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a b s t r a c t
The effect of auxiliary substances (NaCl, Na2CO3, and CH3COOH) used in real dyeing processes 
on the adsorption capacity of low-moor peat for reactive dyes (Reactive Blue 19, Reactive Blue 81, 
Reactive Black 5) and acid dyes (Acid Black 1, Acid Blue 9) was investigated. The adsorption of the 
dyes was studied as a function of dye concentration (1–1,000 mg L–1) and the properties of peat, using 
a batch method. The experimental data were analyzed using the Langmuir, Freundlich, Dubinin–
Radushkevich, and Sips isotherm models. The effect of auxiliary substances depended on the dye-ad-
sorbent system – the lower the binding ability of the dye on the peat, the greater the effect of the 
substances. The maximum dyes adsorption capacity and the affinity of the binding sites increased 
in the presence of auxiliaries in the solution. The presence of CH3COOH was an important factor 
since H+ in the solution affected the peat surface charge by protonation reaction and the possibility 
of binding anionic dyes via electrostatic interaction. Only CH3COOH at low pH affected the peat 
surface charge because of the very good buffering capacity of peat. NaCl and Na2CO3 increased the 
intermolecular forces as well as the dimerization process of reactive dyes in the solution. The Sips 
equation fitted the experimental results best. This model combines the Langmuir and Freundlich 
equations, suggesting that the mechanism of dyes binding is more complex and does not follow an 
ideal monolayer adsorption.
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1. Introduction

Various industries (textiles, leather, pulp and paper, food
and plastics) discharge wastewater polluted with dyes and 
pigments into the environment, with the textile industry 
being the main producer of colored wastewater. It is esti-
mated that the textile industry uses around 50% of the total 
dye production, that is, 4.5  ×  105  tons of dyes per year [1]. 
During the dyeing of fibers and fabrics, 2%–50% of the dye 
used goes to wastewater, due to the different degrees of fix-
ation various dye classes on fibers, and the greatest loss in 
effluent occurs for reactive dyes [2].

Reactive and acid dyes are the most widely used dyes in 
the textile industry. Reactive dyes are mainly used for dyeing 
cotton, wool, silk and nylon [3] and acid dyes are used for 
dyeing natural and acrylic fibers and other materials, such 
as leather and paper [4].

Many dyes or their metabolites are carcinogenic, terato-
genic or mutagenic to humans and other living organisms 
[5]. Moreover, the dyes that are present in effluents after 
discharge into natural waters can modify the aquatic sys-
tems as they give water undesirable color, affect the oxygen 
distribution and reduce sunlight penetration, causing prob-
lems in the functioning and development of aquatic flora 
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and fauna [6,7]. Therefore, there is no doubt that they should 
be removed from wastewater before disposal.

However, the treatment of colored wastewaters presents 
certain problems due to the chemical structure and proper-
ties of dyes. Dyes are resistant to biodegradation and pho-
todegradation, as well as oxidizing agents [7–9]. Moreover, 
wastewater from the textile industry has a complex chemical 
composition. In addition to the significant amount of dyes, 
wastewater also contains auxiliary substances. Auxiliaries 
facilitate the binding of dyes to fibers and are present in 
wastewater in concentrations similar to that in which they 
were used [10]. Auxiliary substances include wetting agents, 
dispersants, dye fixing agents, and reducing and oxidiz-
ing agents. The quantity and type of auxiliaries depend on 
the type of fiber, the type of dye and the technology used 
for dyeing. Simple chemical compounds such as inorganic 
salts, bases, and acids as well as polymers and surfactants 
are used as auxiliary substances [11]. For example, NaCl is 
used to accelerate the diffusion and adsorption of dye mol-
ecules on fibers and to improve the fixation degree, Na2CO3 
as a pH-regulator in the dyeing of cellulose fibers with reac-
tive dyes, and CH3COOH for pH adjustment in the dyeing 
of wool fibers with reactive and acid dyes [12,13]. The salts 
can affect the adsorption capacity of fibers by changing their 
surface charge and by changing the ionic nature, hydro
phobicity and solubility of the dye [14].

One of the effective methods to remove dyes from 
aqueous solutions and wastewater is adsorption and 
biosorption by the use of organic materials, such as carbo-
naceous substances (peat, lignite, and coal) [15–21], agri-
cultural wastes (peanut hull, citrus waste, banana peel, and 
rice husk) [22–25] and forestry wastes (bark, cone, and 
sawdust) [26–28].

Biosorption processes are characterized by high effi-
ciency, no formation of toxic and harmful by-products, 
rapid kinetics, selectivity, and the possibility of recovering 
contaminants and reuse of the adsorbent. Moreover, in cases 
when regeneration is not efficient and the loaded mate-
rial is not hazardous, it may be discarded or incinerated 
[9,20,29,30].

