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Abstract

A study was conducted on the use of excess activated sludge from a municipal wastewater treatment plant as an adsorbent
in the removal of Acid Red 18. The excess sludge was thermally modified using microwave radiation. The study aimed to
evaluate the possibility of using this type of waste adsorbent in the batch adsorption process to remove a selected synthetic
dye. Moreover, the experiments were aimed at analyzing the adsorption kinetics and adsorption isotherms of the batch
adsorption process. Experimental results showed that in the case of adsorption Kinetics, a greater match with experimen-
tal results was obtained for the pseudo-second-order model. This indicates that the adsorption process was chemical in
nature. In the case of adsorption isotherm analysis, it showed that the best fit to experimental results was obtained for
the Langmuir, Sips, and Toth isotherm models. Thus, this indicates the occurrence of a single-layer adsorption process.
The determined values of adsorption capacity based on the Langmuir, Sips, and Toth models are in the range of
71.6 mg/g-79.0 mg/g.

Keywords: Adsorption process; Adsorption kinetics; Adsorption isotherm; Dye adsorption; Sludge-based adsorbent;
Activated sludge.

1. INTRODUCTION Therefore, these wastewaters are usually character-
ized by an intense color caused by dyes. Such waste-
water must be properly treated before being dis-
charged into the natural environment. The need to
treat this type of wastewater arises both for reasons of
environmental protection, as well as for the protection
of life and health of both aquatic organisms and
humans. Colored wastewater discharged into the
receiver without any treatment may cause serious dis-
turbances in the photosynthesis process of aquatic
organisms. Due to their intense color, these waste-
waters reduce the penetration of sunlight into the
water (by scattering and absorbing light by the dyes
contained in these wastewaters). The second aspect of
the need to treat colored wastewater is related to their
Due to the use of dyes in production processes, waste-  often harmful impact on human, animal, and aquatic
waters that contain dyes are also generated. organisms [4-9]. Moreover, most dyes contain

Synthetic organic dyes are widely used in many areas
of our life, including the paper, pharmaceutical, food,
textile, plastic, textile, cosmetic industries, etc.
Wastewater generated during production processes
may pose a serious threat to the environment due to
the possible content of harmful compounds, but also
due to the amount of industrial wastewater generated.
For example, the textile industry requires the use of
huge amounts of water (2.1% of total industrial water
consumption [1]), from which post-production waste-
water is then generated. The amount of textile waste-
water constitutes as much as approximately 20% of
the total amount of global wastewater [2, 3].
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aromatic rings in their molecular structure, and some
of them also contain azo-bounds. Azo dyes are toxic
and have carcinogenic and mutagenic effects on the
organisms. Dyes containing azo-bond include Acid
Red 18, which was used in the experiments described
in this article. Its discharge into the environment may
cause reproductive toxicity and neurobehavioral
effects [10, 11]. In addition, azo dyes may cause aller-
gies, and affect the pulmonary, neural, and cardiac
systems [12].

To remove and degrade dyes, many different process-
es, both physicochemical and chemical, are used.
There can be applied techniques consisting mainly of
separating the dye from wastewater. Processes with
such an effect include coagulation/flocculation
[13-16], membrane separation [17-19] using nanofil-
tration and reverse osmosis processes, as well as
adsorption using activated carbons [5, 20-24].
However, methods to chemically degrade dyes in
wastewater are also used. Such processes include
chemical oxidation methods [25-31], advanced oxida-
tion processes [32-41], catalytic and photocatalytic
oxidation processes [42—-48].

This article presents the results of using the adsorp-
tion process to remove Acid Red 18 from an aqueous
solution. Excess activated sludge from a municipal
wastewater treatment plant was used as an adsorbent
in these studies. The activated sludge was properly
prepared to obtain the powdered form of this adsor-
bent. Excess sludge used in this way became the so-
called waste adsorbent. This type of adsorbent is also
referred to in the literature as a sludge-based-activat-
ed carbon.

