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a b s t r a c t
In the study, post-coagulation sludge was used in the sorption of the Helaktyn Blue F-2R. The sludge 
was subjected to: (1) drying, or (2) combusting, either (3) oxidizing with H2O2. The effect of pH, 
the effect of the contact time (and examining the adsorption kinetics), and the adsorption isotherm 
were examined. The parameters of selected models of adsorption isotherms (Freundlich, Langmuir, 
Jovanovic, Dubinin–Radushkevich, Sips, and Toth) were determined using nonlinear estimation. 
In the case of all sorbents strong acidic conditions were required for the adsorption process occur-
rence (pH 2). According to the sorption kinetics, for all sorbents, the pseudo-first-order model 
were matching the most to the experimental results, which suggests that the physisorption process 
occurred. Based on the examination of the intraparticle diffusion model, it can be concluded that the 
rate of the adsorption process was controlled to a greatest extent by the inner diffusion process than 
by the film diffusion process. The values of C for all sorbents in the intraparticle diffusion model 
were positive and greater than 0, which indicates that the intraparticle diffusion was not only the 
rate-controlling step. Based on the examination of different isotherms’ models, the greater sorption 
capacity was obtained for dried sludge, a little less for the oxidized sludge, and the smallest for 
combusted sludge. Moreover, the results indicate that the sorbent produced from combusted sludge 
had the greatest surface heterogeneity, while the lowest – the sorbent obtained from dried sludge.

Keywords:  Sorption process; Dye adsorption; Kinetics adsorption; post-coagulation sludge; Adsorption 
isotherm

1. Introduction

Coagulation is one of the most frequently used tech-
nological processes in the treatment of surface water. The 
reagent (called a coagulant) introduced into the treated 
water leads to the formation of a flocculent suspension 
as a result of a series of chemical reactions. This process 
removes colloidal particles, suspended solids, compounds 
that cause water turbidity and color, as well as organic 
compounds from the water. The sludge is characterized 
by an amorphous structure with a significantly developed 

specific surface. It is mainly composed of metal hydroxides 
precipitated from alum or iron reagents used in the coagu-
lation process. The characteristics and properties of post- 
coagulation sludge depend on the treatment technology 
used and the physicochemical composition of the treated 
water. This sludge mainly consists of water (hydration level 
up to 98% and above). In classical systems, the management 
of sludge, generated in the coagulation process, includes 
thickening, conditioning (with the possible recovery of alu-
minum compounds), dewatering, and final disposal [1–3].
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In recent years, research has been conducted on the 
use of residuals from water treatment in the production 
of building materials. De Carvalho Gomes et al. [4] used 
sludge from water purification by coagulation where fer-
ric chloride as a coagulant was applied. In their research, 
the water treatment sludge was subjected to the pyrolysis 
process at 700°C, and then it was used as a cement admix-
ture to obtain cement composites. Another example of 
using sludge from water treatment as an additive to build-
ing materials is an attempt to produce clay-free bricks [5]. 
In these studies, sludge from water treatment was used to 
produce clay-free bricks as the only ingredient in bricks 
but also in a mixture with glass powder and marble waste. 
Other studies showed that residuals from water treatment 
and waste bricks were used to produce new bricks [6]. 
Benlalla et al. [7] also used sludge from water treatment 
as complementary material to make ceramic bricks. In 
this case, the sludge came from a water treatment plant 
where the coagulation process was carried out with alu-
minum sulfates and cationic polyelectrolytes. Gomes 
et al. [8] used the sludge from the coagulation of water 
with iron chloride to produce cement paste.

There are also experiments aimed at using water treat-
ment residuals as a sorbent. An example may be the pro-
duction of granulated sorbent prepared by mixing chitosan 
with sludge (generated during the iron and manganese 
removal process) to remove arsenic(V) [9]. Another example 
is the removal of perchlorate by using sorbent made from 
the residual from drinking-water treatment. In that case, the 
sludge was generated during the treatment process where 
aluminum coagulant with a small amount of a copolymer 
of sodium acrylate and acrylamide were used [10].

Other waste materials can also be used to form adsor-
bents. Currently, a relatively wide range of research has 
been carried out on the use of sewage sludge as sorbent. 
Usually, sewage sludge is physically or chemically acti-
vated and then used in an adsorption process. An exam-
ple may be the use of chemical-activated sewage sludge 
with ZnCl2 and H2SO4, followed by pyrolysis at 450°C in a 
nitrogen atmosphere [11]. Liu et al. [11] used this sludge to 
adsorb the dye Reactive Brilliant Red X-3B. Björklund and 
Li [12] used the activated sludge collected from the oxy-
gen chamber of the municipal sewage treatment plant in 
their research. First, they used the chemical activation of 
the sludge with ZnCl2 and then subjected it to the pyroly-
sis process at 500°C. The prepared sludge-based activated 
carbon was used as a sorbent to remove eight hydropho-
bic organic compounds frequently detected in stormwa-
ter. Rozada et al. [13] used anaerobically digested sewage 
sludge. They chemically activated this pellet with H2SO4 
and then pyrolysed it under nitrogen at 625°C. The sorbent 
prepared in this way was used in the process of adsorp-
tion of methylene blue and saphranine dyes. In stud-
ies conducted by Pieczykolan and Płonka [14] the excess 
activated sludge was dried and grounded into powdered 
form and used for adsorption of two dyes: Acid Red 18 and 
Acid Green 16. Magnetite nanoparticles, which were pro-
duced by the chemical co-precipitation method and then 
modified [15], were also used to remove the Acid Red 18 
dye in the adsorption process. Whereas Ali et al. [16] pro-
duced activated carbon from pomegranate peel coated with 

zero-valent iron nanoparticles (nZVI). This sorbent was 
used for amoxicillin from an aqueous solution.