Peat is a young Quaternary, mainly Holocene, organ-
ogenic sedimentary rock at the first stage of coalification, 
formed through decomposition of plant material in the pres-
ence of weakly acidic humic substances. Peat composition 
depends on its age, the type of vegetation, the climate and 
the acidity of the water. Its main constituents are cellulose, 
lignin, humic substances (fulvic and humic acids) and min-
eral substances such as Fe(III) oxides-hydroxides and silica. 
Due to the presence of humic substances, peat is a porous 
material with a high specific surface area. Its surface contains 
polar functional groups such as carboxylic acids (–COOH), 
alcohols (–OH), and phenols (ph–OH), where alkaline and 
alkaline earth cations may be substituted for H+. Surface 
functional groups may be involved in bonding organic 
pollutants and heavy metals (cationic or anionic) [7,31] by 
various interactions such as ion exchange, hydrogen bonds 
and van der Waals forces [32,33]. Moreover, according to 
protonation or deprotonation reactions:

S OH H S OH or S COOH H S COOH− + ⇔ − − + ⇔ −+ + + +
2 2 	(1)

S OH OH SO H O or S COOH COO SO− + − ⇔ + − + − ⇔− − − −
2 	

	 (2)

The surface of peat particles has a positive or negative 
charge, respectively. The surface charge allows the bonding 
of pollutants by electrostatic attractions. Due to its physical 
and chemical properties, low-moor peat has good sorption 
properties.

Besides peatlands, peat occurs also in the overburden of 
lignite deposits. During excavation, the overburden is dumped 
and then used to reclaim terrains devastated by mining [15].

In Poland, the price of peat (€24 per ton [34]) is incom-
parably lower than the price of activated carbon (from 
€2,700  per  ton [35]), which is the most commonly used 
adsorbent in industry. Therefore, peat can be considered as a 
low-cost adsorbent for the treatment of wastewater to make 
the adsorption process economically feasible.

Research on the adsorption capacity of low-moor peats 
for dyes has been carried out for many years, but most of 
it has concerned adsorption from dye solutions based on 
distilled or tap water without taking into account the aux-
iliaries present in textile wastewater. Studies on the effect of 
real conditions on the adsorption process are usually carried 
out in the presence of NaCl, as wastewater from the textile 
industry contains large amounts [1,36]. The results of the 
studies show that the presence of salts in solution may affect 
adsorption capacities because they increase ionic strength 
and can change the properties of the adsorbent and adsor-
bate, as well as the aggregation of dye molecules in solution 
[36,37]. Sepulveda and Santana [1] explain the increase in 
Acid Black 1 adsorption in the presence of NaCl by reduc-
tion in the repulsive interactions between dye molecules and 
the peat surface in the presence of Na+ ions that neutralize 
carboxylic functional groups.

The effect of auxiliaries on the amount of adsorbed dyes 
depends on the adsorbent-dye-auxiliary substance system. 
Therefore, it was decided to determine the effect of selected, 
most frequently used auxiliary substances on the adsorp-
tion capacity of low-moor peat for selected reactive and acid 
dyes and their binding mechanism.

The aim of the study was to determine the adsorption 
capacity of peat in relation to anionic reactive dyes (Reactive 
Blue 19, Reactive Blue 81, Reactive Black 5) and acid dyes 
(Acid Black 1, Acid Blue 9) and to determine the effect of the 
auxiliary substances most frequently used in dyeing processes 
(NaCl, Na2CO3, and CH3COOH) on the amount and method 
of binding dyes on a low-moor peat occurring in the over-
burden of a lignite deposit (Bełchatów, Central Poland). Four 
adsorption isotherms, that is, three two-parameter isotherms 
(Freundlich, Langmuir, Dubinin–Radushkevich (D–R)) and 
one three-parameter isotherm (Sips) were used to interpret 
the results obtained. Parameters estimated by nonlinear 
regression allowed calculation of the maximum adsorption 
capacity and determination of the mechanism of dye binding.

2. Materials and methods

2.1. Adsorbent

Alder low-moor peat was collected from overburden 
mining of the Bełchatów Lignite Mine (Central Poland). 
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The peat sample was dried at room temperature (25°C ± 2°C) 
and then ground and sieved to a particle size below 0.5 mm, 
with no modifications. The adsorbent was stored in dry con-
ditions until further use. The textural, physical and chemical 
properties of the peat can be found in our previous work [15] 
and the methods used in Kyzioł-Komosińska et al. [38].

The morphological and chemical analyses of the surface 
of the raw peat sample were performed on a scanning elec-
tron microscope (Field emission scanning electron micros-
copy (FESEM), Hitachi, Model: S-4700, Japan) equipped 
with an energy dispersive X-ray detector system (EDS).