2. MATERIALS AND METHODS

2.1. Dye characteristics

Dye Acid Red 18 (C.1. 16255), further referred to as
ARI1S, was used in the study [49]. It is a dye belong-
ing to the single-azo group. Thus, it contains in its
chemical structure one N = N azo bond (Fig. 1). The
Molecular formula of this dye is CyH11N2NazO1¢S3,
and its weight is 604.48 g/mol. This dye is well soluble
in water. In an aqueous solution, it gives an intense
red color. It is mainly used for the production and
dyeing of wool, silk, and polyamide fiber, as well as in
the industry for dyeing leather, paper, plastic, and
wood, in the medical, cosmetic, and food industries.

SO3H

HO3S h{’N‘H

(o)

HO5S

Figure 1.
Chemical structure of Acid Red 18 [49]

2.2. Preparation of an adsorbent

Excessive activated sludge from a sewage treatment
plant located in southern Poland was used in the
experiments. It is a treatment plant with a treatment
system adapted to the removal of C, N, and P com-
pounds by the method of aerobic activated sludge.

The excess activated sludge was collected from the sec-
ondary settling tank, then dried at 105°C, ground to a
grain size < 0.49 mm, and then treated in a water bath
with 700 W microwave power and a rated microwave
frequency of 2450 MHz for 60 seconds for thermal
activation the surface of the sludge grains. The sludge
prepared in this way as a sludge-based adsorbent was
used in the studies of the batch adsorption process.

2.3. Experiments’ procedure

The adsorption experiments were carried out in three
stages: 1) selection of the most favorable pH value
for adsorption; 2) determination of the influence of
contact time and determination of the adsorption
kinetics; 3) determination of the adsorption isotherm
and calculation of the parameters of selected models
of adsorption isotherms.

To determine the most favorable pH value, the
process was conducted with the use of five different
pH values: 2, 4, 6, 8, and 10 while the constant values
of other process conditions were used. Into the coni-
cal flask, 50 mL of the Acid Red 18 dye solution with
an initial concentration of 100 mg/L was introduced,
and the appropriate pH value was adjusted (by using
10% HoSO4 or 5% NaOH). Next 0.1 g of the
sludge/sorbent was added, and the whole was mixed
on a laboratory shaker for 60 minutes. After that
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contact time, the adsorbent and the solution were
separated, and then the final dye concentration was
measured by a colorimetric method based on a stan-
dard curve at a wavelength of A = 506 nm.

In the second stage of the studies, aimed at deter-
mining the most favorable contact time of the adsor-
bent and the dye, increasing contact times from
5 minutes to 180 minutes were used. During this
phase of experiments, the initial concentration of the
AR 18 dye was 100 mg/L and 700 mg/L, the amount
of adsorbent was 0.1 g per 50 mL of the solution, and
the pH of the solution was determined based on the
results of the first stage of the research.

Based on the results of the influence of the contact
time on the effectiveness of the adsorption process,
two types of adsorption kinetics were analyzed: the
pseudo-first-order (eq. 1) [50, 51] and pseudo-sec-
ond-order (eq.2) [52]. To determine the parameters
of each kinetics model, non-linear estimation was
used — by minimizing the RMSE error (eq. 3). The
Microsoft Office 365 Solver add-in was used in these
calculations.

Equation of pseudo-first-order kinetics:

myg
4 = qe(1 — exp(=ky - [ 7] )
Equation of pseudo-second-order kinetics:
2
qé - ky,-t mg
g =——— [—] @)
1+qe-ky-t g

The equation for RMSE calculation:

1
RMSE = \/m * Z(qe,exp - Qe,calc)z (3)

Where:

q: — the amount of the dye adsorbed in a given con-
tact time [mg/g]

qe — the amount of the dye adsorbed at equilibrium
state [mg/g]

k; — constant rate of a pseudo-first-order model of
kinetics [/min]

k2 — constant rate of a pseudo-second-order model of
kinetics [g/(mg'min)]

¢ — contact time [min]

Geep — the amount of dye adsorbed obtained in the
experiments [mg/g|;

Ge,calc — the amount of dye adsorbed calculated from
the isotherm model or the kinetics model [mg/g].
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The last, and third phases of the studies included
experiments to determine the adsorption isotherm.