The publication describes the results of experiments 
on the use of the sludge (formed during water treatment 
by coagulation) in the adsorption process of the Helaktyn 
Blue F-2R. The post-coagulation sludge was subjected to 
thermal and/or chemical processes, as a result of which 
three different types of waste sorbents were obtained. 
In the studies described so far, few studies have been car-
ried out on the use of residuals from water treatment pro-
cesses to produce sorbets. Therefore, it was decided to 
use the sediment formed in the water treatment process 
for the adsorption of the dye. Moreover, so far no one has 
used in their research the methods of post-coagulation 
sludge preparation to produce sorbents that were used 
in the experiments described in this article.

2. Materials and methods

Sorption studies were carried out in a batch system 
using waste sorbents to adsorb the Helaktyn Blue F-2R 
(Boruta-Zachem, Poland).

2.1. Dye characteristic

Helaktyn Blue F-2R, called Reactive Blue 81 (C.I.18245, 
CAS 75030-18-1), with molecular weigh 808.49 and molec-
ular formula C25H14Cl2N7Na3O10S3 [17] was used in the 
experiments. It is a dye belonging to the group of reac-
tive dyes, the single azo class, which has groups such as 
chlorotriazine or epoxy in their molecules, which form a 
permanent bond with the fibers of dyed fabrics [18]. It is 
used for cotton fabrics, polyamide, wool dyeing, or foun-
tain of rolling dyeing [17]. The chemical structure of the 
Helaktyn Blue F-2R is given in Fig. 1.

This dye contains three sulfonate groups, the dichlo-
rotriazine, ring, and also the azo-group which connects to 
phenyl and naphthyl [19].

2.2. Sorbents preparation and their characteristics

Post-coagulation sludge from a surface water treatment 
plant coagulant was used as a waste sorbent. During the 
water treatment, the volumetric coagulation/flocculation 
process with the use of aluminum sulphate was applied. 
The sludge was characterized by a dry matter concentration 
of 11.5 g/kg, a dry mineral matter content of 49.0%, and a 
dry organic matter content – of 51.0%. The hydration of 
the used sludge was 99.8%.

The sludge, which was generated during the water 
treatment process, was separated from the treated water 
and subjected to a thickening process. Then, under labora-
tory conditions, the sludge was processed in three different 
ways, resulting in the production of three types of waste 
sorbents used in this study.

In the first case, the thickened sludge was dried to the 
constant weight at 105°C in a laboratory drier and then 
ground to a grain fraction <0.49 mm.

In the case of the second method, the sludge was dried, 
ground to a grain fraction <0.49 mm, and then combusted 
in a muffle furnace at 300°C for 60 min.
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In the last case, the dried and ground sludge was oxi-
dized with hydrogen peroxide. For this purpose, in an aque-
ous medium, the post-coagulation sludge was treated with 
H2O2 in the dose of 0.42 g H2O2/g of sludge for 24 h, then the 
sludge was washed with distilled water and dried again.

For all three types of sorbents, microscopic images 
were taken using the stereoscopic light microscope SteREO 
Discovery by ZEISS. For examination of the structure of the 
surface of each sorbent, the Brunauer–Emmett–Teller (BET) 
surface area, total pore volume, and average pore size diam-
eter were determined. For this purpose, the N2 adsorption at 
77 K was conducted (by using Gemini VI of Micromeritics 
USA).

Moreover, the Fourier-transform infrared spectroscopy 
(FTIR) measurement of sorbents was made using the Thermo 
Scientific™ FTIR Nicolet™ iS50 spectrometer, which allows 
for the identification of chemical bonds and functional 
groups present in the tested material. The study with the 
Fourier transforms infrared spectroscope was carried out in 
the ATR (Attenuated total reflection) mode, which allowed 
to record of the transmittance spectrum as a function of the 
wavenumber in the range from 400 to 3,500 cm–1.

2.3. Adsorption methodology

The batch sorption experiments were conducted in 
three stages: (1) determination of the reaction pH; (2) deter-
mining the impact of contact time; (3) determination of the 
adsorption isotherm.

In the case of the first stage of the studies, the effec-
tiveness of the sorption process was determined using 
five different pH values: 2, 4, 6, 8, and 10 when the con-
stant concentration of the dye (C0 = 700 mg/dm3), the con-
stant amount of sorbents (2 g/dm3) and a constant contact 
time were used. For this purpose, 50 cm3 of a dye solution 
with a defined concentration and an adjusted pH value 
were introduced into a 250 cm3 conical flask (the pH was 
adjusted with either 50% H2SO4 or 5% NaOH). To the sam-
ple prepared in this way, 0.1 g of sorbent was added and 
the whole was shaken on a laboratory shaker (GFL model 
3005) for a specified time. Then the sorbent was sepa-
rated from the dye solution and the concentration of the 
remaining dye was determined by the spectrophotometric 
method with the use of a standard curve. The absorbance 

measurement was performed on the WTW SpectroFlex 
6100 spectrophotometer. Based on the measurement of 
the concentration after the process and the value of the 
initial dye concentration, the amount of dye adsorbed by 
the unit mass of the sorbent was calculated [Eq. (1)].
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where qe is the amount of dye adsorbed (mg/g), Ce is the dye 
concentration at equilibrium (mg/dm3), C0 is the initial dye 
concentration (mg/dm3), msl is the amount of sludge (g/dm3).

In the second stage of the study, the experiments 
were carried out at a constant concentration of the dye 
(C0 = 700 mg/dm3), the constant amount of adsorbent 
(msl = 2 g/dm3) and at the constant pH (determined in the 
first stage of the research) using different contact times 
ranging from 5 to 120 min. The procedure for conducting 
the tests was the same as in the first part.