Additionally, the samples of raw peat and peat loaded 
with two studied dyes – RB19 or ABk1 – and loaded with 
the dyes in the presence of 20% CH3COOH solution at the 
maximum initial dye concentration were characterized by 
Fourier-transform infrared spectroscopy (FTIR) to identify 
the surface functional groups and their contribution to the 
binding of the dyes. Spectra of the studied samples were 
obtained using a Bruker Tensor 27 spectrometer (USA) in 
the range of 4,000–400  cm−1. Samples were prepared in the 
form of pellets (2 mg of the sample was ground in an agate 
mortar and homogenized with 180 mg of KBr). High-quality 
spectra were obtained by 256 scans at 2 cm−1 resolution.

2.2. Dyes

Dyes selected for study were the following:

•	 Reactive dyes: Reactive Blue 19 (RB19) – CAS 2580-78-1, 
C.I. 61200; Reactive Blue 81 (RB81) – CAS 75030-18-1, 
C.I. 18245; and Reactive Black 5 (RBk5) – CAS 17095-24-8, 
C.I. 20505;

•	 Acid dyes: Acid Blue 9 (AB9) – CAS 2650-18-2, C.I. 42090; 
and Acid Black 1 (ABk1) – CAS 1064-48-8, C.I. 20470.

They were produced by Boruta Zachem-Kolor, Ltd., 
(Poland).

The chemical structures of the dyes, their properties, 
and wavelengths at which the absorbance was measured are 
shown in Table 1.

2.3. Auxiliary substances

The effect of auxiliary substances on dye adsorption was 
investigated by the addition of:

•	 5% NaCl solution – the pHs of dye solutions were 5.4 
for RB19, 5.3 for RB81 and 4.65 for RBk5,

•	 10% Na2CO3 solution – the pH of dye solutions was 9.2,
•	 20% CH3COOH solution – the pH of reactive dyes solu-

tions was 3.2 and for acid dyes 3.0 and 4.6.

2.4. Adsorption capacity studies

The adsorption of reactive and acid dyes onto peat and 
studies on the effect of auxiliary substances were carried out 
in static conditions using a batch method at room tempera-
ture. The stock solutions were prepared by dissolving 1 g of 
dye in 1,000 mL of distilled water. The working dye solutions 
(from 1 to 1,000 mg L–1) were prepared by diluting the stock 
solution with distilled water. The pH values of the working 

solutions were natural, without pH adjustment. Control 
experiments without peat were carried out for all dye solu-
tions to ascertain that the adsorption of dyes did not take 
place on the walls of the containers.

The adsorbent dose was 50 g L–1, that is, the solid phase 
to solution ratio was 1:20. The prepared suspensions were 
agitated on a horizontal shaker (the intensity of agitation 
was 2  rps) for 24  h to reach equilibrium and the solution 
separated from the solid phase using filter papers. Initial 
and equilibrium dye concentrations were determined 
using ultraviolet-visible spectrophotometry (Varian Cary 
50 scan spectrophotometer, 1 cm cell) at wavelengths given 
in Table 1. By referring to the calibration curves of the 
dyes, the corresponding concentrations in the equilibrium 
solutions were obtained. Dilutions were carried out when 
the measurement exceeded the linearity of the calibration 
curve.

The pH in the equilibrium solutions was measured by 
a potentiometric method using a glass electrode (ERH-111, 
Hydromet, Poland).

The amount of dye adsorbed and the removal efficiency 
were calculated using the following equations:

q
C C V

m
=

−( )×
×

( )−0 1

1 000
eq mg g
,

	 (3)

RE eq
=

−( )
×

C C

C
0

0

100% 	 (4)

where q – amount of dye adsorbed onto peat (mg  g–1), 
RE – removal efficiency (%), C0 – initial dye concentration 
(mg  L–1), Ceq – equilibrium dye concentration (mg  L–1), V – 
volume of the solution (mL), m – mass of the adsorbent (g).

All adsorption samples were studied in duplicate and the 
mean values used.

2.5. Adsorption isotherms

According to Rangel-Porras et al. [39], two methods can 
be used to study the behavior of adsorption isotherms:

•	 identification by the type of the isotherm shape according 
to Giles classification; namely, C, L and S isotherms [40], 
and

•	 application of formulated mathematical models to des
cribe adsorption behavior.

Three two-parameter adsorption isotherms (Freundlich, 
Langmuir, D–R) and one three-parameter isotherm (Sips) 
were used to explain equilibrium adsorption. These are con-
ventional and are the most frequently used models in the 
description of adsorption processes. The parameters esti-
mated from selected models provide some insights into the 
mechanism of the adsorption process, the surface properties 
and the affinity of the adsorbent [41].
The Freundlich isotherm:

q K CF
nF= × eq

1

	 (5)
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where KF – Freundlich equilibrium constant related to the 
adsorption capacity and adsorption intensity of the sys-
tem (mg  g–1  (L  mg–1)1/nF), 1/nF – expresses favorability of 
adsorption (dimensionless), is the empirical model that 
describes adsorption on heterogeneous surfaces. This 
model assumes that the concentration of the adsorbate on 
the adsorbent surface increases with the adsorbate concen-
tration [41,42].

