Hei-Standard) until equilibrium.
Samples of 0.5 mL are sampled regularly over time until the
adsorption equilibrium is achieved, then the suspension is
centrifuged (centrifuge-Sigma 1-6P) at 3,000 rpm for 5 min.
Subsequently, the supernatant is recovered and measured by
spectrophotometer (Shimadzu mini 1240, France) in order
to determinate the residual concentration of dye in solution.
The adsorbed amount is calculated from the residual con-
centration in solution according to the following equation:

L _mc‘)v 1)

where C; is the initial dye concentration (mg/L), C, is the
concentration of the dye at time t (mg/L), V is the volume of
the solution (L), m is the mass of the adsorbent (g), and g, is
the amount adsorbed at time .

The dye removal percentage of adsorption is calculated
as given below:
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where C, (mg/L) is the equilibrium concentration in solution.
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Fig. 1. Molecular structure of MG.
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3. Results and discussion
3.1. Characterization of adsorbent

The point of zero charge (pH,,) was measured accord-
ing to the method given by Leon y Leon and Radovic [16]
and Moreno-Castilla et al. [17]. The measured zero point
charge of activated sewage sludge used in this work (SS
is equal to 5.2.

The contents of acidic and basic functional groups of
activated sewage sludge were determined by Boehm titra-
tion [18-20]. Table 1 shows the total functional groups of
SS,,1- As reported in Table 1, chemically activated sewage
sludge is rich in acidic functional groups such as strong car-
boxylic acid and hydroxyl and phenolic groups. The increase
in acidic functional groups is probably due to the chemical
treatment of the sludge by sulfuric acid.

ASUJ)

3.2. Effect of chemical acid treatment on sewage sludge

The effect of chemical sewage sludge treatment with
the three different acids, namely nitric, sulfuric, and phos-
phoric acid, has been tested on the adsorption of Malachite
Green. The results presented in Fig. 2 show that chemical
treatment of sewage sludge with sulfuric acid produces
the highest adsorbed amount of dye compared with the
two other acids, followed by nitric acid and phosphoric
acid, respectively (9.52, 8.17, and 8.1 mg/g).

Table 1
Surface functions of chemically treated sewage sludge (SS,g,,)
Concentration according to surface meq/g
Strong carboxylic acid (G I) 0.15
Lactone and weak carboxylic acid (G II) 0
Hydroxyl and phenol (G III) 0.23
Total of acidic surface functions 0.38
Total of basic surface functions 0.04
10
9
g,wvvv_v-vvv*¢c\¢
’7 .
6
op 4
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Fig. 2. Effect of chemical acid treatment on the sewage sludge
tested on the MG adsorption. (C, = 50 mg/L, W = 300 rpm,
m/v =0.005 g/L, and T =298 K).

This result is an extension of that obtained in 2016
[21], when studying the adsorption of Rhodamine by sew-
age sludge chemically treated with sulfuric acid. The same
result was also obtained in the study given by Otero et al.
[22], in which sewage sludge was activated by sulfuric acid
and tested for the adsorption of phenol (P), crystal vio-
let (CV), and indigo carmine (IC). However, sludge chem-
ically treated with sulfuric acid was chosen to carry out
the Malachite Green adsorption study for the remainder
of this work.

3.3. Effect of operating parameters
3.3.1. Effect of adsorbent mass

The study of adsorbent mass effect (Fig. 3) shows that
the percent dye removal increases from 93.45% to 96.12%
when mass increases from 0.25 to 4 g, respectively. This
can be attributed to the increase in the available surface
area and the increase in active sites on the surface of the
sewage sludge. As can be seen in Fig. 3, the adsorbent mass
giving a maximum dye percent removal is 0.5 g. Although
the percent removal obtained with a mass of 4 g is slightly
higher than that achieved with the 0.5 g mass, this differ-
ence remains not important, so that 0.5 g mass is considered
to be optimal.

