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ABSTRACT

Water treatment residuals generated during coagulation/flocculation, called also post-coagula-
tion sludge, were used as adsorbents for Methylene blue (MB) and Direct red 81 (DR 81) adsorp-
tion. The adsorbent was characterized by specific surface area, scanning electron microscope, and
Fourier-transform infrared spectroscopy measurement. Moreover, to characterize the adsorbent
surface, the novelty approach of impedance measurement was applied in the studies. The Brunauer—
Emmett-Teller of the sludge was 142.8651 m?/g. Moreover, the impedance studies showed a signif-
icant change in the normalized real component of the impedance after the adsorption process. For
MB this dye deteriorates the electrical properties of the adsorbent surface, while DR 81 improves
them. The batch adsorption experiments were conducted as a function of pH value, contact time,
and initial concentration of the dyes. The results showed that the adsorption effectiveness of DR 81
radically decreased at higher pH than 2, while the efficiency of MB adsorption was increasing as the
value of pH increased, and the highest uptake of MB was for pH 10. The required contact time for
MB was 30 min whereas for DR 81 it was longer and equalled 90 min. The adsorption kinetics fol-
lowed the Elovich and pseudo-second-order model for both dyes. That indicates the rate-limiting
step involves the chemisorption. A much higher adsorption rate was obtained for MB than for DR
81. The equilibrium experiment result showed that the obtained data were well represented by the
Jovanovic and Sips isotherm models. The maximum adsorption capacity according to the Jovanovic
isotherm model was similar for both dyes and was equalled 871.6 and 823.1 mg/g for DR 81 and
MB, respectively. Based on obtained results, it can be concluded that the water treatment residuals
can be effectively used as adsorbent for MB and DR 81 removal from aqueous solutions.

Keywords: Synthetic dye; Adsorption; Water treatment residuals; Adsorption kinetics; Adsorption
isotherm

1. Introduction

Different types of dyes are used in all the production pro-
cesses of such products as paints, clothes, colorful interior
decorations, colorful panoramic photos decorating smaller
or larger flat surfaces, for example, walls, but also cosmet-
ics, food products, medicines, etc. As a result, of those pro-
duction actions, wastewater is also generated that contains
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residues of dyes not used in production processes. It is obvi-
ous that wastewater containing dyes cannot be discharged
directly into the environment. The need to treat this type
of wastewater is supported by many aspects related to the
protection of human health and life as well as environmen-
tal protection. Dyes constitute an extremely wide range of
chemical compounds, among which there may also be toxic
compounds (dyes containing heavy metals or aromatic
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compounds), but also cancerogenic and mutagenic (the con-
tent of, for example, chromium compounds). In addition,
because its main feature, namely intense color, which is usu-
ally present even at low concentrations of dyes, wastewater
containing dyes introduced into the aquatic environment
without removing that type of contaminants will have a sig-
nificant negative impact on the photosynthesis process due
to significantly reduced light transmission through water [1].

A wide range of physical, chemical, and, in some cases,
biological methods are used in the treatment of colored
wastewater. The physico-chemical methods include the
coagulation/flocculation process [2-8], chemical oxidation
[9], advanced oxidation processes — AOPs [10-19], photo-
degradation [20-31], adsorption (using both conventional
commercial adsorbents and adsorbents made from wastes
so-called waste-sorbents or waste-based-sorbents [32—40])
and membrane filtration technics (nanofiltration and reverse
osmosis [41-45]) are used.

This publication describes the results of the adsorption
process of two different dyes on the surface of the adsorbent
produced from water treatment residuals named post-co-
agulation sludge. The cationic dye Methylene blue and the
anionic dye Direct red 81 were used in the studies. As part
of the research, a series of experiments were conducted to
determine the effect of the conditions of the adsorption
process on its effectiveness, as well as to determine the
adsorption kinetics and adsorption isotherms.

Methylene blue belongs to the thiazine dye group.
Excessive amounts of this dye can have a negative impact on
the aquatic environment, animals, plants, and people. In the
case of the aquatic environment, the excess of this dye inhib-
its the photosynthesis process, which reduces the degree of
water oxygenation and may result in the eutrophication of
aquatic ecosystems. In the case of plants, excess Methylene
blue (MB) can inhibit their growth, and reduce the amount
of pigment and content in microalgae. About humans, the
negative impact on the human body can be manifested by
such symptoms as dizziness, headache, upset stomach and
stomach cramps, nausea, vomiting, cyanosis, tissue necrosis,
jaundice, and accelerated heartbeat [46-48].

Direct red 81 belongs to the group of sulfonated azo-
based dyes. These dyes are toxic, carcinogenic, and muta-
genic to humans and animals. Therefore, they can also
lead to mutations in aquatic organisms. In addition, these
dyes can lead to the formation of cancer and various types
of allergies. About humans, the negative impact of this dye
on human health may also be manifested by the occurrence
of nausea, haemorrhage, ulceration of the skin and mucous
membranes, anaemia, dermatitis, and kidney disease [49-51].

The sludge formed in water treatment processes using
the coagulation/flocculation method was applied as an
adsorbent in the experiments. So far, this sludge has only
been dewatered and disposed of. Thanks to the proposed
solution of using these sludges as the adsorbent, this
waste is given a new, second life, which is in line with the
assumptions of the circular economy [52].

In the case of MB, for its removal, adsorbents made
from different materials have been applied. Examples of
such adsorbents are as follows: organo-modified clay [53],
hybrid sorbents synthesized from technical lignin’s and
silica [54], biochar from lychee seed [55], or iron modified

Pyrus pyrifolia peels biochar [56]. For Direct red 81 (DR 81)
adsorption, the following materials, among the others, were
used: neutral soil containing copper [57], native bamboo
sawdust [58], and citric acid modified bamboo sawdust [58].
However, in previous studies, sludge generated in water
purification processes was not used.