The parameter 1/nF is a measure of surface heterogeneity, 
which becomes more heterogeneous as its value gets closer to 
zero [43]. According to Brown et al. [44] the value of 1/nF < 1 
implies a favorable nature of adsorption; 1/nF > 1, cooperative 
adsorption; and 1/nF = 1, linear adsorption.

The Langmuir isotherm:

q
q K C
K C
L

L

=
+
max eq

eq1
	 (6)

where qmax – maximum adsorption capacity (mg  g–1), 
KL – Langmuir constant related to the affinity of the binding 
sites and the energy of adsorption (L mg–1), assumes mono-
layer adsorption at a fixed number of well-defined sites that 
are energetically equivalent, with no interactions between 
the adsorbate molecules [41,45]. It allows estimation of the 
maximum adsorption capacity of the adsorbent.

A dimensionless constant, the separation factor RL, can 
be calculated from the Langmuir model:

R
K CL
L

=
+
1

1 0

	 (7)

The value of the parameter RL indicates the shape of 
isotherm: RL  >  1, the adsorption is unfavorable; RL  =  1, the 
adsorption is linear; 0 < RL < 1, the adsorption is favorable; 
RL = 0, the adsorption is irreversible [46].

The D–R isotherm:

q qD= × −( )exp βε2 	 (8)

where q – amount of dye adsorbed per unit mass of the 
adsorbent (mmol  g–1), qD – theoretical saturation capacity 
(mmol  g–1), β – constant related to the adsorption energy 
(mol2 kJ–2),

ε = +












RT
C

ln 1 1

eq

	 (9)

ε – Polanyi potential, R – gas constant (J mol–1 K–1), T – tem-
perature (K), is an empirical model that describes adsorption 
with a Gaussian energy distribution onto a heterogeneous 
surface [43,46,47].

The constant β gives the mean free energy (E) of adsorp-
tion per molecule of the adsorbate:

E =
1
2β

	 (10)

If the value of E is between 8 and 16 kJ mol–1, the adsorp-
tion is a chemical process, whereas if the value is lower than 
8 kJ mol–1, the adsorption process is of a physical nature [46].

The Sips isotherm:

q
q K C

K C

S
n

S
n

S

S

=

+

max eq

eq

1

1

1
	 (11)

where qmax – Sips maximum adsorption capacity (mg  g–1), 
KS – Sips constant related with affinity constant ((L  mg–1)1/

nS), 1/nS – Sips exponent which represents the surface het-
erogeneity (dimensionless), is a three-parameter empirical 
model. It is a combination of the Langmuir and Freundlich 
isotherms used to predict adsorption on heterogeneous sur-
faces. At low adsorbate concentrations, it is reduced to the 
Freundlich isotherm and at high concentrations the equa-
tion is transformed into the Langmuir isotherm, predicting 
monolayer adsorption [41,48].

The nonlinear parameters in the isotherm equations were 
estimated using Statistica 9.0, and the Levenberg–Marquardt 
algorithm was applied. The estimated parameters allowed 
determination of the mechanism of dye binding and the 
maximum adsorption capacity. To evaluate the goodness of 
fit of the isotherm models to the data, the coefficient of deter-
mination (R2) as well as three error functions, measuring the 
differences between the experimental and the calculated 
data, were applied [34,43,49]. The sum of the squares of the 
errors (SSE):

q q
ii

n

cal −( )
=
∑ exp

2

1
	 (12)

Residual root mean square error (RMSE):

1
2

2

1n
q q

ii

n

−
−( )

=
∑ exp cal 	 (13)

Nonlinear chi-square test χ2:

q q

qi

n
exp −( )

=
∑ cal

cal

2

1

	 (14)

where qcal – calculated value of adsorption capacity, qexp – 
experimental value of adsorption capacity, n – the number 
of observations in the experimental data.

High values of R2 (close to 1) and low values of SSE, RMSE 
and χ2 indicate similarity of the values calculated based on 
models to those obtained experimentally and a good fit of the 
isotherm to the experimental data [43,49].

3. Results and discussion

3.1. Properties of peat

The main physicochemical properties of peat determin-
ing its adsorption capacity are presented in Table 2.
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The degree of alder low-moor peat decomposition was 
70% and the ash content was 20.88%. The main components 
of the mineral fraction of the studied peat were SiO2 (8.26%), 
CaO (4.57%), Al2O3 (2.32%), and Fe2O3 (2.31%). Iron occurred 
mainly in free non-crystalline form and surface coating 
material of other particles as (hydr)oxides as well as bound 
to organic matter [15]. Average chemical composition com-
puted for raw peat surface with the use of the point analysis 
from scanning electron microscopy equipped with an EDS 
was as follows: SiO2 10.05%  ±  2.11%; CaO 4.98%  ±  1.22%; 
Al2O3 3.21% ± 0.89%; and Fe2O3 12.98% ± 1.91%. The high con-
tent of Fe2O3 on the peat surface suggests that Fe compounds 
can modify the peat surface and provide additional sorp-
tion centers. The total specific surface area of the peat was 
218.9 m2 g–1 and the external surface area was 11.38 m2 g–1, 
high total porosity – approximately 0.520 with mesopores 
and macropores as the dominant pore size (Table 2, Fig. 1).