3.3.2. Effect of temperature

The effect of solution temperature on the dye removal
by SS,,, is presented in Fig. 4. The raising of solution tem-
perature from 288 to 318 K results in a slight decrease in the
amount of dye adsorbed by SS, | (from 9.56 to 9.43 mg/g).
This can be explained by the exo-thermicity of the adsorp-
tion process and the weakening of the bonds between the
dye and the active adsorbent sites at higher temperatures
[23-27].

The diminution of the adsorbed amount of dye with
the raising of temperature is may be also attributed to the
increasing of dye solubility as the solution temperature
increasing which resulting in stronger interaction forces
between MG and solute more than those between MG and

95.56 94.43  94.62 9411 9433

100 1~ ]93.45

90 A
80 A
70 A
60 -
50 1
40 ~
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Removal percent %

0 T T T T T 1

0.25 0.5 1 2 3 4
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Fig. 3. Effect of adsorbent mass on the adsorption of MG.
(C,=50 mg/L, W=300 rpm, and T =298 K).
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chemically activated sewage sludge. High temperature
might also lead to the breaking of existing intermolecu-
lar hydrogen bonding between MG and SS, ,, which can
contributed to escape of MG ions from adsorbent phase to
the bulk phase [27,28].

In addition, there is no significant effect of tempera-
ture on the adsorption capacity at equilibrium, the same
result was observed during the adsorption of MG by the
potato peel [29]. The highest amount of dye adsorbed by
the chemically activated sewage sludge (9.56 mg/g) was
recorded at a temperature of 298 K; this temperature was
considered optimal for the remainder of this work.

3.3.3. Effect of concentration and contact time

The effect of the initial dye concentration on the
adsorption of Malachite Green by chemically treated sew-
age sludge was investigated between 25 and 300 mg/L.
The equilibrium amount adsorbed as function of the
initial concentration of dye is tabulated in Table 2. The
results achieved show that the increasing in the initial
concentration of the dye remarkably enhanced the equilib-
rium amount of Malachite Green adsorbed. This increase
is due to the increase in mortice force as the initial dye
concentration increases. The amount of dye adsorbed at
equilibrium increased from 4.59 to 54.64 mg/g when the
initial concentration of dye increased from 25 to 300 mg/L.
The equilibrium time was very faster: it was estimated by
2 min for a concentration of 25 mg/L and between 10 and
20 min for the other concentrations examined. A rapid
equilibrium time is a desirable criterion for the practi-
cal implementation of the depollution by the adsorption
process.

3.3.4. Effect of pH

For the examination of this effect, the pH range consid-
ered was 3-11, and below or above this range a decrease
in the color intensity of the MG was observed. This was
reported in the study given by Adeyi et al. [27] and Dahri
et al. [30], where they observed that at a very acidic pH
(pH < 3), there was a clear reduction in color intensity with-
out any change in the wavelength of maximum absorption
(A,.,)- The reduction in color intensity at pH < 3 is due to the
formation of MGH?" species as reported by Dahri et al. [30].

As is shown in Fig. 5, at a strongly acidic pH (pH = 3), a
low adsorption capacity (9.53 mg/g) was obtained. At this
pH, the adsorbent is positively charged (pH < pH__=5.2)
while the MG is cationic, which induces a repulsion between
the adsorbent and the dye. On the other hand, the concen-
tration of H* protons in the solution was high, resulting in
competition between the protons and the dye to occupy

Table 2

9.6

9.49
9.5 1 “

9.45 - 9.43

q.(mg/g)

9.41

9.35 A

9.3

288 29 308 318

; T (K)

Fig. 4. Effect of solution temperature on the removal of MG by
55,41+ (C, =50 mg/L, W =300 rpm, and m = 0.5 g).
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Fig. 5. Effect of pH solution on the dye adsorption. (C, = 50 mg/L,
W =300 rpm, m =05g,and T =298 K).

optimal optimal

the free adsorption sites on the adsorbent [31]. In the pH
range [5-11], the adsorption capacity increased to 9.95 mg/g
(*99%), corresponding to an almost complete removal rate,
and remained unchanged. In this pH range, the surface of
the sludge is negatively charged (pH > pH_, =5.2) and the
dye is still cationic which induces an attraction between
the dye and the sludge surface, therefore the amount
adsorbed has increased. In addition, the presence of acidic
surface functions on the surface of chemically activated
sewage sludge (Table 1) contributes advantageously to the
removal of the cationic dye. The optimum pH chosen is 5,
corresponding to the maximum dye adsorption. A simi-
lar result was given by Adeyi et al. [27], in the case of the
MG adsorption by hydrophilic thiourea-modified [27].