In addition, the research proposed an innovative
approach to the use of impedance measurement as one
of the ways to characterize the surface and material of the
adsorbent before and after the adsorption process.

Using impedance spectroscopy methods, it is possible
to analyze the condition of the material by the relationships
between it and measurable electrical and magnetic quanti-
ties. The parameter describing the material is the dynamic
magnetic permeability. Changes in dynamic magnetic
permeability can be studied indirectly when observing
changes in the impedance of the coil in which the tested
material is placed. The effective magnetic permeability is
presented as a complex quantity, characterizing the state
of the material in an alternating magnetic field, depending
on the diameter of the sample, the specific conductivity v,
magnetic permeability of material of the sample p, and the
frequency of the voltage excitation signal f. An empty test
coil with resistance Ro when connected to an AC voltage
source has impedance Z . Inserting the test material into the
coil, which acts as a core, causes the impedance to increase
to the value of Z. The R, component of the Z impedance
increases to the value of R.

2. Materials and methods
2.1. Characteristics of the adsorbates (dyes)
2.1.1. Methylene blue

Methylene blue (in this article referred to as MB) is a
dye called Basic blue 9 with C.I. number 52015. When dis-
solved in water, it gives a deep dark blue color. It is a cationic
dye belonging to the thiazine group. Its molecular weight
is 319.85 g/mol, and its molecular formula is C, ~H,N,CIS.
This dye is widely used in biochemical applications as well
as being used to treat anaemia and malaria, among others.
It is also used for coloring wool, cotton, paper, and silk [59].

2.1.2. Direct red 81

Direct red 81 (in this article referred to as DR 81) belongs
to the group of anionic azo dyes. It has two azo bonds in its
chemical structure. It is a compound with a molecular weight
of 975.6 g/mol and molecular formula C,H N.NaOS,.
Its C.I. number is 28160. This dye has an intense dark red
color in water solutions. It is widely used for coloring
cotton, and viscose and also for paper color [60].

2.2. Methodology of adsorbent preparation

The residuals (also called post-coagulation sludge)
formed during surface water treatment by volumetric
coagulation/flocculation were used in the experiments. In
this process, aluminum sulfate was used as a reagent. This
sludge was characterized by high hydration 99.8% and the
content of organic and mineral parts at the level of 51%
and 49%, respectively.
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The first step in the preparation of the adsorbent was the
dehydration of the collected residuals to a dry matter con-
centration of 25% using a filter press. Then, the sludge was
dried in a laboratory drier at 105°C and crushed into grains
<0.25 mm in diameter. The sludge prepared in this way
was used as an adsorbent in the batch adsorption process
of two synthetic dyes: Direct red 81 and Methylene blue.

2.3. Characterization of adsorbent

To demonstrate the surface structure of this adsorbent,
two types of microscopic images were taken (using a Delta
Optical Genetic PRO biological microscope at 100 times
magnification and scanning electron microscopy by using
an electron microscope the Phenom ProX — SEM). In the case
of using the biological microscope Delta Optical Genetic
PRO, samples of the adsorbent in the form of powder
were placed on a microscope slide and directly subjected
to observations. In the case of the electron microscope,
the procedure of analysis was the following: the prepared
powder was applied to a carbon tape glued to the micro-
scope stage. Then the stage was placed in the holder of the
electron microscope. The morphology and elemental com-
position of the samples were examined by scanning elec-
tron microscopy (SEM). Moreover, the Fourier-transform
infrared spectroscopy (FTIR) measurement was conducted
(using the Thermo Scientific™ FTIR Nicolet™ iS50 spec-
trometer) to determine the functional groups present on the
surface of the adsorbent, and the specific surface area was
measured using the N, adsorption at 77 K method (Gemini
VI of Micromeritics USA). The methodology of the specific
surface area measurement and the FTIR measurement is
the same as it was described in the paper by Pieczykolan
and Krzyzowska [38]. In the case of FTIR measurement, the
study with the Fourier-transform infrared spectroscope was
carried out in the attenuated total reflection mode. It allows
recording of the transmittance spectrum as a function of
the wavenumber in the range from 400 to 3,500 cm™. In the
case of specific surface area measurement before the mea-
surement, the adsorbent was dried at 105°C in the helium
flow for 5 h and then in the measuring station in vacuum
to the final pressure of 0.001 torr at room temperature for
2 h. The adsorbent prepared according to this procedure
was subjected to the N, adsorption at 77 K method using
Gemini VI of Micromeritics from the USA.

In addition, the impedance for the adsorbent was mea-
sured before and after the adsorption process using the
impedance spectroscopy method.

2.3.1. Methodology of impedance spectroscopy

The analytical consideration proposed by Forster and
the applications described in the paper [61] introduced the
concept of effective permeability u, and the assumption
that the real component R for an empty test coil is ignored.
Only the imaginary component wL, and the real com-
ponent R remain:

z
E=J(1fn+nu,usk) 1

0

The normalized impedance components are described
by Forster’s [61] formulas [Egs. (2) and (3)]:
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where 1 - coil fill factor, E and E; — induced voltages in the
coil with the core and the empty coil, y, - relative magnetic
permeability of the core, u, — effective magnetic permeabil-
ity depending, among other things, on the specific conduc-
tivity .

The coil fill factor is defined as the quotient of the
sample diameter DP to the diameter of the circular coil D_.

D} (4)

n - DS@
Forster proposed that the normalized impedance com-
ponents be determined for each frequency f across the test

These three parameters in a three-dimensional space
form characteristics depict the state of the material’s
physical parameters at a given moment in time.

The change in material properties is observed by com-
paring the characteristics of the adsorbent before adsorp-
tion with the adsorbent after adsorption of the dye at a
given measurement frequency interval.