For this purpose, for the adjusted pH value and the
contact time resulting from the second stage, increas-
ing initial concentrations of the AR 18 dye (in the
range from 100 mg/L to 1200 mg/L) were used while
maintaining a constant amount of adsorbent (0.1 g
per 50 mL of the dye solution).

Based on the results obtained from the third phase of
the experiments, the parameters of the selected two-
parameter (Langmuir [53], Freundlich [54],
Jovanovic [55], Dubinin-Radushkevich [56]) and
three-parameter (Sips [57] and Toth [58]) isotherm
models were determined (eq. 5-12). The parameters
of all examined isotherm models were determined by
non-linear estimation, using the Microsoft Office 365
Solver add-in, based on the minimization of the
RMSE error (eq. 3).

The amount of dye adsorbed per unit mass of adsor-
bent was calculated based on formula 4 (eq. 4).

_ (CO B e)
e = —m 4)

Where:
de — the amount of dye adsorbed at equilibrium state

[mg/g],

C. — concentration of the dye at equilibrium state
[mg/L],

Cy - initial dye concentration [mg/L],

m — the amount of the adsorbent [g/L].

The two-parameter isotherm models equations:

a) Freundlich model:

1
4. = KpC," ©)
b) Langmuir model:

-K; - C
qEZQm L e (6)
1+KL.C8

¢) Dubinin-Radushkevich model:
qe = Qs - exp(—Kpg - 82) (7
1
s=RT-ln<1+—) (8)
Ce
E= ! 9
K. ©)

d) Jovanovic model:

9de = Qmax * [1 - exp(—K] : Ce)] (10)
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The three-parameter isotherm models equations:
a) Sips model:
_ms Ks - C5"
Te= 14K C5F
b) Toth model:

(11)

_ qmr - Kr - Ce
de = 1
(1+ (Kp - C)0) e

(12)

where:

qe — the amount of dye adsorbed at equilibrium
[mg/g],

C. — the dye concentration at equilibrium [mg/L],
msl — the amount of the adsorbent [g/L],

K;, — Langmuir constant related to the free energy of
adsorption [L/mg],

gm — maximum adsorption capacity in Langmuir
model [mg/g],

n — Freundlich equation exponents related with and
adsorption intensity and heterogeneity [-],

Kr — Freundlich constant indicative of the relative
adsorption capacity of the adsorbent

[m g( 1=1/m)1 (1/m) /g] ,

O, — theoretical monolayer saturation capacity in
Dubinin-Radushkevich model [mg/g],

Kpr - Dubinin-Radushkevich model constant
[mol?/kJ?],

E — mean adsorption energy [kJ/mol],

& — Polanyi potential [-],

R - gas constant [8.314 J/mol*K],

T - temperature [K],

Kj - constant related to the energy of sorption in the
Jovanovic model [L/g],

Gmax —maximum adsorption capacity in the Jovanovic
model [mg/g],

gms — monolayer sorption capacity in SIPS isotherm
model [mg/g],

K — constant in SIPS model related to the free ener-
gy of adsorption [L/mg],

SP — SIPS model exponent [-],

gmt — monolayer sorption capacity in Toth isotherm
model [mg/g],

K7 — constant in the Toth model related to the free
energy of adsorption [L/mg],

t — Toth model exponent [-].
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3. RESULTS
3.1. The effect of pH

The tests carried out in the first stage indicate that
the initial pH value is extremely important for the
effectiveness of the process. The tests showed that
the most favorable pH value was 2.0. The use of only
this reaction pH value contributed to the adsorption
process and the value of the adsorbed amount of dye
was 37.9 mg/g. In the case of the other higher pH val-
ues used in the tests, the adsorption process did not
occur at all and the adsorbed amount of the dye was
equaled 0 mg/g. Thus, no dye molecules were
adsorbed on the adsorbent surface in such process
conditions. The results of these tests may indicate
that the surface charge of the tested adsorbent is
strongly negative. On the other hand, the dye used in
the tests in the hydrolysis process also acquires a neg-
ative charge. Therefore, it is necessary to use a
strongly acidic condition of the adsorption process
(very low pH value) and to introduce a significant
excess of H* ions into the reaction medium. In this
case, this excess of H* ions causes the phenomenon
of protonation of the adsorbent surface and then the
adsorbent surface acquires a positive charge, thanks
to which it is possible to adsorb negatively charged
AR 18 dye molecules on the surface.