Evolution of equilibrium time and equilibrium adsorbed amount for different initial dye concentration

Temperature Concentration (C, mg/L) 25 100 150 200 250 300
208 K t_ (min) 2 10 15 20 10 15
q, (mg/L) 4.59 9.55 19.41 29.05 38.11 46.23 54.64
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3.4. Kinetics and mechanism adsorption

Both pseudo-first-order and pseudo-second-order kinetic
models were applied to analyze the experimental data of
MG adsorption by SS, ,. The pseudo-first-order kinetic
equation, also known as the Lagergren equation, and the
pseudo-second-order kinetic equation proposed by Blan-
chard [31,32] are shown in Table 3.

The plots of In(g, — g,) vs. time (t) for the pseudo-
first-order model and the plots of t/q, as a function of
time () for the pseudo-second-order model are shown
in Fig. 6. The kinetic parameters calculated by Blanchard
and Lagergren are summarized in Table 3.

The plots of t/q, vs. (t) for all concentrations studied
(Fig. 6) show very good linearization. This is verified by
the high values of the correlation coefficients obtained
for all the concentrations studied (0.999). The correlation

30
¢ C=25mg/L (a)
= C=50mg/L

25 |
4C=100mg/L
* C=150mg/L
20 1 o c=200mg/L
* C=250mg/L
= 15 5C=300mg/L

t (min)

Fig. 6. Kinetic investigations on SS, |

Table 3

Kinetic parameters of MG adsorption on SS, |

0 20 40 60 80 100 120
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coefficient is not the only parameter indicating the appli-
cability of a kinetic model, it is important to verify the
agreement between the values of the experimental capac-
ities (q,,,) and those calculated (g, ). As shown in Table
3, it is clear that for the pseudo-first-order model, there
is a large discrepancy between g, and g, as well as low
values of correlation coefficients, which means that this
model is not applicable to describe the kinetic data of
MG adsorption by SS, ..

While, for the pseudo-second-order model the calcu-
lated values of adsorption capacities (g, ) coincide very well
with the experimental data (q,, ). These indicate that the
adsorption of MG by the sludge is pseudo-second-order.

Intraparticle diffusion model, based on the theory
proposed by Weber and Morris [33] was tested to identify
the diffusion mechanism. The evolution of the amount
adsorbed as function of the square root of time at different

¢ C=25mg/L
4 4 +C=50 mg/L
1 0 C=100 mg/L
2 X C=150 mg/L
0 C=200 mg/L
= 07 4 C=250 mg/L
= * C=300 mg/L
T 2
— *
-4 A
o (b)
* *
-8 ‘
0 50 100 150
t (min)

pseudo-first-order (a) and pseudo-second-order models (b).

Pseudo-first-order (Lagergren)

g,

" =K, (9.-4q,)

Linearized form:

In(q, -q,)=Ing, - Kt

Pseudo-second-order (Blanchard)

g,

o =K, (q.-4,)

Linearized form:
+ = ! 3 +lt
9, Kg, 4.

With initial adsorption rate 1: 1 = ’K,

Initial MG op (Mg/g) 4, (mg/g) K, (I/min) R? q..(mg/g) K, (g/mgmin) h(mg/gmin) R?
concentration (mg/L)

25 4.59 0.11 0.022 0.167  4.54 1.015 20.92 0.999
50 9.56 1.70 0.254 0789  9.51 1.165 105.26 0.999
100 19.41 1.52 0.104 0.814 1942 0.323 121.95 0.999
150 29.06 2.07 0.073 0.678  29.15 0.147 125.00 0.999
200 38.11 9.46 0.125 0.745  38.46 0.059 87.72 0.999
250 46.23 5.42 0.158 0543 4630 0.179 384.62 0.999
300 54.64 13.99 0.083 0.889  55.56 0.021 64.10 0.999
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initial dye concentrations is presented in Fig. 7. The param-
eters of the Weber and Morris model are summarized in
Table 4.