The examined adsorbent in the form of powder was
placed inside the measuring coil in a suitable cuvette. The
measuring coil was connected to an Agilent 4294A pre-
cision impedance analyzer. Tests were carried out in the
frequency range of the signal applied to the sample from
40 Hz to 200 kHz and results were recorded for adsorbent
before adsorption and adsorbent after MB adsorption,
adsorbent after DR 81 adsorption samples.

2.4. Methodology of batch adsorption experiments

The experiments were conducted in three stages. At
first, the determination of pH value on process efficiency
was examined. The next step was to determine the effect of
contact time on the adsorption efficiency. At this stage, the
adsorption kinetics was also analyzed. The last, and third
stage of the research were experiments related to the deter-
mination of the adsorption isotherm. Based on the results of
this stage, the fit of five models of adsorption isotherms to
the experimental results was analyzed. All dye adsorption
experiments were conducted three times, using the same
process conditions. The obtained concentration values are
the arithmetic mean of the results obtained in triplicate.

The efficiency of the adsorption process was assessed
based on the value of the amount of the dye adsorbed per
unit of adsorbent g, [Eq. (5)] and based on the effective-
ness of dye removal from the aqueous solution & [Eq. (6)].
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where g, — the amount of dye adsorbed (mg/g), C, - the
dye concentration at equilibrium (mg/dm?®), C, - the initial
dye concentration (mg/dm?®), m  — the amount of adsorbent
(g/dmd).

2.5. Effect of pH value

The first stage of the studies was connected with the
determination of the influence of the pH of the dye solu-
tion on the effectiveness of the adsorption process. At this
stage, the most favorable pH value was determined, at
which the highest efficiency of dye adsorption was obtained.

For this purpose, a series of experiments were carried out
in which five different pH values: 2, 4, 6, 8, and 10 were used,
while constant values of the initial concentration of the dyes
(C,=50 mg/dm?), the constant amount of adsorbent (2 g/dm?)
and a constant contact time (¢ = 60 min) were applied. The
dye solution of 50 cm?® with a specific pH value was intro-
duced into 250 cm? conical flasks (the required pH value was
adjusted with either 50% H,SO, or 5% NaOH). The adsor-
bent was added to these solutions, the flasks were placed
on a laboratory shaker (GFL 3005) and shaken for 60 min.
After this time, the adsorbent was separated from the dye
solutions by centrifugation, and the final concentrations of
the dyes were measured. The concentration of the dyes was
determined using the colorimetric method by measuring
the absorbance of the solutions using the WTW SpectroFlex
6100 spectrophotometer (based on the previously prepared
standard curves and at appropriate wavelengths — for
DR 81 dye A =498 nm, for MB dye A =582 nm).

2.6. Effect of contact time

To determine the effect of the contact time on adsorp-
tion effectiveness a series of experiments were conducted
for two different initial concentrations of the dyes (100 and
500 mg/dm?®) and for different contact times in the range
of 5-180 min. In those experiments, a constant pH value of
adsorption (determined based on the results of the first stage
of the studies) and a constant amount of adsorbent (2 g/dm?)
were used. The methodology of conducting the process
was the same as in the case of determining the influence
of the pH value on the effectiveness of the process.

2.7. Kinetics studies

To examine the type of adsorption process, the results
obtained in the second stage of the studies (connected with
determining the impact of contact time on the effective-
ness of the process) were analyzed in terms of determin-
ing the adsorption kinetics. Three models of kinetics were
analyzed: pseudo-first-order [Eq. (7)] [62], pseudo-second-
order [Eq. (8)] [63], and Elovich [Eq. (9)] [64,65]. The val-
ues of parameters of those kinetics models were estimated

using non-linear regression by minimizing the error value
RMSE [Eq. (11)] using Microsoft Office 365 Solver add-in.

In addition, the intraparticle diffusion model [Eq. (10)]
was analyzed to understand the adsorption mechanism
[66,67]. The parameters of this model were determined by
linear estimation by preparing plot g, vs. t° [68].

q,=4, ~(1—exp(—k1 t)) 7)
_ qez 'kz 't
q[_1+qg-k2~t ®
1
q,:g.ln(na.b-t) ©)
q, = Kipp - "+ C (10)
L 2
RMSE = \/7’1 -2 ;(qc,exp - qs,calc )i (11)

where g,—the amount of dye adsorbed after each contact time
(mg/g), q, — the amount of the adsorbed dye at equilibrium
state (mg/g), k, — the constant rate of the pseudo-first-order
model (1/min), k, — the constant rate of the pseudo-second-
order model (g/(mg'min)), a — regarded as the initial sorp-
tion rate (mg/(g:min)), b — constant related to the extent of
surface coverage, t — contact time (min), Dooxp ~ the amount
of dye adsorbed during the experiments (mg/g), 4, ., — the
estimated value of the amount of dye adsorbed (mg/g), K,
— the intraparticle diffusion rate constant (mg/(g-min®?)),
C - a constant depicting the boundary-layer effects (mg/g).

2.8. Adsorption isotherm studies

In the third stage of studies, the experiments were car-
ried out to determine the adsorption isotherm. In this case,
for the constant contact time of the adsorbent with the
dye, the constant values of pH, and the constant amount
of adsorbent, different values of the initial concentration of
dyes in the range of 50-2,000 mg/dm? were used. The values
of pH and contact time were determined as a result of the
first and second stages of studies. All adsorption isotherm
studies were conducted at one temperature equalled 20°C.

All of the isotherm’ models, their formulas, and
parameter definitions are included in Table 1.

The results of this stage of experiments were applied to
analyze the fit of five models of adsorption isotherms and
to choose the model that best describes the experimen-
tal data. For this purpose, a non-linear regression method
based on minimizing the error RMSE [Eq. (11)] was used.
Moreover, the degree of fit of each isotherm model to the
experimental data was determined based on the calculated
correlation coefficient R%.