Acid Red 18 dye adsorption studies conducted by dos
Reis et al. [59] using biochar derived from birch trees
wastes also showed that the adsorption efficiency
decreased with increasing value of pH. A similar effect
of the initial pH value of the solution on the adsorp-
tion efficiency was obtained in tests using activated
carbons prepared from walnut and polar woods [60].
Also in this case, an increase in the pH value resulted
in a decrease in the effectiveness of the amount of
adsorbed Acid Red 18 dye on the surface of the adsor-
bents. Studies conducted by Pieczykolan and Plonka
[61] using dried post-coagulation sludge as an adsor-
bent also showed that strongly acidic conditions were
required for the effective adsorption of AR18 dye, and
an increase in the pH value caused a drastic decrease
in the efficiency of the process. The same effect of pH
value was also obtained in a study of Pieczykolan and
Ptonka when dried and crushed excess activated
sludge from a municipal wastewater treatment plant
was used as an adsorbent to remove AR18 [62].

3.2. The effect of contact time

The tests to determine the effect of the contact time
of the adsorbent with the dye solution were carried
out at a pH of 2.0 (based on the results obtained in
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The effect of contact time on adsorption efficiency: a) Cyp = 100 mg/L, b) Cp = 700 mg/L

the first stage), the amount of adsorbent was 2 g/L.
and two different initial dye concentrations were
used: 100 mg/L and 700 mg/L. The obtained results
show that in the case of both initial concentrations,
the process was the fastest during the first 20 minutes
(the greatest increase in the value of the adsorbed
amount of the dye g, was observed). In the next
70 minutes, the adsorption process proceeded at a
smaller speed. On the other hand, from the
90" minute, the stabilization of the q: value was
observed, which meant that the adsorption equilibri-
um probably has been reached. Thus, further extend-
ing the contact time of the adsorbent with the dye did
not result in increasing the value of the adsorbed
amount of the dye (Fig. 2).

3.3. Adsorption kinetics

Based on the results of the influence of the contact
time of the adsorbent and the dye on the adsorption
efficiency, the parameters of pseudo-first-order and
pseudo-second-order kinetics were determined using
non-linear estimation.

The conducted calculations indicate that for both

tested initial concentrations of the dye, a higher
degree of fit of the pseudo-second-order kinetics

model to the experimental results was obtained. This

is evidenced by the calculated RMSE error as well as
the R? value. In the case of pseudo-second-order kinet-
ics, the R? value was in the range of 0.973-0.986.
However, for pseudo-first-order kinetics, it was from
0.851-0.911. Also, the calculated g, values based on
the pseudo-second-order model were more similar to
the values obtained as a result of the experiments —
Table 1. Better matching of the pseudo-second-order
kinetics model to the experiments’ results proves that
in the case of the tested adsorbent-dye system, the
process of chemical adsorption took place [63, 64].

Similar results of the analysis of the AR18 adsorption
kinetics process were obtained in studies conducted
by Shabandokht et al. when a polyaniline-modified
rice husk composite was used [65].

At that time, the pseudo-second-order kinetics model
also proved to be the best match to the studies’
results.

However, in the case of the use of activated carbons
prepared from walnut and poplar woods as adsor-
bents for the adsorption of AR18 by Heibati et al.
[60], a better fit of the pseudo-first-order kinetics
model was obtained, which indicates that physical
rather than chemical adsorption occurs.