If intraparticle diffusion is involved in the adsorption
process, then the plot of uptake, g, as function of the square
root of time (#'?) should be linear and if these lines pass
through the origin, then intraparticle diffusion process
that controls the rate of diffusion. When the plots do not
pass through the origin, the intraparticle diffusion is not
the only rate-limiting step, but other kinetic models may
also control the adsorption rate, or all may operate simul-
taneously [34]. As shown in Fig. 7, the resulting plots do
not pass through the origin and they are multilinear con-
taining three segments, which means that the intrapar-
ticle diffusion is involved in the adsorption process but
other kinetic models may also be involved in controlling
the adsorption kinetics. Based on the values of the cor-
relation coefficients obtained for all concentrations stud-
ied (Table 4), the linearity of the segments was approved.
Thus, the first linear segments represent diffusion in the
film; the second linear segments represent diffusion in the
pores. The last segment is the final step before equilibrium
where intraparticle diffusion begins to slow due to the low
concentration of solute in solution [35].

=25 mg/L m C=50mg/L 4C=100mg/L  xC=150mg/L
® C=200mg/L 4 C=250mg/L  * C=300mg/L
60
VRIS e ¥ox—K
50
M A—dh A A A A A A s A A Aha——h—A
. 40 1 x/ M oo o0—9o—o o
b
B
%307 X//* A x
20 kA A—& A A 44 & &
10 [ | s EEEEEEE m
=== = = = BFEEa == =
0 T T
0 2 4 8 10 12

6
t"2(min)

Fig. 7. Evolution of dye adsorbed amount as a function of
the square root of time for various initial dye concentration
at T=298 K.

Table 4

Overall, the increase in the initial dye concentration
results in an increase in the y-intercept value calculated for
all concentrations studied. This indicates that intra-particle
scattering is less and less involved in the adsorption pro-
cess. The y-intercept (c-value) of the three linear portions is
a measure of the thickness of the boundary layer, the higher
the c-value, the greater the contribution of external diffusion
in limiting the rate of adsorption [32].

Boyd model was considered to identify the implica-
tion of film diffusion and intra-particle diffusion, in the
adsorption mechanism, this model is given by the following
expression [36,37]:

B, =—0.4978 —In(1-F) ®)

where F is the fraction of the adsorbed solute at time t
and it is given as follows:

F=1 4)
9.

If the plot of B, vs. time is a straight line and passes
through the origin, this implies that intraparticle diffu-
sion is the limiting step in the adsorption rate. Otherwise,
it is governed by the film diffusion (external diffusion)
mechanism [36,37].

As shown in Fig. 8, the plot of B, as a function of time
for all the initial dye concentrations studied, does not pass
through the origin and they practically non-linear; indicat-
ing that film diffusion may also contribute to limiting the
adsorption rate [37,38].

3.5. Isotherm adsorption

The experimental adsorption isotherms of MG from
aqueous solutions onto SS, . , are presented in Fig. 9. Giles
et al. [39] have been classified the adsorption isotherms into
four groups, which are: L, S, H, and finally, C. By referring
to this classification, the isotherm of MG presented an L
curve shape (also named Langmuir). The L shape means
flat adsorption of bifunctional molecules, that is to say, a
decrease in free sites as the adsorption proceeds, this sug-
gests a progressive saturation of the solid [40,41]. The L
form of the adsorption isotherms also means that there

Weber and Morris model parameters and correlation coefficients for different initial dye concentrations at T =298 K

Webber and Morris Equation 25 50 100 150 200 250 300

K, (mg/g min'?) 0.018 0.071 0.641 3.682 0.72 1,307 4,259
C, 4.50 9.273 17.232 19.02 33.01 41.758 33,898
r g, =K t% fe 7] 0.841 0.873 0.97 0.986 0.962 0.967 0.964