In addition, the maximum adsorption capacity, adsorp-
tion energy, degree of heterogeneity of the system, and the
type of adsorption process were estimated, through analy-
sis of the values of determined parameters of adsorption
isotherms.
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Table 1
Isotherm” models

Isotherm model Non-linear formula References
Freundlich q,=K.-C”" [69]
L . _ qm ) KL ) Ce 70
angmuir q. = —1+KL . [70]
Jovanovic e = Tmax '[1 —exp(—K, G )} (71]
qe = Qs 'EXP(—KDR : 82)
e=RT:In| 1+ i
Dubinin-Radushkevich C, [72]
E=
2-Koe
. Ims 'Ks 'Ces '
—JdmS S e 7
Sips 9. 1+K,-C” (73]

g, — the amount of dye adsorbed per gram of the adsorbent at equilibrium (mg/g); C, — the equilibrium dye concentration (mg/dm?);
K, - Langmuir isotherm constant (dm*mg); g, — maximum monolayer capacity in Langmuir model (mg/g); n — Freundlich isotherm constant
related to the heterogeneity of the process (-); K, — Freundlich isotherm constant connected with relative adsorption capacity [(mg/g)(L/mg)""];
Q, - theoretical isotherm saturation capacity in Dubinin-Radushkevich model (mg/g); K, — the Dubinin-Radushkevich model constant
related to the adsorption energy (mol?/k]J?); E — average free energy adsorption (kJ/mol); € — Polanyi adsorption potential; R — universal gas
constant; T - temperature (K); K, - Jovanovic isotherm constant related with adsorption energy (dm?/g); 4, — maximum adsorption capacity
in the Jovanovic model (mg/g); 4, — maximum monolayer adsorption capacity in Sips model (mg/g); K — constant related with energy of
sorption and affinity of the system (dm?/mg); SP — constant which represents the heterogeneity of the process (-).

3. Results and discussion
3.1. Characteristic of the adsorbent
3.1.1. Textural characterization

The general image of the adsorbent, when a hundred
times magnification was used, is shown in Figs. 1-3. The
adsorbent before the adsorption process is shown in Fig. 1.
It can be seen that it is light brown in color and its surface is
relatively highly differentiated. The next two figures show
the adsorbent after the adsorption process of the two tested
dyes: MB (Fig. 2) and DR 81 (Fig. 3). A significant change in
the color of the used adsorbent is visible — after the process,
it took on the color of the removed dye. In the case of MB
adsorption, the adsorbent has an intense blue color after
the process, and for DR 81 — intense red. This confirms that
the process of adsorption or stopping of dye molecules on
the surface of the tested adsorbent took place in the con-
ducted experiments.

Fig. 4 shows the surface structure of the adsorbent
by using SEM when two different image magnifications
are applied. In Fig. 4a, the image shows the adsorbent at
1,250 times magnification, and in Fig. 4b — at 10,000 times
magnification. Analyzing the obtained SEM images, it can
be observed that the adsorbent has a relatively slightly
corrugated surface. It can also be seen that the porosity of
this material is not very high. The surfaces of the adsorbent
grains are relatively flat with small depressions. However,
the measured Brunauer—-Emmett-Teller (BET)-specific sur-
face area was 142.8651 m?/g. Therefore, the specific surface

Fig. 1. Microscopic image of adsorbent before the adsorption
process.

area of the tested adsorbent is relatively small but compa-
rable to adsorbents obtained from such waste materials
as, for example, non-activated carbonized sewage sludge
(non-activated carbonized sewage sludge 202 m?/g [74]),
biochar derived from mango leaves (168.23 m%g [37]). The
value of BET of tested adsorbent is relatively slightly smaller
than the surface of adsorbents obtained from activated
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Fig. 2. Microscopic image of adsorbent after Methylene blue
adsorption.

Fig. 3. Microscopic image of adsorbent after Direct red 81
adsorption.

sludge subjected to various processes of carbonization and
chemical or physical activation (surplus biological sludge -
253 m?/g [75]) or adsorbents generated from textile sewage
sludge (310-336 m*/g [76]).

3.1.2. FTIR measurements

The results of the FTIR measurement for the adsorbent
are shown in Fig. 5. By analyzing the graph of the depen-
dence of the transmittance on the wavenumber, the pres-
ence of the following functional groups on the adsorbent
surface was found: groups with C=C or C=N bonds; O-H
and C=N bonded groups; C-O or C-O-C groups. A detailed
analysis of the FTIR measurement results made for this
sorbent is described in the publication by Pieczykolan and
Krzyzowska [38].

3.1.3. Impedance spectroscopy

The frequency characteristics of inductance L, and resis-
tance R, in series, as well as impedance modulus Z and
phase shift angle 0 were recorded.

100

C-0-C

or
75 C=N

Transmitance [%]
]

4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavenumber [cm™]

Fig. 5. Fourier-transform infrared spectroscopy measurement.

Fig. 4. SEM images of adsorbent before the adsorption process with a magnification of: (a) 1,250 times and (b) 10,000 times.
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The changes due to the differences between the adsor-
bent before adsorption process and adsorbent after MB
and DR 81 adsorption are analyzed (Fig. 6).

According to Egs. (2) and (3), and after taking into
account the filling factor n) [Eq. (4)], the changes in the real
and imaginary part of the normalized components of imped-
ance were determined, which made it possible to determine
the dynamic values of the effective magnetic permea-
bility and specific conductivity of the material (Fig. 6).

The measurement frequency interval from 123 to
135 kHz reveals significant changes in impedance compo-
nents and changes in electrical and magnetic parameters.
No changes of a similar nature were registered in the high
measurement frequency intervals.

The analysis of the absolute changes in the impedance
components shows that the influence of the dyes used in
the process varies, as presented in Fig. 7.