To examine the mechanism of the adsorption process 
three types of kinetic models were used: pseudo-first-order 
[Eq. (2)] [20], pseudo-second-order (eq. 3.) [21], and intra-
particle diffusion (eq. 4) [22]. To determine the parameters 
of pseudo-first-order and pseudo-second-order models, 
a nonlinear estimation was conducted by minimizing the 
RMSE (eq. 5) and chi-square (eq. 6) errors. For this pur-
pose, the MS Office 365 Solver add-in was used. For the 
determined parameters, the R2 values were calculated. 
The value of this coefficient gives information about the 
strength of the fitting of a kinetic model to the obtained 
experimental results.

In the case of the intraparticle diffusion model, the 
parameters were calculated using linear regression by 
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from the intercept of the regression line [23].
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where qt is the amount of dye adsorbed after each contact 
time (mg/g), qe is the amount of the adsorbed dye at equi-
librium state (mg/g), k1 is the rate constant of the pseu-
do-first-order equation (1/min), k2 is the constant rate of the 
pseudo-second-order equation (g/(mg·min)), t is the contact 
time (min), qe,exp is the amount of dye adsorbed during the 
experiments (mg/g); qe,cal is the estimated value of amount of 

Fig. 1. Structural formula of dye Helaktyn Blue F-2R [17].
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dye adsorbed (mg/g); KIPD is the intraparticle diffusion rate 
constant (mg/(g·min0.5)); C a constant depicting the bound-
ary-layer effects (mg/g).

In the third stage, for the adjusted pH of the reac-
tion and the contact time (in the second stage), a constant 
amount of sorbent was used, changing the initial concen-
tration of the dye. Based on the results obtained at this 
stage of the tests, graphs of the adsorption isotherms were 
made for each sorbent. Moreover, parameters of selected 
models of adsorption isotherms were calculated. Six dif-
ferent models were used: four two-parameter (Freundlich, 
Langmuir, Jovanovic, and Dubinin–Radushkevich) and 
two three-parameter (Sips and Toth). To determine the 
parameters of isotherms, nonlinear estimation was used 
by minimizing the RMSE error [Eq. (5)] and chi-square 
error [Eq. (6)] using the Microsoft Office 365 Solver  
add-in.

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

3. Results and discussion

3.1. Characteristic of adsorbents

3.1.1. Microscopic images

For all three types of sorbents, microscopic photos were 
taken using a stereoscopic light microscope. The analysis of 
these images shows that the lowest grain surface roughness 
was obtained for the sludge combusted at 300°C (Fig. 4). 
In the photo, the surface is slightly undulating and the 
smoothest. In the case of the sorbent obtained from the 
dried sludge, the surface of the grains is a bit more porous 
and folded than in the case of the combusted sludge (Fig. 2). 
The most developed surface of the grains was observed in 
the case of the sorbent obtained by oxidizing the sludge 
with hydrogen peroxide (Fig. 3). In this case, the sur-
face is very varied and undulating.

Such significant differences in the morphological struc-
ture of the obtained sorbents may affect the effectiveness 
of the adsorption process. In the case of sorbents, their sur-
face must be strongly unfolded and corrugated because it 

increases the value of the specific surface area of sorbents, 
expressed in m2/g of sorbent.

3.1.2. FTIR measurements

FTIR measurement was also conducted for tested sor-
bents. The transmittance graphs in the range from 400 to 
3,500 cm–1 of the wavenumber for each sorbent are shown 
in Fig. 5.

The obtained results of FTIR measurement indicate 
that the sorbent made of dried sludge had the highest 
humidity (water content – a wide transmittance band in 
the wavenumber range from 3,100 to 3,500 cm–1). This is 
evidenced by the occurrence of the smallest transmittance 
values in this wavenumber range (Fig. 5). The sludge 
oxidized with H2O2 (Fig. 5) was characterized by a slight 
amount of humidity – as evidenced by the low absorbance 
value in this wavenumber range. On the other hand, the 
sorbent obtained from the combusted sludge was charac-
terized by the lack of water in its structure (Fig. 5). For 
all sorbents, the transmittance peak at the wavelength of 
2,360 and 2,340 cm–1 was recorded. This proves the pres-
ence of triple bonds on the sorbent surface (groups with 
C≡C or C≡N bonds). The highest peak at both of those 
wavelengths was measured for the sorbent produced by 
oxidation of the post-coagulation sludge. Moreover, for all 
tested sorbents, transmittance peaks in the range of wav-
enumber 1,456–1,558 cm–1 were also noted. This indicates 
the presence of O–H and C=N bonded groups. Besides, 
also for all sorbents, there were transmittance peaks at a 
length of 668 cm–1. This again indicates the presence of the 
O–H groups or halogen compounds (C–Cl, C–Br, or C–I). 
In the case of the sorbent oxidized with H2O2, a wide trans-
mittance band was noted in the wavenumber range from 
1,000 to 1,100 cm–1. Such a band may indicate the presence 
of C–O or C–O–C groups on the sorbent’s surface [24–26].

3.1.3. Textural characterization

Based on the measurements of the specific surface 
and the porous structure of the tested sorbents, it can be 

Fig. 2. Microscopic image of dried sludge. Fig. 3. Microscopic image of H2O2 oxidized sludge.
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concluded that the largest value of BET surface, as well 
as Barrett–Joyner–Halenda (BJH) adsorption cumulative 
surface area of pores between 0.1000 and 300.0000 nm 
diameter and BJH desorption cumulative surface area 
of pores between 0.1000 and 300.0000 nm diameter, was 

obtained for the sorbent generated from the dried of 
post-coagulation sludge (Table 2). Slightly lower values 
of those parameters were obtained for the sorbent made 
of dried and oxidized with H2O2 sludge. In the case of 
the last third sorbent (obtained from the combustion of 
the post-coagulation sludge), the values of the BET sur-
face area and the cumulative surface area of pores were 
several times lower than in the case of dried sorbent. Also, 
in the case of cumulative volume pores between 0.1000 
and 300.0000 nm in diameter, the highest values were 
measured for the sorbent made from the dried sludge and 
made from the oxidized sludge. In the case of the last one, 
values of these parameters were again several times lower 
than for the other ones. However, in the case of the average 
pore size diameter for all three sorbents, the obtained val-
ues were similar, ranging from 3.4056 to 5.1152 nm in the 
case of the BJH adsorption and BJH desorption method. In 
the case of adsorption average pore width (4V/A by BET), 
these values ranged from 1.81785 to 1.85812 nm. Therefore, 
the conducted analysis shows a significant influence 
of the combustion process on the porous structure and 
the size of the specific surface area. The combustion 
of the sludge contributed to decreasing the porous struc-
ture of the sorbent and therefore to decrease the specific  
surface area.