Cation exchange capacity was 125 cmol(+) kg–1, with Ca2+ 
and H+ being the main exchangeable cations. The value of 
pH of peat in water solution was 5.62. The point of zero 
charge (pHPZC) was 5.77 and indicated that at a solution 
pH lower than 5.77 the surface of the peat particles was 
positively charged and adhered negatively charged pol-
lutants; at a solution pH greater than 5.77 the surface was 
negatively charged and bound positively charged pollut-
ants. The quantitative analysis showed that the main, acid 
functional groups were –COOH (90  cmol(+)  kg–1) and –OH 

(115.3  cmol(+)  kg–1) (Table 2) in which the H+ ions may be 
substituted by Ca2+.

3.2. Surface functional groups in studied peat

Normalized FTIR spectra of peat before and after 
adsorption of two studied dyes – RB19 or ABk1 – are 
shown in Fig. 2. The spectra of the peat showed the pres-
ence of transmission bands specific for humic substance 
structures (humic and fulvic acids) [50]. FTIR spectra of 
the peat showed a broad peak at 3,600–3,000  cm–1 with a 
maximum at 3,410 cm–1. This peak can be attributed to the 
O–H stretching of phenols and carboxyl groups, as well as 
N–H stretching groups of amines and, can show intermo-
lecular and intramolecular H-bonds. Two peaks, at 1,620 
and 1,380  cm–1, originated from the symmetric and anti-
symmetric stretching vibration of the COO group and indi-
cated that carboxyl groups are either dissociated (COO) 
or forming a complex with a metal ion (COO–Me) [51]. 
Moreover, the absence of a peak at 1,700 cm–1 and the pres-
ence of a 1,380 cm–1 peak confirm that carboxyl groups in 
peat are found in their dissociated form (COO). The band 
at 1,410  cm−1 originated from C–C stretching vibrations 
in the aromatic rings or C–H2 bending, and the band at 
1,220  cm–1 can be attributed to C–O stretching and O–H 
deformation in COOH groups. The peaks at 1,030 cm–1 and 

Table 2
Physicochemical properties of low-moor Alder peat

Properties Values

Total (H2O)/external (N2) surface area - SSA (m2 g–1) 218.9/11.38
Total porosity (%) 0.520
Pore size distribution (%) Macropores d > 50 nm 35.65

Mesopores 50 > d > 2 nm 62.37
Micropores d < 2 nm 1.98

pH (H2O)/pHPZC 5.62/5.77
Cation exchange capacity (cmol(+) kg–1) 125
Functional groups content (cmol(+) kg–1) –OH 115.3

–COOH 90

Fig. 1. Scanning electron microscopy of the peat sample.
Fig. 2. FTIR spectra of the raw peat and peat loaded with the 
dyes.
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914 cm–1 correspond to the C–O and O–H stretching vibra-
tions in polysaccharides and alcohols, and/or may corre-
spond to silicate impurities. Moreover, the broad peaks at 
3,600–3,000 cm–1 and the strong peak at 1,620 cm–1 can be 
attributed to the O–H stretching vibration of water and 
hydrated species on the iron (hydr)oxide surface, whereas 
those at 575, ~800, and ~900 cm–1 correspond to the Fe–O, 
and Fe–OH vibrations [52].

3.3. Adsorption of reactive dyes and the effect of auxiliary 
substances on the adsorption capacity

The curves of adsorption of reactive dyes on peat in the 
system q = f(Ceq) and the removal efficiency from the solution 
– in the system RE = f(C0) and a pH in the equilibrium solu-
tions as pH = f(Ceq) are shown in Figs. 3 and 4, respectively.

In the low initial concentration range (1–5 mg L–1), reac-
tive dyes were bound completely. Various affinity of dyes 
to the peat surface occurred at initial concentrations above 
10 mg L–1. The removal efficiency of reactive dyes decreased 
in the following order RB19 > RB81 > RBk5 and was 99.23%–
69.45%, 93.75%–57.18% and 92.67%–25.58%, respectively. 
The experimental maximum adsorption capacities of peat 
for reactive dyes at an initial dye concentration of 1,000 mg 
L–1 were found to be 14.15, 11.6, and 5 mg g–1, respectively. 
According to Giles classification [40], the adsorption iso-
therms of reactive dyes were of the L-type, which indicates a 
high affinity of the dyes to the surface at low concentrations, 
decreasing with increasing initial concentration.