Significant changes in the normalized real component
of the impedance can be seen, which directly indicates the
electrical conductivity. A decrease in the value of the real
component indicates that the MB dye deteriorates the elec-
trical properties, and the DR 81 dye improves them. Thus,
the effect of the dye on the electrical properties of the
adsorbent requires further electrical studies.

°
o
3 o
S
-l
3 ®
0,84 4
O adsorbent before adsorption o
® adsorbent after MB adsorption
® adsorbent after DR 81 adsorption
]
0.6 T T T T T T T T T T
0,0 0.1 0.2 03 04 05
R-Ro/olLo

Fig. 6. Characteristics describing the direction of changes in the
impedance component values in relation to the base material.
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Changes in the normalized imaginary component of
the impedance are negligibly small and indicate that there
is no significant change in magnetic permeability.

3.2. Effect of pH

The conducted experiments showed a very significant
influence on the efficiency of the pH value at which the
adsorption process was carried out. Two dyes of different
characteristics were used in the tests: anionic DR 81 and
cationic MB. This difference had a very large impact on the
most favorable pH value, at which the highest efficiency of
each dye removal was achieved.

During the adsorption of DR 81 onto the adsorbent, a
very substantial influence of the pH value on the removal
efficiency was noted (Fig. 8a). It was observed that only the
use of a very low pH value contributed to adsorbing the DR
81 dye on the surface of the adsorbent. At pH 2, the high-
est degree of DR 81 removal £ was obtained, amounting up
to 99.8%, and the concentration of the dye decreased from
the initial value of 50 up to 0.12 mg/dm?. Using pH values
higher than 2, the efficiency of the process £ decreased to
approx. 77.0% (DR 81 concentration after the adsorption
process was in the range of 11.3-11.7 mg/dm?).

In the case of MB, the pH value also had an important
impact on dye removal. However, no such huge differences

12
wl/owLo

AR/wLo

T
e,
— I

1,0

08

086

0,4

0.2

0,0

adsorbent after
DR 81 adsorption

adsorbent before
adsarption

adsorbent after
MB adsorption

Fig. 7. Changes in the normalized impedance components for
one of the points of the maximum detection sensitivity area.
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Fig. 8. Effect of pH value on dye concentration and efficiency of the process for: (a) Direct red 81 and (b) Methylene blue.
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in effectiveness were noted when different pH values were
used. The greatest degree of dye removal was £ =90.0% and
it was obtained when the pH value equalled 10 (Fig. 8b).
The dye concentration after the process was 5 mg/dm?.
Using smaller pH values, a lower efficiency of the pro-
cess was observed — as the pH value decreased from 8 to
2, the value of dye removal £ gradually decreased from
85.0% to 81.9%.

The observed differences in changes in effectiveness with
a change in pH value may indicate that the surface charge
of the tested adsorbent was negative. Therefore, in the case
of the cationic MB dye, increasing the pH did not result in
such a significant increase in effectiveness as in the case of
the DR 81 anionic dye. In this case, only the use of a strongly
acidic adsorption environment resulted in the adsorption
process — it was caused by the phenomenon of surface pro-
tonation, which caused the surface charge of the adsorbent to
assume a positive value.

The conducted tests also showed that when using the
most favorable pH value for each dye (for DR 81 pH = 2.0,
and for MB pH = 10.0), a higher value of adsorbed dye
was obtained for DR 81 (g, = 24.9 mg/g) than for MB
(g, = 22.5 mg/g). However, in the case of DR 81, the use of a
pH above 2 resulted in a decrease of the adsorbed amount
of dye to approx. 19.3 mg/g regardless of the pH used
(Fig. 9a). In contrast, during the adsorption of MB, the dif-
ference in the amount of adsorbed dye was not so signifi-
cant and decreased from 22.5 mg/g for pH 10 to the level in
the range of 20.5-21.3 mg/g for pH in the range 2-8 (Fig. 9b).
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3.3. Effect of contact time

Experiments connected with determining the impact of
contact time on the effectiveness of the adsorption process
were carried out for the following process parameters:

e for MB: pH = 10, C, = 100 and 500 mg/dm?® amount of
adsorbent =2 g/dm?,

¢ for DR 81: pH =2, C, = 100 and 500 mg/dm?® amount of
adsorbent =2 g/dm?®.

The conducted studies showed that for both dyes,
the adsorption process proceeds the fastest in the first
minutes (Figs. 10 and 11).

In the case of the MB, after the first 5 min of contact time,
the final concentration of the dye was significantly decreased
for both initial concentrations (Fig. 10b). Extending the con-
tact time didn't significantly contribute to the decrease in
the value of the concentration. In addition, in the case of
MB, it can be observed that the dye removal efficiency &
was similar for both initial concentrations, when the con-
tact time was longer than 5 min — it was at the level of 84%-—
89% and 78%-81% for the initial concentration of 100 and
500 mg/dm?, respectively (Fig. 10a).

In the case of the DR 81, also after the first 5 min of con-
tact time, the greatest decrease in concentration in the solu-
tion was observed (Fig. 11b). In this case, however, extending
the time resulted in a further decrease in the concentration of
DR 81, but these changes were much smaller in comparison
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Fig. 9. Effect of pH value on the amount of dye adsorbed for: (a) Direct red 81 and (b) Methylene blue.
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Fig. 10. Effect of contact time for Methylene blue: (a) removal efficiency and (b) final dye concentration.
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Fig. 11. Effect of contact time for Direct red 81: (a) removal efficiency and (b) final dye concentration.

with the initial 5 min. Moreover, more significant differences
in the degree of dye removal were observed depending on
the initial concentration (Fig. 11a). For the concentration
of 100 mg/dm? almost complete removal of the dye was
obtained after 60 min of contact, while for the concentration
of 500 mg/dm?, the time needed to obtain the highest degree
of removal was 120 min. Therefore, based on the obtained
test results, 30 min was established as the most favorable
contact time for MB and 90 min for DR 81.