Table 1.
The parameters of kinetics models
Kinetics model Parameter 100 mg/L 700 mg/L
Pseudo-first-order qe 38.5 78.0
k1 0.1114 0.0684
R? 0.851 0.911
RMSE 0.70 1.03
Pseudo-second-order qe 43.8 93.6
k2 0.0028 0.00070
R? 0.973 0.986
RMSE 0.29 0.41
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3.4. Adsorption isotherms

The determination of the adsorption isotherm was
carried out with the use of the following process para-
meters: initial pH of 2.0, contact time of 90 minutes,
adsorbent concentration of 2 g/L, and variable initial
concentration of dye in the range of 100-1200 mg/L.
Based on the obtained results of these experiments,
the dependence expressed by equation g, = f(C,) was
plotted (graph of the adsorption isotherm). The
shape of the adsorption isotherm indicates the pres-
ence of type I adsorption by the IUPAC classification
(Fig. 3). This type of adsorption curve indicates
adsorption occurring in the case of microporous
adsorbents with a relatively small specific surface.
This type of isotherm curve is also referred to as the
Langmuir isotherm which characterizes single-layer
adsorption.

was calculated based on the Dubinin-Radushkevich
and Jovanovic isotherm models.

In the case of adsorption capacity calculated based
on the SIPS model and Toth model, the value of this
parameter was slightly higher — 78.1 mg/g and
79.0 mg/g for the Sips model and Toth models,
respectively (Table 2).

The value of the adsorption energy calculated based
on the KDR parameter of the Dubinin-
Radushkevich isotherm model is 0.17 kJ/mol and
indicates that physical adsorption took place in the
process.

In this case, the main forces that bind the dye mole-
cules to the adsorbent surface are the van der Waals
forces.

In Langmuir, Jovanovic, Sips, and Toth isotherms
models, the K;, Kj, Ks, and K; constants are related to
the energy of the adsorption process [66—68] and the

100 degree of affinity of adsorbate molecules to the
20 adsorbent surface [69]. The greater the value of these
eoece * o
—_ 60 o®
= Table 2.
Eﬁ 40 ® The parameters of sorption isotherm models
T: 20 Values
~ . Isotherm model | Parameter Unit of
0 ~ _ parameters
0 :\30 [ },L]IOOO 1500 Un N 0.108
m K (=1/n)y (1/n)

. e M8 Freundlich " me L™ 35.89
Figure 3. R? - 0.892
Adsorption isotherm RMSE - 3.23

dm mg/g 71.6
L . K1 L/mg 0.0944
The results of the estimation showed that in the case angmuit R - 0.928
of two-parameter models, the greatest fit to the RMSE - 2.64
experimental results was obtained for the Langmuir Gmax mg/g 69.0
isotherm — the determined value of the correlation Jovanovic K; Lig 0.0666
coefficient R was 0.928. The smallest degree of fit of R? - 0.796
the model to the study results was noted in the case RMSE - 444
of the Jovanovic model (R? = 0.796). However, in the Os mf/ 8 69.0
case of three-parameter isotherm models, the best fit Dubinin- KDR mol/ky 17.77
was obtained for the Sips and Toth isotherms — the Radushkevich Ez K/mol 0'1]7
value of R? was 0.967. R ’ 0815
RMSE - 4.20
The calculated values of the g, parameters of the Gms p— 781
isotherm models made it possible to determine the Ks L/mg 0.2675
sorption capacity of the adsorbent for the dye AR1S, Sips SP - 0.572
the adsorption energy, and the degree of heterogene- R? - 0.967
ity of the adsorbent surface. RMSE - 1.78
qmT mg/g 79.0
The calculated values of the qm parameter based on
. D . Kr L/mg 0.5054
the Langmuir model indicate that the sorption capac-
. . . Toth t - 0.510
ity of the monolayer is 71.6 mg/g. A similar value of 5
. o R - 0.967
the sorption capacity (in the range of 69.0-69.1 mg/g) RMSE : 178
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parameters, the greater the adsorption energy and
the stronger the degree of affinity. On the other
hand, the higher the degree of affinity, the stronger
the adsorbate molecules are bound to the adsorbent
surface. In the case of the conducted experiments in
the case of the Sips model and Toth model, relatively
high values of Ky and K, were obtained, which may
indicate a fairly strong bond between the dye mole-
cules and the adsorbent surface. This fact may also be
indicated by a greater adjustment of the pseudo-sec-
ond-order adsorption kinetics.