Reactive dyes were anionic and of different molecu-
lar diameters (RB19, d = 1.87 nm; RB81, d = 1.94 nm; RBk5, 
d  =  3.02  nm, the diameters determined using ChemBio3D 
Ultra), the number of acceptors and the number of donors 
(Table 1). The obtained results indicate that the adsorption 
of reactive dyes depended on the number of acceptor groups 
and the size of the dye molecule. The adsorption capacity 
of peat decreased with an increasing number of acceptor 
groups. Our previous study [15] showed a strong relation-
ship between the adsorption capacity of low-moor peats 
and the ratio of the number of hydrogen atom donors to the 

number of hydrogen atom acceptors in the dye functional 
groups. A significant peat porosity with the dominance 
of mesopores (50 > d  > 2 nm) and macropores (d  > 50 μm) 
(Table 2) indicates that the dyes can bind in the peat pores. 
Dye RB19 was bound in the largest amount due to its lowest 
molecular weight and diameter, which facilitated the mobil-
ity and diffusion of the dye into the pores. Dye RBk5, with 
the highest molecular weight and diameter, was bound in 
the smallest amount.

Despite the acidity of the dyes RB19, RB81 and RBk5 
(pH 4.29–4.97), the pH in the equilibrium solution varied, 
at 5.20–5.90, 5.92–6.11, and 6.24–6.45, respectively (Fig. 4). 
The pH values were close to or higher than the pH of peat 
(pH 5.62, Table 2) due to its high buffer capacity [53]. The 
structure of reactive dyes and the presence of –OH, =NH, 
–NH and –SO3 groups indicate that they could be bound 
with surface groups of humic acids (–COOH and –OH) by 
hydrogen bonds as well as van der Waals forces and π–π 
interactions (Fig. 5) [14,54].

The comparison of the pH values in the equilibrium 
solutions with the point of zero charge of peat (pHPZC 5.77, 

Fig. 3. Equilibrium adsorption isotherms and the removal efficiency of reactive dyes.

Fig. 4. pH values in the equilibrium solutions for reactive dyes.
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Table 2) showed that only adsorption of RB19 dye occurred 
at pH < pHPZC over the whole range of initial concentrations 
(Fig. 4). This indicates that the peat surface was positively 
charged according to Reaction 1 and this dye may be bound 
also as a result of electrostatic interactions, according to the 
reactions:

R SO Na HCOO S R SO HCOO S NaH− + −  → − − +− + − + ++

3 3 ....... 		
	 (15)

R SO Na HO S R SO HO S NaH− + −  → − − +− + − + ++

3 3 ........ 	(16)

where S – surface of peat.
On the other hand, dyes RB81 and RBk5 were bound at 

pH > pHPZC, that is, to a negatively charged surface, so they 
cannot be bound by electrostatic interactions.

The effect of NaCl (at concentration of 5%) and Na2CO3 
(at concentration of 10%) (pH 5.4 for RB19, 5.3 for RB81, 4.65 
for RBk5 and pH 9.2, respectively) as well as CH3COOH 
(at concentration of 20% and pH 3.2) on the adsorption 
capacity of peat in relation to reactive dyes RB19, RB81 and 
RBk5 and on their removal efficiency is shown in Fig. 6, and 
on the pH changes in the equilibrium solutions – in Fig. 7.

It was observed that in the presence of all auxiliaries used 
the adsorption capacity of peat for reactive dyes increased 
over the whole range of initial concentrations and depended 
on the dye-auxiliary substance system.

It was also observed that the lower the peat’s ability to 
bind dyes, the greater the effect of auxiliaries. The effect 
of NaCl, Na2CO3, and CH3COOH on RB19 adsorption was 
the smallest and appeared at dye concentrations above 
250 mg L–1 (Fig. 6). In the presence of the auxiliary substances, 
the adsorption of the dye increased by 9.52%–29.87%, 12.0%–
28.67% and 9.20%–22.06%, respectively, to maxima of 18.32, 
17.26, and 18.20 mg g–1, respectively. The removal efficiency 
varied between 99.5%–90.77%, 97%–85.2% and 99%–87.68%, 
respectively. In the presence of auxiliaries, the adsorption 
of RB19 occurred at pH 6.65–6.48, 7.35–7.59, and 4.82–4.87, 
respectively. The addition of salts increased the pH values 
in the equilibrium solutions, whereas in the presence of 

acetic acid the adsorption occurred at pH <  pHPZC of peat 
and the pH remained constant (Fig. 7).

The removal efficiency of RB81 in the presence of 
auxiliaries NaCl, Na2CO3 and CH3COOH was high and 
varied at 99.51%–97.68%, 93%–76.68%, and 99.07%–92.2%, 
respectively (Fig. 6). The adsorption capacity of peat for 
RB81 dye increased by 33.3%–69.75%, 24.7%–36.82%, and 
32.1%–58.17%, respectively, to maxima of 19.69, 15.82, and 
18.35  mg  g–1, respectively. The adsorption of RB81 in the 
presence of NaCl and Na2CO3 occurred in the pH range of 
5.68–5.31 and 5.62–6.17, respectively, close to the pH of peat. 
The pH values of the equilibrium solution with the addi-
tion of acid were below pHPZC and ranged between 4.92 and 
4.63 (Fig. 7). After the addition of NaCl and CH3COOH, the 
shape of the adsorption isotherm of RB81 changed from the 
L-type to the H-type, which means that the affinity of the peat 
surface for the dye increased.