Analyzing the obtained results of the impact of con-
tact time on the process efficiency, it can also be observed
that a very high removal efficiency was obtained for both
dyes, with a slightly higher degree of removal for DR 81.

The results of the impact of contact time on the effec-
tiveness of dye removal obtained in the conducted research
correspond to the results of other researchers. A similar effec-
tiveness of MB and DR 81 removal depending on the con-
tact time was reported in studies using calcined magnesite
as an adsorbent [65]. Also in this case, for MB, the stabiliza-
tion of the dye removal degree at a quite similar level took
place earlier than for DR 81. For DR 81, bamboo adsorbent
and treated bamboo sawdust were used for the adsorption of
this dye [58]. The results of those tests indicated that a period
of about 70-80 min was still necessary for the degree of dye
removal to stabilize. In contrast, the conducted MB adsorp-
tion studies on the adsorbent derived from Argania spinosa
showed, similarly to the studies described in this publication,
that a relatively short contact time of 30 min was required
to achieve stable values of the degree of removal, regard-
less of increasing the contact time [77]. However, in the
case of studies conducted by Pieczykolan and Krzyzowska
[38] with the use of dried water treatment residuals for the
adsorption of the Reactive blue 81, a time of 90 min was
necessary to achieve a stable efficiency of removing this dye.

3.4. Kinetic studies

The results of the experiments carried out in the second
stage were used to determine the parameters of three mod-
els of adsorption kinetics. Based on the estimation results,
it was also determined which of the analyzed kinetics
models describes the best experimental data results (based
on the determined value of the correlation coefficient R?).

The results showed that for both dyes, the model
of adsorption kinetics, for which the highest degree of

adjustment to the experimental results was obtained, is the
Elovich model. In the case of DR 81, R?> was 0.949 and 0.741
for the initial dye concentration of 100 and 500 mg/dm?
respectively (Table 2). For the MB, the values of R* were
0.963 and 0.938 for the initial dye concentration of 100 and
500 mg/dm?®, respectively. In the case of pseudo-second-or-
der kinetics, a relatively high degree of fit of this model to
the results obtained in the tests was obtained for the initial
concentrations of dyes equal to 100 mg/dm? (for both dyes).
However, when higher concentrations were used, the degree
of fit of this model expressed by the value of R* decreased
significantly.

The studies showed that with the increase in the initial
concentration of both dyes, the constant-rate in the pseu-
do-second-order kinetics model decreased (Table 2). This
phenomenon may result from the greater competition faced
by dye molecules for unoccupied active sites at higher
concentrations, causing less dye adsorption, hence low
k, values [78].

While analyzing the determined values of the amount of
the adsorbed dye at equilibrium state g, it can be seen that
the values were more similar to the experimental data for the
pseudo-second-order model than for the pseudo-first-order
model. For example, for the MB at the initial concentration
of 100 mg/dm’, the estimated g, was 43.8 and 44.3 mg/g for
the pseudo-first-order and pseudo-second-order models,
respectively, while the g, value obtained as a result of the
experiments was 44.6 mg/g.

Estimated values of adsorption rate constants in the
Elovich model (as well as from pseudo-second-order) indi-
cate that higher values were obtained for the adsorption pro-
cess of the MB than for the DR 81. In addition, in the case
of MB, the use of a higher initial concentration resulted in
a very significant increase in the adsorption rate, which
may be related to the expected surface electrical charge
of the tested adsorbent (studies of the effect of pH on the
adsorption efficiency indicated that the surface charge of
the adsorbent may be negative). Thus, the obtained results
of the analysis of the three selected kinetics models indicate
that chemical adsorption for both dyes occurred. Both the
pseudo-second-order model and the Elovich model are used
to describe the kinetics of the chemical adsorption process
[79-83]. Elovich kinetic model is used to describe the rate of
adsorption that decreases exponentially with an increase in
the amount of adsorbate [83,84].
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Table 2
Parameters of adsorption kinetics

Kinetics model Initial dye Parameter Unit Dye
concentration Direct red 81 Methylene blue
k, 1/min 0.3265 0.6120
100 mg/dm? q, mg/g 471 43.8
R? 4 42
Pseudo-first-order . 0.459 0.428
k, 1/min 0.4810 0.6120
500 mg/dm? q, mg/g 203.9 198.9
R? 0.140 0.234
k, g/(mg-min) 0.0136 0.0639
100 mg/dm? q, mg/g 49.1 44.3
R? 0.811 0.855
Pseudo- d-ord
seudorsecond-order k, g/(mg-min) 0.0056 0.0312
500 mg/dm? q, mg/g 210.0 199.5
R? 0.400 0.605
a mg/(g-min) 1.587105 2.441021
100 mg/dm? b g/mg 0.314 1.218
Elovidh R? 0.949 0.963
ovie a mg/(g-min) 4.053107 4591040
500 mg/dm? b g/mg 0.093 0.488
R? 0.741 0.938
55 250
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Fig. 12. Intraparticle diffusion plot for Direct red 81: (a) 100 mg/dm?® and (b) 500 mg/dm®.

The results of the analysis of models of adsorption kinet-
ics obtained in these experiments are similar to the results
obtained in adsorption processes using other types of adsor-
bents. Concerning MB, in the case of adsorption of this dye
onto acid washed black cumin seed powder material [85],
adsorption onto modified activated carbon by carboxylic
group (—COOH) via AC mechanical attrition [86], adsorp-
tion onto multiwalled carbon nanotubes functionalized
with L-tyrosine [79] as well as adsorption on hollow silica
nanoparticles [87] also obtained the best fit of the pseudo-
second-order kinetics model, as was achieved in the
studies described in this article.