The values of the SP parameter (exponent in Sips
isotherm model), ¢ parameter (exponent in Toth
isotherm model), and 1/n parameter (constant in
Freundlich isotherm model) indicate the heterogene-
ity, i.e. the energetic differentiation of the adsorbent
surface [70]. In general, the lower the value of these
parameters, the greater the surface heterogeneity.
However, if the values of SP and ¢ reach the value
of 1, then the adsorbent is characterized by a homo-
geneous surface. When analyzing the parameters SP
and ¢ obtained as a result of the estimation, it can be
noticed that their values are close to 0.5.

Thus, the surface of the tested adsorbent is charac-
terized by a heterogeneous surface. This is also evi-
denced by the Freundlich model constant 1/n, the
value of which is much lower than 1 and was rather
close to 0 (Tab. 2).

The adsorption capacity results obtained in the
described studies are at a comparable level to the
adsorption capacity values obtained in the studies
conducted by Shabandokht et al. [65] where polyani-
line-modified rice husk composite was used as an
adsorbent. Then the g, value ranged from 76.92 to
100.00 mg/g depending on the type of linear estima-
tion. However, in the research conducted by Heibati
et al. [60] using activated carbon derived from poplar
and activated carbon derived from walnut woods, the
adsorption capacity values were lower than in the
experiments described in this article. In Heibati’s
research, g, values of 30.3 mg/g and 3.91 mg/g were
obtained for activated carbon prepared from poplar
and activated carbon prepared from walnut woods,
respectively. In the case of Pieczykolan and Plonka’s
studies [61] using dried and crushed post-coagulation
sludge to remove ARI1S, the adsorption capacity
value was 82.2 mg/g. In contrast, when dried excess
activated sludge was used (Pieczykolan and Ptonka
[62]) the adsorption capacity was 109.9 mg/g.

4. SUMMARY

The tests carried out on the adsorption of the Acid
Red 18 dye on the sludge-based adsorbent, which was
excessive activated sludge modified with electromag-
netic waves, showed that:

a) the most favorable pH value of the solution for the
tested dye-adsorbent system is 2; the use of a high-
er pH value contributed to a sharp decrease in the
efficiency of the process and even the disappear-
ance of adsorption (g = 0 mg/L);

b) the adsorption proceeded the fastest in the first
20 minutes of the process — the greatest increase in
the value of the adsorbed amount of the AR18 was
then observed. In the next 70 minutes, a further
increase in qt was observed, however, it was much
smaller than in the first 20 minutes, and after
90 minutes the equilibrium state of the system was
achieved, after which the value of the adsorbed
amount of AR18 remained at a similar level;

c) the results of the analysis of two models of adsorp-
tion kinetics indicate a better fit of the pseudo-sec-
ond-order model to the experimental results —
a higher value of the R? coefficient was obtained,
and the calculated ge value based on this model is
more similar to the experimental ge value; a better
fit of the pseudo-second-order kinetics model indi-
cates the chemical nature of the adsorption
process;

d) the shape of the adsorption isotherm diagram is
similar to the type I isotherm (according to the
IUPAC classification), which indicates that single-
layer sorption occurs on the microporous adsor-
bent;

e) the results of nonlinear estimation show that the
best fit to the experimental results was obtained
for the Sips and Toth models — this suggests the
occurrence of single-layer adsorption;

f) the maximum adsorption capacity of the monolay-
er determined from the Langmuir isotherm model
is 71.0 mg/g;

g) adsorption capacity estimated from the Sips and
the Toth models is 78.1 mg/g and 79.0 mg/g,
respectively;

h) the surface of the adsorbent is characterized by
medium heterogeneity, as evidenced by the values
of the parameters SE ¢, and 1/n.
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