Table 1
Isotherm’ models

Isotherm model Nonlinear formula Definitions of parameters

Freundlich q K Ce F e
n� �

1

qe is the amount of dye adsorbed per gram of the adsorbent at equilibrium 
(mg/g);
Ce is the equilibrium dye concentration (mg/dm3);
KL is the Langmuir isotherm constant (dm3/mg);
qm is the maximum monolayer coverage capacity in Langmuir model (mg/g);
n is the Freundlich isotherm constant related to the heterogeneity of the 
process (–);
KF is the Freundlich isotherm constant connected with relative adsorption 
capacity;
Qs is the theoretical isotherm saturation capacity in Dubinin–Radushkevich 
model (mg/g);
KDR is the Dubinin–Radushkevich model constant related to the adsorption 
energy (mol2/kJ2);
E is the average free energy adsorption (kJ/mol);
ε is the Polanyi adsorption potential;
R is the universal gas constant;
T is the temperature (K);
KJ is the Jovanovic isotherm constant related with adsorption energy (dm3/g);
qmax is the maximum adsorption capacity in the Jovanovic model (mg/g);
qmS is the saturation adsorption capacity in Sips model (mg/g);
KS is the Sips isotherm constant parameter related to adsorption energy;
SP is the Sips isotherm exponent related to the heterogeneity of the surface (–);
qmT is the maximum monolayer coverage capacity in the Toth model (mg/g);
KT is the Toth isotherm constant parameter related to adsorption energy;
t is the Toth isotherm exponent related to the heterogeneity of the surface (–).

Langmuir q
q K C
K Ce

m L e

L e

�
� �
� �1

Jovanovic q q K Ce J e� � � � �� ��
�

�
�max exp1

Dubinin– 
Radushkevich

q Q Ke s� � � �� �exp DR �2

� � � �
�

�
��

�

�
��RT

Ce
ln 1 1

E
K

�
�

1
2 DR

Sips q
q K C

K Ce
mS S e

S e

�
� �

� �

SP

SP1

Toth
q

q K C

K C
e

mT T e

T e

t t
�

� �

� �� �� �1
1

Fig. 4. Microscopic image of combusted sludge.
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The obtained measurements of the sorbents’ struc-
ture correlate with the obtained microscopic image, 
where the most diverse surface was observed in the case 
of the sorbent produced from the dried post-coagulation 
sludge and the one made from oxidizing the sludge.

3.2. Effect of pH

The conducted tests showed that for all types of sorbents, 
the adsorption process of Helaktyn Blue F-2R occurred 
only at pH 2 – then the value of the adsorbed amount of 
the dye was greater than zero. In the remaining cases 
of the tested pH values, the sorption process practically 

did not take place. Then, the adsorption process was not 
observed and the amounts of adsorbed dye equalled zero 
for all three types of sorbents.

The obtained test results also indicate that the larg-
est amounts of the dye were adsorbed on the sorbent 
generated during the drying process. Under the same 
experimental conditions, the absorbed charge at pH 2 in 
the case of the sorbent obtained from drying the post-co-
agulation sludge was equal to 51.7 mg/g, a slightly lower 
value was obtained for the sorbent obtained in the oxi-
dation process with H2O2 of the sludge (q = 41.8 mg/g) 
while the lowest value was obtained for the combusted  
sludge (q = 18.4 mg/g).

Fig. 5. FTIR measurement for sorbents.

Table 2
Structural characteristics of sorbents

Parameter Type of sorbent

Dried sludge Combusted 
sludge

Sludge oxidized 
with H2O2

BET surface area, m2/g 66.4489 8.4885 58.7946
BJH adsorption cumulative surface area of pores between 0.1000 and 300.0000 nm 
diameter, m2/g

151.9 31.516 148.154

BJH desorption cumulative surface area of pores between 0.1000 and 300.0000 nm 
diameter, m2/g

154.959 21.886 115.6152

BJH adsorption cumulative volume of pores between 0.1000 and 300.0000 nm 
diameter, cm3/g

0.161176 0.026833 0.189458

BJH desorption cumulative volume of pores between 0.1000 and 300.0000 nm 
diameter, cm3/g

0.183164 0.026733 0.203849

Adsorption average pore width (4V/A by BET), nm 1.83935 1.81785 1.85812
BJH adsorption average pore diameter (4V/A), nm 4.2443 3.4056 5.1152
BJH desorption average pore diameter (4V/A), nm 4.7281 4.8867 7.0527
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3.3. Effect of contact time

In the second stage of the experiments, the influence 
of the contact time of sorbents with the dye at constant pH 
conditions, the constant initial concentration of the dye, and 
the constant amount of sorbents were assessed.

For all sorbents, two different rates of the adsorption 
process were observed. In general, in the first period of 
the process, a relatively significant increase in the value of 
the adsorbed amount of the dye with time was observed. 
Then the rate of increase of the qt value with time decreased 
significantly.