12 [ |
K, (mg/g min'?) K. (mg/g min™?), the 0.099 0.029 0.023 0.109 0.73 0.28 0.645
C, L . e 5.07 9.71 19.12 28.435 43.37 44.548 50.218
intraparticle diffusion
r2 rate constant and cis 0616 0.645 0.980 0.863 0.712 0.667 0.898
K, (mg/g min'?) thei 0.028 -0.183 0.028 -0.973 -0.144 0.088 0.357
e intercept

C, 4,306 11.036 19.125 29.944 39.716 45.371 51.924
2 0.770 0.771 0.999 0.791 0.961 0.671 0.555




M. Zamouche et al. / Desalination and Water Treatment 211 (2021) 349-358 355

20

= C=25mg/L L
18 {1 ®C=50mg/L
4 C=100 mg/L ° ° e e P
16 1 C=150 mg/L L] g
= C=200 mg/L
14 {1 e (C=250mg/L
= C=300 mg/L
12 4
2 10
8 L} -
6 H :
[ I | 6 hgmt I ez ® L °
41 R " .
g 1 & a " - .
2 A [ ]
0 A4 * T T
0 20 40 60 80 100 120

t (min)

Fig. 8. Kinetic model of Boyd for various MG initial concentra-
tion at T=298 K.

is not a strong competition between the solvent and the
adsorbent to occupy the adsorption sites [40].

The Langmuir adsorption isotherm describes the sur-
face as homogeneous, assuming that there is no lateral
interaction between adjacent adsorbed molecules when a
single molecule occupies a single surface site [42,43]. The
nonlinear equation of Langmuir is given in Table 5, where
Q,, (mg/g) is the maximum adsorption capacity of dye per
unit mass of adsorbent to form a complete monolayer on the
surface and K; (L/mg) is the Langmuir energy constant.

Freundlich isotherm is known to describe the non-
ideal and reversible adsorption, which was not restricted
to the formation of monolayer. This empirical model is
applied to multilayer adsorption over the heterogenous
surface [42,44]. This isotherm gives an expression that
defines the surface heterogeneity and the exponential

Table 5

60

50 ~ T=298 K
40 -
30 A

20 A

Q. (mg/g)

10

0 T T

0 10 20 30
C. (mg/L)

Fig. 9. Adsorption isotherms of MG by SS, . , at T=298 K.

AS0.1

distribution of active sites and their energies [45,46]. The non-
linear equation of Freundlich is given in Table 5, where K, is
adsorption capacity (L/mg) and 1/n is adsorption intensity.

The Langmuir and Freundlich isothermal parame-
ters were calculated by the non-linear regression method.
This method is based on minimizing the error distribution
(between the measured (experimental) data and the pre-
dicted (isothermal) data [46,47]. In this study, three different
non-linear error functions were used (Table 5), the isother-
mal parameters were determined by minimizing the respec-
tive error function across the studied concentration range
using the Solver application of Microsoft Excel [47,48].

The results obtained are surmised in Table 6. Fig. 10
shows the Langmuir and Freundlich adsorption isotherms of
the SS, ., by nonlinear analysis. The coefficient of determina-
tion (R?) (Table 5) was also used to determine the best-fitting
isotherm to the experimental data.

Error function equation and isotherm equation of Langmuir and Freundlich

Error function equation Abbreviation Equation
2
Sum squares errors SSE SSE = Z(qr,cal - qf,exp)
2
. . 2 2 ! (qe,mez\s - qtr,calc)
Nonlinear chi-square test X y = 27
i qe,meas
Sum of the absolute errors EABS SSE = z De,iexp ~ e,i cale
i=1
2 _ 2 epmess = Toatd)’
Coefficient of determination R? R™=

z(qc,meas - ﬁe,ca]c )2 + Z(qE,meas - qc,calc )2

Isotherm model

Non-linear equation

KLQmCE

Langmuir [33] Q=—r=

T 1+K,C,

1
Freundlich [33] Q,=K,Cr
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where g, is the equilibrium capacity obtained from
experimental data, g, cac 1 that calculated from the isotherm
model and 4, is the average of q, .