In the case of the DR 81, similar results to those obtained
in this article, in which the pseudo-second-order kinet-
ics model well described the experimental results, were
obtained when Argemone mexicana seeds [50], or native and
citric acid modified bamboo sawdust [58], or soy meal hull
[88] were applied as adsorbents.

Based on analyzing the results of the intraparticle dif-
fusion model, the adsorption mechanism for both tested
dyes can be concluded. Plots of g, = f(t*°) were made for both
dyes and both initial concentrations (Figs. 12 and 13). For
the lower initial concentration of 100 mg/dm?, a clear divi-
sion into two stages was observed for both dyes, with the
first stage being much sharper than the second. However,
when higher values of the initial concentration were used
for both dyes, the division into two stages on the graph is
much less visible.

However, in general, two stages can be distinguished
in the intraparticle diffusion model plots for both dyes.
The first portion (sharpened portion) of the curve shows the
film diffusion process, in which dye molecules move to the
vicinity of the adsorbent surface from the depth of the solu-
tion. This process is also called outer diffusion [89-91]. The
second stage, which is visible in the graphs, illustrates the
process of inner diffusion, also called intraparticle diffusion.



B. Pieczykolan, B. Solecka / Desalination and Water Treatment 305 (2023) 201-216

In this stage of adsorption, dye molecules move from the
external surface of the adsorbent into its pores [89,92]. In the
case of an adsorption process, typically this second step is
the rate-limiting one for the entire adsorption process. In the
case of the conducted experiments, for the initial concentra-
tion of 100 mg/dm?, the adsorption rate determined from
the intraparticle diffusion model is much lower for the sec-
ond stage — that is, for the inner diffusion process (Table 3).
In the case of the DR 81 dye, the difference of the adsorp-
tion rate between the first and second stage was almost
nine times. For the MB dye, that difference was slightly
less significant — the K, value decreased by approx. 5 times.

It was also noted that the duration of the first stage (outer
diffusion) and the second stage (inner diffusion) for both
dyes is very similar. In the case of MB for the initial concen-
tration of 500 mg/dm? and the dye DR 81 and both exam-
ined initial concentrations, the duration of each stage was
60 min. Only for MB and the initial concentration of 100 mg/
dm?, the duration of the second stage was longer by 15 min
than the duration of the first stage. This phenomenon proves
that in the case of adsorption of the tested dyes, not only
inner diffusion but also outer diffusion played an important
role in the rate of adsorption.

In the intraparticle diffusion model, the C parameter
defines the influence of the boundary layer on the adsorp-
tion process. The higher the value of this parameter, the
more significant the influence of the boundary layer on
the speed of the external mass transfer process — because
the thickness of the boundary layer increases [93-95]. In the
studies, the value of parameter C was always greater than
zero, with much higher values obtained for experiments in
which the initial concentrations of dyes were 500 mg/dm?.
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The tests also showed that slightly lower C values were
obtained for the DR 81 than for MB.

3.5. Adsorption isotherm studies

The results of adsorption isotherm experiments showed
that the Jovanovic isotherm model is the model with the
highest degree of matches to experimental data for both
dyes — the value of R? was 0.992 and 0.989 for DR 81 and
MB, respectively (Table 4). A slightly lower degree of fitting
was obtained for the Langmuir and Sips isotherm mod-
els. The Jovanovic isotherm model is essentially the same
as that considered by Langmuir and describes localized
monolayer adsorption without lateral interactions. It does,
however, assume a further assumption related to the likely
mechanical contact between adsorbate and adsorbent [96,97].

When analyzing the value of the maximum monolayer
capacity determined from the Jovanovic model (g, ), it was
noted that similar values of this parameter were obtained
for both dyes, with a slightly higher value obtained for DR
81 adsorption — g, were 871.61 and 823.06 mg/g for DR
81 and MB, respectively. However, the value of maximum
monolayer adsorption capacity g, . determined from the
Sips model also indicates that its value was higher for the
DR 81 dye than for MB, however in this case the difference
between these values is almost two times.

Also, the K, parameter in the Freundlich model is a
constant related to the relative adsorption capacity [98,99].
The K, values obtained by estimation also indicate that a
higher adsorption capacity was obtained for the DR 81 dye
- the K, value was equal to 10.504 [(mg/g)(L/mg)""] and
7.707 [(mg/g)(L/mg)""] for DR 81 and MB, respectively.
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Fig. 13. Intraparticle diffusion plot for Methylene blue: (a) 100 mg/dm?® and (b) 500 mg/dm?®.
Table 3
Parameters of the intraparticle diffusion model
Parameters Type of dye
Direct red 81 Methylene blue
100 mg/dm?® 500 mg/dm?® 100 mg/dm? 500 mg/dm?®
First stage  Second stage First stage Second stage Firststage Second stage Firststage Second stage
1D 1.5451 0.1756 2.1491 5.4706 0.478 0.0982 0.6976 0.5901
C 36.427 47.643 182.57 157.45 40.819 43.349 193.02 194.08
R? 0.972 0.667 0.845 0.886 0.988 0.853 0.988 0.973
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The parameter 1/n in the Freundlich model indicates
the heterogeneity of the system, the lower the value of
this parameter, the greater the heterogeneity of the system
[99,100]. Also, the value of the SP constant in the Sips iso-
therm model determines the degree of heterogeneity of the
adsorbent surface — the closer the value of this parameter
to 0, the greater the heterogeneity of the adsorbent surface
[101,102]. In the case of the Sips model, high values of the SP
parameter, very close to, or even equal to 1, were obtained
for both dyes (Table 4). This indicates a small heterogeneity

Table 4
Values of isotherm parameters obtained during estimation

or even homogeneity of the surface of the adsorbent. Also,
the values of the 1/n parameter in the Freundlich model
for both dyes were high and relatively close to one.