For the dried post-coagulation sludge (Fig. 6), the fast-
est growth of the amount of adsorbed dye occurred during 
the first 30 min of contact. A slower rate of the adsorp-
tion process was observed between the 30th and 90th min 
of the process, after which the saturation of the sorbent 
surface with dye particles was obtained. The value of the 
adsorbed amount of dye remained constant. In the case of 
the sludge oxidized with H2O2 (Fig. 7), the main increase 
in qt value was also observed in the first 30 min of the pro-
cess, then a much smaller increase in qt occurred between 
the 30th and 60th min of the process, after which the 
value of the amount of adsorbed dye remained relatively  
constant.

In the case of the combusted sludge (Fig. 8), the fastest 
increase in the value of the adsorbed amount of dye was 
obtained in the first 45 min of the process. Next, the qt value 
increased slightly in the next 45 min and then remained 
relatively unchanged until the end of the experiment.

Based on the results of experiments aimed at deter-
mining the effect of contact time on the effectiveness of the 
process, a graph of adsorption efficiency vs. contact time 
was also made for all tested sorbents (Fig. 9). The highest 
efficiency of the process was noted for the sorbent made 
from the dried sludge, while the lowest for the sorbent 
made from the combusted sludge. In the case of the sor-
bent produced from the oxidized sludge, the effective-
ness of the adsorption process was similar to that of the 
dried sludge. For example, for a contact time of 120 min, 
the dye removal was 26.1% and 8.8% for the dried sludge 
and the combusted sludge, respectively. In the case of 
the oxidized sludge, the removal rate was 26.0% after 
120 min of contact the sorbent with the dye solution.

3.4. Adsorption kinetics

Based on the conducted experiments on the influence 
of the adsorbent contact time with the dye solution, the 
parameters of three kinetic models were determined: 
pseudo-first- order, pseudo-second-order, and intraparticle 
diffusion. The obtained estimation results indicate that for 
all three tested sorbents a greater degree of matching to the 
experimental data was obtained for the pseudo-first-order 
kinetics model (Table 3). In all cases, both using estima-
tions by minimization of the RMSE and the chi-square 
values of errors, larger values of R2 were obtained for 
the pseudo- first-order kinetic model in comparison with 
the values obtained for the pseudo-second-order model. 
Moreover, for all three sorbents, the values of qe calcu-
lated based on the pseudo-first-order kinetics model are 
more similar to those obtained as a result of the experi-
ments. For example, in the case of dried sludge, the qe 
value obtained in the experiments was 91.2 mg/g and 
the qe values estimated in the pseudo-first-order model 
were 93.2 and 93.5 mg/g for the estimation based on 
RMSE and chi-square, respectively. For comparison, the 
qe values obtained (for the same sorbent) based on the 
pseudo- second-order model were 117.0 and 121.2 mg/g for 
the estimation based on RMSE and chi-square, respectively. 
In the case of the other two adsorbents, analogous relation-
ships were noted (Table 3). Therefore, it can be concluded 
that in the case of the tested adsorbents, in the case of the 

Fig. 6. Effect of contact time for dried sludge.

Fig. 7. Effect of contact time for H2O2 oxidized sludge.

Fig. 8. Effect of contact time for combusted sludge.
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adsorption of the Helaktyn Blue F-2R dye, the adsorption 
took place following the pseudo-first-order kinetics. As 
the obtained estimation results showed that the fit of the 
pseudo- second-order kinetic model is smaller, chemical 
adsorption did not take place. This conclusion is since the 
pseudo-second-order model is used to describe the kinet-
ics of adsorption when chemical adsorption occurs [27–29].

The dye adsorption process on the adsorbent surface 
proceeds in several stages. In the first step, the dye mole-
cules move towards the outer surface of the adsorbent. 
That step of sorption is called film diffusion or outer dif-
fusion. The next step of the sorption process is connected 
with the transport of dye particles from the external surface 
into the internal pores of the adsorbent, which process is 
called intraparticle diffusion or inner diffusion. The last 
step of the adsorption process takes place when the dye 
particles are adsorbed on the active sites [30]. Usually, for 
adsorption, the rate-limiting step is film diffusion or intra-
particle diffusion [31]. Therefore, based on the results of 
the effect of the contact time on the sorption efficiency, 
the adsorption mechanism was examined by fitting the 
intraparticle diffusion model to the experimental results.

Based on the graphs of qt = f(t0.5), it can be seen that for 
all three sorbents two different stages are distinguished 
(Fig. 10). The first sharpened portion is related to the 
film diffusion. In the case of dried sludge and oxidized 
sludge, the film diffusion lasted approximately 30 min. In 
the case of combusted sludge, this step took 45 min. The 
second linear portion represents the intraparticle diffu-
sion step of adsorption. This step took 90 min in the case of 
two tested sorbents (dried sludge and oxidized with H2O2 
sludge). For the combusted sludge the intraparticle dif-
fusion step lasted approximately 75 min. The ratio of the 
first step to the second step time for dried sludge and oxi-
dized sludge was 1:3. However, in the case of combusted 
sludge, this ratio equalled 3:5. In all cases, the second step 
(intraparticle diffusion) took more time. It may indicate 
that the rate of the adsorption process will be controlled 
to a greater extent by the inner diffusion process [30].