The highest increase in the adsorption was observed for 
RBk5 over the whole range of initial concentrations. In the 
presence of auxiliary substances NaCl, Na2CO3, CH3COOH, 
the adsorption capacity of peat for RBk5 increased by 57%–
136%, 51%–221% and 40%–93.4%, respectively. The dye 
was removed at levels of 93.4%–58.28%, 96%–78.98% and 
84.62%–46.32%, respectively. At the maximum initial concen-
tration of RBk5, adsorption was 11.82, 16.65, and 9.67 mg g–1, 
respectively (Fig. 6).

A comparison of the pH values in the equilibrium solu-
tions with the point of zero charge of peat showed that in 
the presence of CH3COOH the adsorption of RBk5 dye pro-
ceeded at pH  <  pHPZC to a positively charged surface. The 
functional groups on the surface of peat are protonated by 
H+ ions present in the solution and, thus, anionic dyes can 
also be bound by electrostatic interactions, which increase 
the adsorption.

According to Ip et al. [14] the presence of salts in solution 
can affect the adsorption process: the addition of salts will 
increase the adsorption capacity when the electrostatic inter-
action between the dye molecules and the adsorbent surface 
is repulsive, whereas when the electrostatic interaction is 
attractive, salts will decrease the adsorption capacity of the 
system. The positive and negative ions in the salts can neutral-
ize charge on the adsorbent surface and the charged dye mol-
ecules and reduce the electrostatic interactions between them.

The adsorption of dye RB19 with added salts NaCl 
and Na2CO3 and the adsorption of RBk5 and RB81 dyes 
with added Na2CO3 occurred at pH  >  pHPZC, which proves 
the positive effect of the added salts when the electrostatic 
interactions are repulsive. The adsorption of dyes RB81 
and RBk5 with added NaCl proceeded at pH < pHPZC and, 
according to the theoretical assumptions, the addition of 
NaCl should decrease the adsorption capacity. However, 
the obtained results indicate that the adsorption capacity of 
peat increased. Al-Degs et al. [55] obtained similar results 
during the tests of the adsorption of reactive dyes on acti-
vated carbon. The authors suggested that the increase in the 
adsorption capacity after NaCl addition could be attributed 
to the dimerization of the reactive dye molecules in solution. 
The increase in aggregation can be explained by the fact that 
the presence of salt ions increases the intermolecular forces 
causing the aggregation, including van der Waals, ion-dipole 
and dipole-dipole forces.

Fig. 5. Intermolecular interactions between dye groups and peat 
surface groups.
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An increase in the adsorption capacity of peat to reactive 
dyes after adding NaCl was also observed by Ip et al. [14] and 
Sepulveda et al. [3]. According to Ip et al. [14], the adsorption 
of RBk5 onto peat in the presence of 0.1 M NaCl at an initial 
dye concentration of 1,000  mg  L–1 increased 5.5-fold, from 
5.44 to 29.82 mg g–1. A much stronger effect of NaCl than we 

had observed may have been caused by the higher concen-
tration of NaCl used. In the studies by Sepulveda et al. [3] on 
four reactive dyes (Yellow CIBA WR 200%, Dark Blue CIBA 
WR, Navy CIBA WB and Red CIBA WB 150%), in the pres-
ence of NaCl solution of ionic strength 0.1 M, the sorption 
onto peat was from two to three times higher. The authors 

Fig. 6. Equilibrium adsorption isotherms of reactive dyes on peat in the presence of auxiliary substances and their removal efficiency.
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explain the increase in the adsorption capacity in the pres-
ence of NaCl ions by the fact that the repulsive electrostatic 
interactions between the peat surface and dye molecules had 
been reduced.

3.4. Adsorption of acid dyes and the effect of auxiliary substances 
on the adsorption capacity

The equilibrium adsorption isotherms for acid dyes 
(q = f(Ceq)) and the removal efficiency (RE = f(C0)) are presented 
in Fig. 8; the pHs of the equilibrium solutions (pH = f(Ceq)) are 
shown in Fig. 9.