In the Langmuir model the K, parameter, in the Jovanovic
model the K, parameter, and in the Sips model the K; param-
eter are constants related to the free adsorption energy.
These parameters also indicate an affinity for the surface
[96,98,103-105]. When analyzing the obtained estimation
results, it was noted that in the case of the Jovanovic and
Langmuir models, the K, and K, parameters have very
similar values for both dyes (Table 4). This proves that the
adsorption energy for both dyes is similar. However, in the
case of the Sips model, the value of the K, parameter was
higher for DR 81 adsorption than for MB, but the difference
in the value of this parameter was relatively small. Based on
the obtained results, it can also be concluded that both dyes
have a similar affinity to the surface of the adsorbent used

Table 5 presents exemplary results of removing MB and
DR 81 when various types of waste-adsorbents were used.
In the case of the DR 81, the determined adsorption capac-
ity of the adsorbent (described in this publication) is much
higher than the values obtained in the tests listed in Table 5.
This value is almost three times higher than the adsorption
capacity obtained when using magnetic graphene oxide
coated with branched polyethyleneimine nanocompos-

Also, in the case of the cationic dye (MB) used in the
tests described in this publication, the adsorption capac-
ity is much higher than the adsorption capacities listed in
Table 5 obtained in the adsorption process using various

Batch adsorption experiments connected with the
application of the water treatment residuals, named also
post-coagulation sludge, as an adsorbent for MB and DR
81 removal were carried out. For both dyes, a significant
influence of the pH value on the efficiency of the process
was noted. In the case of MB, significant adsorption effi-
ciency was obtained at neutral and alkaline pH (the highest

Isotherm Parameter Type of dye
model Direct red 81 Methylene blue
1/n 0.659 0.707 in the tests.
Freundlich K, 10.504 7.708
R? 0.988 0.976
RMSE 24.59 31.63
q, 1,333.4 1,298.9
. K 0.0018 0.0018
Langmuir L
R? 0.991 0.988
RMSE 25.31 22.57
g 871.6 823.1 ite as an adsorbent.
Jovanovic K, 0.0026 0.0027
R? 0.992 0.989
RMSE 25.38 20.75
Q, 361.6 58.6 waste adsorbents.
Dubinin- Kior 0.39968 2700.71
. E 1.12 0.01
Radushkevich R2 0.156 0.946 4. Conclusions
RMSE 203.02 61.01
G 24755 1,298.9
K, 0.0024 0.0018
Sips SP 0.8005 1
R? 0.990 0.988
RMSE 23.47 22.57
Table 5

Sorption capacity for Methylene blue and Direct red 81 obtained while using different kinds of adsorbents

Dye Type of adsorbent Adsorption capacity References
Direct red 81 Natural adsorbent, Argemone mexicana 2.4-6.9 mol/g [50]
Direct red 81 Magnetic graphene oxide coated with branched polyethyle- 284.3 mg/g [106]
neimine nanocomposite

Direct red 81 Neutral soil containing copper 26.2 mg/g [57]
Direct red 81 Native bamboo sawdust 6.43 mg/g [58]
Direct red 81 Citric acid modified bamboo sawdust 13.83 mg/g [58]
Methylene blue Organo modified clay 399.74 micromole/g [53]
Methylene blue Hybrid sorbents synthesized from technical lignin’s and silica 60 mg/g [54]
Methylene blue Biochar from lychee seed 124.5 mg/g [55]
Methylene blue Garlic straw (GS) prepared from agricultural waste 256.41 [107]
Methylene blue Kaolin 29.85 mg/g [108]
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efficiency was obtained for pH 10), while for DR 81, only the
use of strongly acidic process conditions allowed adsorbing
this dye. The studies of the impact of the contact time on
the adsorption efficiency showed that the required contact
time for MB was three times shorter (30 min) than for DR
81 (90 min). The experimental kinetics data for both dyes
were well represented by Elovich and pseudo-second-or-
der kinetics. This suggests a chemical adsorption process.
In addition, the adsorption rate constant was much higher
for MB adsorption than DR 81 — such a relationship was
obtained in all analyzed models of kinetics. The equilibrium
isotherm data analysis showed that the Jovanovic model and
the Sips model had the best fit for the experimental results.
The maximum adsorption capacity determined based on the
Jovanovic model was similar for both tested dyes and was
871.6 and 823.1 mg/g for DR 81 and MB, respectively. The
obtained value of the K; parameter indicating the degree
of affinity of the substance to the adsorbent surface was
also similar for both dyes. The analysis of the determined
1/n values in the Freundlich model, as well as the values
of SP exponent in the Sips model, indicate that the tested
adsorbent was characterized by a relatively small surface
heterogeneity.

The conducted experiments showed that water treatment
residuals can be successfully used as an adsorbent and can
be an interesting alternative to expensive commercial adsor-
bents. However, further research will be needed to deter-
mine the reproducibility and stability of the efficiency of
this process. These studies will be a continuation and devel-
opment of the studies conducted so far.

The results of the studies of the use of waste material as
an adsorbent, proposed and described in the article, are part
of sustainable environmental processes. Environmental sus-
tainability consists in applying solutions aimed at improv-
ing the quality of human life in such a way as to minimize
and limit the negative impact on the earth’s ecosystem at
the same time. Concerning this assumption, the solution
proposed in the described studies reduces the negative
impact of human activity on the natural environment, as it
would reduce the consumption of natural resources used to
produce classically activated carbons used for wastewater
treatment in the adsorption process.

Moreover, the effective use of waste materials as adsor-
bents in the adsorption processes has a twofold beneficial
effect on the natural environment. The first benefit resulting
from the use of waste as a “raw material” for the produc-
tion of the adsorbent is the reduction of the consumption of
high-quality and expensive raw materials needed for the pro-
duction of commercial adsorbents appearing as classically
activated carbons. On the other hand, the second benefit is
the reuse of waste that has already been created, thus giving
them a “new life” in the service of environmental protection.
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