In the case of combusted sludge and oxidized sludge, 
a high degree of model fit to the experimental results was 
obtained, which is indicated by the obtained R2 values 
(Table 4). The lowest R2 value was obtained for dried sludge 
(only 0.882). This may indicate that in the case of that sor-
bent, this kinetic model should not be used to predict the 
rate of the sorption process. The highest value of the KIPD 
constant was obtained for the dried sludge and a slightly 
lower value was obtained for the oxidized sludge. On the 
other hand, for the combusted sludge, KIPD was almost 
three times smaller. For all sorbents, the plot does not pass 
through the origin, which proves that intraparticle diffusion 
is not only the rate-controlling step [32]. The parameter C is 
the intercept representative of the boundary layer thickness 
[33]. The C value gives information about the effect of the 
boundary layer on the adsorption process. As the value of C 
increases the thickness of the boundary layer also increases. 
In that case, the transfer of external mass decreased [23]. 
In the case of the conducted research, the highest value 
of C was obtained for oxidized sludge and was 53.379, 
and a slightly lower value of C was obtained for the dried 
sludge (46.321). However, the smallest, almost three times 

Table 3
Parameters of adsorption kinetics

Type of kinetic model Type of adsorbent

Dried Combusted Oxidized with H2O2

Estimation based on the 
minimization of the RMSE 
value

Pseudo-first-order qe 93.2 36.1 97.6
k1 0.03907 0.01951 0.02902
R2 0.998 0.967 0.930

Pseudo-second-order qe 117.0 53.9 134.4
k2 0.00033 0.00026 0.00017
R2 0.987 0.952 0.902

Estimation based on 
the minimization of the 
chi-square value

Pseudo-first-order qe 93.5 42.2 102.8
k1 0.03849 0.01423 0.02547
R2 0.998 0.940 0.913

Pseudo-second-order qe 121.2 70.6 150.4
k2 0.00028 0.00012 0.000122
R2 0.984 0.924 0.884

Fig. 9. Process’ efficiency.
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lower value of C was obtained for the combusted sludge, 
which was equal to 16.314 (Table 4).

3.5. Sorption isotherm

Based on the results of the third stage of the exper-
iments, a graph of adsorption isotherms qe = f(Ce) was 
prepared for each sorbent. The shapes of the obtained 
curves indicate that for all three sorbents a monolayer pro-
cess took place in accordance with the IUPAC classifica-
tion [34] – type I of isotherm occurred. This is evidenced 
by the presence of a characteristic plateau – after reaching a 
certain value of the equilibrium concentration Ce, the value 
of the adsorbed amount of the dye did not change signifi-
cantly and remained at a relatively constant level. The first 
type of isotherm according to the IUPAC classification is 
characteristic of microporous sorbents with a relatively low 
external surface. In the case of the sorbent obtained from the 
dried sludge, this boundary value was about 472 mg/dm3 –  
then qe reached the value of 164.1 mg/g and despite a 
further increase in concentration, the value of qe did not 
change significantly (Fig. 11). In the case of the sorbent 
obtained from the oxidation of the post-coagulation 
sludge with H2O2, the boundary equilibrium concentra-
tion was 417 mg/dm3 and the adsorbed amount of the 
dye qe was 91.3 mg/g (Fig. 12). For the sorbent obtained 
from the combusted post-coagulation sludge, the value 
of the equilibrium concentration was 205.7 mg/dm3 
– from this equilibrium concentration upwards, the 
value of qe remained at the level of 22.1 mg/g (Fig. 13).

Based on the obtained results, it can also be noticed 
that the greatest sorption properties in relation to the 

Helaktyn Blue F-2R were obtained for the sorbent prepared 
from dried post-coagulation sludge. On the other hand, 
the lowest values were recorded for the sorbent obtained 
in the process of combusting of this sludge.

To determine the parameters of selected models of two- 
and three-parameter isotherms, the nonlinear estimation of 
experiments results (obtained in the third stage of studies) 
was conducted.

The greatest adjustment of the Freundlich model to 
the experimental results was obtained for the combusted 
sludge. In this case, the value of R2 was 0.933 (RMSE) and 
0.931 (χ2) – Table 5. The smallest adjustment of this model 
was observed for the dried sludge. The parameter 1/n is 
associated with surface heterogeneity and adsorption inten-
sity. The lower the value of 1/n, the more heterogeneous 
the sorbent surface [35,36]. In the studies, the lowest val-
ues of 1/n were obtained for the combusted sludge (0.147 
and 0.154 in the RMSE and χ2 estimation, respectively), 
and the highest for the dried sludge (0.310 and 0.346 in 
the RMSE and χ2 estimation, respectively). Therefore, the 
conducted tests indicate a greater heterogeneity of the 
sorbent surface obtained from the combusted sludge and 
from oxidized sludge than from the dried sludge. The 
heterogeneity of the surface means that there are sites 
with different energy of adsorption values on the surface.

The KF parameter in the Freundlich model is the iso-
therm constant associated with relative adsorption 
capacity [37]. In the case of the conducted experiments, 
the lowest KF values were obtained for the combusted 
sludge, and several times higher KF values were obtained 
for the other two types of sorbents (obtained from dry-
ing the post-coagulation sludge and from oxidation 
of the post-coagulation sludge) - Table 5.

The values of exponents in the Sips isotherm model (SP) 
and exponent in the Toth isotherm model (t) also indicate 
the heterogeneity of the surface [38,39]. The t and SP param-
eters usually have a value less than or equal to 1. The lower 
the exponents value, the more heterogeneous the sorbent 
surface is. However, when the value of t and SP is equal 
to 1, then the models of these isotherms turn into the com-
mon Langmuir isotherm model of heterogeneity. The value 
of t = 1 and SP = 1 indicates the presence of a homogeneous 
surface [40]. In the case of the conducted research, the sor-
bent obtained from the combusted sludge is characterized 

Fig. 10. Intraparticle diffusion plot.

Table 4
Parameters of the intraparticle diffusion model

Parameters
Type of adsorbent

Dried Combusted Oxidized with H2O2

KIPD 4.4337 1.360 3.4303
C 46.321 16.314 53.379
R2 0.882 0.976 0.927

Fig. 11. Adsorption isotherm for dried post-coagulation sludge.
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by the greatest heterogeneity of the surface, as the values 
of t and SP are the lowest. However, in the case of dried 
sludge, both t and SP are equal to 1, therefore this sludge is 
characterized by a homogeneous surface (Table 5).