The choice of the isothermal model that best predicts
the experimental data is based on the comparison of the
values of determinations coefficient, the error function, and
the nonlinear regression plot [30].

According to the nonlinear regression plot by Langmuir
and Freundlich isotherms (Fig. 10), it is quite clear that the
Langmuir model gives a better fit of the experimental data
than Freundlich.

Furthermore, the high values of determination coef-
ficient reported in Table 6, confirm the good fit of the pre-
dicted values to the experimental data. The R? obtained with
the nonlinear regression of Langmuir is higher than that
given by Freundlich model (0.996 > 0.993).

Moreover, by comparing the values of the three error
functions SSE, EABS, and x? it is clear that the Langmuir
model has the lowest error function value. Among the three
error functions tested, x> gives the smallest value (11.69).
Based on these observations, Langmuir isotherm has been
chosen as the isothermal model that fits adequately the
adsorption experimental data of MG by SS

AS0.1°

Table 6

The predicted maximum monolayer capacity (95.98
mg/g) was similar to the experimental one (Fig. 10). This
value was comparable to some adsorbent materials as
summarized in Table 7.

The value of the (1/n) is between 0 and 1, which indi-
cates that the adsorption of MG by the SS, . is favorable
[42-44,49].

AS0.1

4. Conclusion

Sulfuric acid activated sewage sludge (SS,, ), a by-prod-
uct of wastewater treatment, can be effectively recovered as
a low-cost adsorbent to remove the cationic dye, Malachite
Green (MG), from the aqueous solution. The adsorption pro-
cess was found to be pH-dependent, with maximum dye
removal being achieved at an optimum pH of 5. The amount
of MG adsorbed increased as the initial concentration of
MG increased. The adsorption process was very rapid and
exothermic. Both intra- and extra-granular transfer steps
are involved in the adsorption mechanism and the adsorp-
tion kinetics of MG is pseudo-second-order. The adsorption
of the dye by the slurry is well-described by the Langmuir
model with a maximum saturation capacity of 95.98 mg/g.

Isotherm parameters of Langmuir and Freundlich obtained by nonlinear regression with different error function and their R? value

Model Parameters SSE EABS x> R?
, Q (mg/g) 74.92 72.27 95.98
Langmuir "
K, (L/mg) 0.10 0.12 0.054 0.96
Value of error functions 124.16 22.81 11.69
. K. (mg/g (L/mg)") 9.54 10.88 5.87
Freundlich 0 R 1.84 2.03 1.40 0.93
Value of error functions 209.66 29.68 15.68
Table 7
Comparison of q___values of different adsorbents for MG adsorption
Adsorbent q,... (Mg/g) Reference
1 Chemical treated sewage sludge (SS, ;) 95.98 This work
2 Casuarina equisetifolia cone (CEC) 58.14 [50]
3 Breadfruit skin (BS) 55.2 [51]
4 Luffa aegyptica peel (LAP) 166.67 [10]
5 Cheap nano-adsorbent derived from eggshells 3,333.33 [52]
6 Artocarpus odoratissimus (Tarap) leaves 254.9 [53]
7 Brewers’ spent grain 2.55 [8]
8 Ginger waste 84.03 [54]
9 Neem sawdust (Azadirachta indica) 4.35 [55]
10 Oil palm trunk fibre (OPTF) 149.35 [56]
11 Clayey soil 78.57 [57]
12 Hen feathers 2.82 (mol g) [58]
13 Rattan sawdust 62.71 [59]
14 Bitter gourd 240.0 [60]
15 Bentonite 178.6 [61]
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Fig. 10. Comparison between experimental and predicted

of MG adsorption onto SS, | based on error function.

In the end, the chemical treated sewage sludge can be
valorized and used as an efficient adsorbent, to eliminate
the malachite green dye from the aqueous solution.
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