The estimation results for the Langmuir model show 
that in the case of the oxidized with H2O2 sludge and dried 
sludge, a high degree of matching of this isotherm’ model 
to the experimental results was obtained. This is evidenced 
by high R2 values and low RMSE and χ2 values. In the case 
of the combusted sludge, the R2 value is lower than 0.900, 
which testifies to a relatively low fit of this isotherm model to 
the experimental results. The value of qm, obtained as a result 
of the estimation, is the highest for the dried sludge (204.5 
and 208.4 mg/g, calculated based on minimizing the RMSE 
error and χ2, respectively). In the case of oxidized with H2O2 
sludge, the obtained value of sorption capacity qm was more 
than half lower than the value obtained for the dried sludge 
(90.8 and 90.7 mg/g calculated based on the minimization of 
the RMSE error and χ2, respectively). The lowest sorption 
capacity was recorded for the combusted sludge (only 22.2 
and 21.4 mg/g calculated based on the minimization of the 
RMSE error and χ2, respectively).

The KL constant in the Langmuir model is related to the 
free energy of adsorption (dm3/mg). The highest value of the 
KL was obtained for the combusted sludge and the lowest for 
the dried sludge (Table 3).

The KJ parameter in the Jovanovic model is also related 
to the free energy of sorption [35,41]. As in the case of the 
KL parameter in the Langmuir model, the highest val-
ues of KJ were obtained for the combusted sludge and 
the lowest for the dried sludge. It proves that the adsorp-
tion energy of Helaktyn Blue F-2R is higher in the case of 
the sorbent obtained from the combustion of post-coag-
ulation sludge than in the case of sorbents obtained from 
oxidized sludge or from dried sludge.

The KL constant in the Langmuir model, KS constant 
in the Sips model, and Kt constant in the Toth model can 
be regarded as parameters characterizing the affinity of the 
system [39,40]. The greater the value of these constants, the 
higher the adsorption affinity is. In the case of the conducted 
tests, the highest values of these constants were obtained 
for the combusted sludge, while the lowest was obtained for 
the dried sludge (Table 5). This proves that in the case of the 
combusted sludge there are stronger connections between 

Table 5
Values of isotherm parameters obtained during nonlinear estimation

Isotherm model Parameter Combusted sludge Sludge oxidized with H2O2 Dried sludge

RMSE χ2 RMSE χ2 RMSE χ2

Freundlich

1/n 0.147 0.154 0.185 0.195 0.310 0.346
KF 9.309 9.009 28.309 26.933 23.004 18.756
R2 0.933 0.931 0.893 0.890 0.860 0.849
Value of error 1.03 0.67 8.13 14.42 18.83 33.33

Langmuir

qm 22.2 21.4 90.8 90.7 204.5 208.4
KL 0.09246 0.17936 0.06633 0.06828 0.00845 0.00785
R2 0.848 0.761 0.972 0.971 0.967 0.965
Value of error 1.75 2.60 4.17 2.86 9.14 7.50

Jovanovic

qmax 21.4 20.4 86.0 85.7 173.9 172.9
KJ 0.0384 0.1721 0.0477 0.0524 0.0073 0.0074
R2 0.818 0.470 0.936 0.929 0.994 0.994
Value of error 2.54 5.03 6.45 7.76 6.80 4.42

Dubinin– 
Radushkevich

Qs 21.4 21.3 84.2 79.4 171.1 154.7
KDR 57.23 2.30 21.37 6.21 1130.5 228.53
E 0.09 0.47 0.15 0.28 0.02 0.05
R2 0.785 0.485 0.873 0.672 0.957 0.691
Value of error 3.36 5.45 10.27 38.27 14.36 60.31

Sips

qmS 29.8 32.3 93.5 92.9 204.5 208.4
KS 0.28258 0.28148 0.09383 0.08672 0.00845 0.00785
SP 0.394 0.349 0.851 0.885 1.000 1.000
R2 0.962 0.961 0.974 0.974 0.967 0.965
Value of error 0.78 0.41 3.98 2.57 9.14 7.50

Toth

qmT 34.1 39.4 94.5 93.7 204.5 208.4
Kt 10.61 52.33 0.0933 0.0860 0.0085 0.0079
t 0.259 0.209 0.779 0.819 1.000 1.000
R2 0.959 0.958 0.975 0.975 0.967 0.965
Value of error 0.81 0.44 3.94 2.53 9.14 7.50
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the dye molecules and the sorbent surface than in the case 
of other tested sorbents [35]. This may result in a lower 
susceptibility of the sorbent obtained from the combusted 
sludge to the desorption process than for the other sorbents.

The sorption capacity was also determined based on the 
Jovanovic, Dubinin–Radushkevich, Sips, and Toth models. 
The obtained values were similar to those calculated based 
on the Langmuir model. The highest sorption capacity was 
obtained for the dried sludge and it was in the range of 
154.7 - 192.5 mg/g (depending on the isotherm model and 
the estimation method), while the lowest sorbent capacity 
was obtained for the sorbent obtained from the combus-
tion of post-coagulation sludge – the sorption capacity in 
the range of 20.4 – 39.4 mg/g (depending on the isotherm 
model and estimation method). In the case of the sludge 
oxidized with H2O2, the sorption capacity values ranged 
from 79.4 to 94.5 mg/g (depending on the isotherm model 
and estimation method).

Based on the Dubinin–Radushkevich model, the sorp-
tion energy value was also calculated. The nature of the 
process – whether physical or chemical adsorption occurs –  

can be determined based on the value of the energy of 
sorption [42]. In the studies for all tested sorbents, the val-
ues of energy sorption were significantly lower than 8 kJ/mol 
[43]. Therefore, this indicates that for all sorbents, the pro-
cess of physical adsorption took place. In such a case, the 
sorbate particles are bound to the sorbent surface by weak 
bonds such as van der Waals forces, hydrogen bonding, 
or hydrophobic interactions [44]. In this case, there was 
no chemical reaction between the molecules on the sur-
face of the sorbent and the molecules of the dye. One of 
the main features of physical sorption is that in most cases 
it is a reversible process, that is, a process of desorption, 
and thus recovery of valuable substances may take place.

The calculated sorption capacities of the tested three 
sorbents, as compared to the results obtained in the 
dye adsorption studies with the use of various sorbents 
made from waste, show similar values (Table 6). The val-
ues of the sorption capacity presented in Table 6 are in a 
wide range from 3.91 mg/g (for Acid Red 18 sorption onto 
polar woods) up to 1,133.1 mg/g (when natural clay for 
Acid Red 88 sorption was used). The monolayer sorption 

Table 6
Monolayer sorption capacity for a few different azo dyes sorbed on waste sorbents

Dye Sorbent Monolayer sorption 
capacity qm (mg/g)

References

Remazol Yellow Gelb 3RS Activated carbon from olive oil mill residue 50 [45]
Remazol Red RB133 Activated carbon from olive oil mill residue 59.88 [45]
Remazol Schwarz B133 Activated carbon from olive oil mill residue 70.42 [45]
Remazol Yellow Gelb 3RS Cross-linked chitosan derivatives as sorbents grafted with 

carboxyl and amide groups
311–928 (depending on 
the type of adsorbent)

[46]

Brown KROM KGT Grape pomace as a biosorbent 180.2 [47]
Acid Orange 7 Spent brewers grains 30.5 [48]
Acid Orange 7 Activated carbon powder derived from spent coffee 

grounds into calcium alginate beads
665.9 [49]

Acid Red 88 Natural clay 1133.1 [50]
Acid Yellow 17 Rambutan (Nephelium lappaceum) peel 215.05 [51]
Acid Red 18 Activated carbons prepared from poplar 3.91 [52]
Acid Red 18 Activated carbons prepared from walnut woods 30.3 [52]

Fig. 12. Adsorption isotherm for oxidized by H2O2 post- 
coagulation sludge.

Fig. 13. Adsorption isotherm for combusted post-coagulation 
sludge.
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capacity value obtained for combusted sludge is compara-
ble to qm obtained with Acid Red 18 adsorption on activated 
carbon made from walnut woods and with Acid Orange 7 
sorption onto spent brewery grains. In the case of oxidized 
sludge, the value of sorption capacity is similar to the value 
obtained during the adsorption of Remazol Schwarz B133 
onto activated carbon made from olive oil mill residue. The 
highest value of the sorption capacity obtained for dried 
sludge is similar to the capacity obtained in the adsorption 
studies of Brown KROM KGT dye by grape pomace. It is 
also similar to the qm value obtained in the adsorption of 
Acid Yellow 17 onto Rambutan (Nephelium lappaceum) peel.

4. Conclusion

• For all tested sorbents, a strongly acidic condition is 
required for the effective adsorption process. Only with 
the use of pH 2.0 of the solution the value of the adsorbed 
amount of the dye was greater than zero.

• In all cases, a similar effect of the contact time of the 
sorbent with the dye on the effectiveness of the adsorp-
tion process was observed – in the first phase, there was 
a relatively rapid increase in the value of the adsorbed 
amount of the dye and the degree of dye removal over 
time; then in the second phase, the rate of increase in the 
adsorbed amount of dye in time decreased significantly.

• The analysis of the adsorption kinetics models showed 
that the pseudo-first-order kinetics model is much better 
fitted to the experimental results, which indicates phys-
ical adsorption rather than chemical adsorption. This is 
indicated by the value of the R2 coefficient, the highest 
values of which were obtained for the pseudo-first- order 
kinetic model. Moreover, in the case of the pseudo- first-
order model, the calculated values are close to the qe val-
ues obtained as a result of the experiments.

• Studies have shown that for all three sorbents, intrapar-
ticle diffusion is not the only rate-limiting step in the 
adsorption process – film diffusion is also important. 
This is evidenced by the value of parameter C, which for 
all three sorbents was greater than zero – 53.379, 46.321 
and 16.314 for dried, combusted and oxidized sludge, 
respectively.

• The analysis of the intraparticle diffusion model shows 
that the inner diffusion process is the main factor con-
trolling the rate of the adsorption process - this is indi-
cated by the value of the ratio of the duration of the first 
linear step to the duration of the second linear step – 1:3 
for dried and oxidized sludge, and 3:5 for combusted 
sludge.

• The shape of the adsorption isotherm curve for all three 
sorbents is similar to the shape of the I type isotherm 
according to the IUPAC classification, which is charac-
teristic for microporous sorbents with the relatively low 
external surface.

• Based on isotherm models, the sorption capacity   was 
determined for each of the sorbents; the highest values 
were obtained for dried sludge (in the range from 154.7 
to 208.4 mg/g – depending on the isotherm model) and 
the lowest for combusted sludge (in the range from 
20.4 to 39.4 mg/g). The obtained values correspond well 
with the structural characteristics of the tested sorbents. 

The sorbent made from the dried sludge was character-
ized by the highest BET surface value (66.4489 m2/g), 
while the lowest BET value was measured for the 
combusted sludge (8.4885 m2/g).

• The values of the adsorption energy determined from the 
Dubinin–Radushkevich model indicate that the physical 
adsorption process occurred – the values for all sorbents 
were lower than 8 kJ/mol. The obtained results correlate 
well with the results of the adsorption kinetics analy-
sis, which also indicates that the physical adsorption 
process has taken place.

• The highest heterogeneity of the sorbent surface was 
obtained for the combusted sludge and the lowest for 
the dried sludge. This is evidenced by the values of the 
parameters: 1/n (constant in Freundlich model), SP (expo-
nent in Sips model), and t (exponent in Toth model). 
In the studies the lowest values of those parameters 
were obtained for the combusted sorbent.
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