The studied acid dyes, ABk1 and AB9, are alkaline or 
weakly acidic, respectively (Table 1) and showed different 
affinities for the peat surface. Dye ABk1 was removed from 
the solution at levels of 99–90.34% over the whole range of 
initial concentrations (1–1,000 mg L–1). The maximum adsorp-
tion capacity was 17.67 mg g–1. Dye AB9 showed a very low 
affinity for the peat surface. The dye was removed from the 
solution in the range 95%–32.94% and the maximum adsorp-
tion capacity was 6.67  mg  g–1. The adsorption isotherm of 
ABk1 can be classified as type H and that of AB9 as type S 
according to Giles classification. The H-type isotherm indi-
cates the high affinity of ABk1 dye for the peat surface, and 
the S-type isotherm indicates a low affinity of AB9 for the 
peat surface at low dye concentrations, which increases with 
the initial concentration.

The adsorption of ABk1 and AB9 occurred at pH values 
in the ranges of 6.67–6.96 and 6.24–6.08, respectively, that 
is, at pH > pHPZC, indicating a negative surface charge. Dye 
ABk1 could be bound by peat as a result of hydrogen bonds 
between the dye functional groups –OH, –NH2 (Table 1) and 
the ph–OH and –COOH groups of peat (Fig. 5).

Dye AB9 is an inner salt with a positive charge, which 
allows the formation of electrostatic interactions with a neg-
atively charged surface. However, the adsorption of AB9 
was much lower than the adsorption of ABk1, which may be 
related to the lack of donor groups in its structure (Table 1) 
and also to the larger size of the molecule in comparison with 
the ABk1 molecule (molecular diameters: ABk1, d = 2.03 nm; 
AB9, d = 2.46 nm), which hinders the transport of AB9 dye 
into the peat pores.

Two solutions of CH3COOH, of pHs of 3.0 and 4.6, were 
used to study the effect of auxiliary substances on the adsorp-
tion capacity of peat for acid dyes, as this acid is used for 
pH adjustment in the dyeing of natural fibers with acid dyes.

In the presence of CH3COOH at pH 3.0, ABk1 was 
removed from the solution at levels of 99%–97.86%, and 
the adsorption capacity increased by 1.2%–11% to a maxi-
mum of 19.65  mg  g–1 (Fig. 10). The adsorption occurred at 
pH 4.25–4.09 to a positively charged peat surface during the 
process. Under these conditions, the dye may also be bound 
by electrostatic forces, which increase the effectiveness of its 
removal from the solution. On the other hand, an increase 

Fig. 7. Effect of auxiliary substances on the pH values in the equilibrium solutions for reactive dyes.
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in the pH of CH3COOH to 4.6 caused a decrease in ABk1 
dye adsorption, especially at high initial concentrations 
(>250  mg  L–1). The dye was removed at 95%–79.5% with a 
maximum adsorption capacity of 16.5  mg  g–1, indicating 
a decrease in adsorption by 6.6%. There was also a change 
in adsorption isotherm shape from H-type to L-type. The 
pH values in the equilibrium solutions were in the range of 
5.58–6.87 (Fig. 11) indicating a negative peat surface charge 
at initial concentrations >500 mg L–1. Comparing the adsorp-
tion curve (Fig. 10) with the pH curve in the equilibrium 
solution (Fig. 11), at initial concentrations of ABk1 in solu-
tion of >500 mg L–1, a change in the peat surface charge and a 
decrease in the adsorption, when compared to the dye with-
out CH3COOH can be noticed.

A similar effect of the addition of CH3COOH on the 
adsorption of AB9 dye was observed. Depending on the pH 
of the acid (3.0 or 4.6), the dye was removed from the solu-
tion in the range of 99%–42.35% or 95%–18.81%, respectively. 
The adsorption increased by 24% to 8.3 mg g–1 or decreased 
by 43% to 3.78  mg  g–1, respectively. The increase in the 
adsorption in the presence of CH3COOH of pH 3.0 caused 
a change in the shape of the adsorption isotherm according 

to Giles’ classification from an S-type to an L-type (Fig. 10). 
The adsorption proceeded at a pH in the ranges 4.31–4.25 and 
6.16–6.0, respectively. This means that the lower the pH of the 
acid, the more effective its impact on the change in the peat 
surface charge.

The pH values of the equilibrium solutions indicate 
that the adsorption of acid dyes from the solutions at pH 
3.0 occurred at pHs below the pHPZC of peat (pH 5.77). The 
presence of H+ ions in the solution under acidic conditions 
caused protonation of the peat functional groups [56], so 
that the surface was positively charged and anionic acid 
dyes could also be bound to the peat surface as a result of 
electrostatic interactions, increasing the adsorption capac-
ity of the material. Sepulveda and Santana [1] showed 
that the adsorption of acid dyes depends on the pH. The 
authors observed that the adsorption of Acid Black 1 on 
peat decreased with increasing pH from 2.0 to 8.0, with the 
highest decrease in the adsorption capacity from 17.86 to 
2.36 mg g–1 at the change in pH from 2.24 to 5.3, when the 
pH was lower than the pHPZC of peat. Similarly, the studies 
by Janos et al. [57] on the adsorption of Acid Black 26 and 
Acid Orange 7 on oxihumolite indicated a 14-fold and about 
a 6-fold decrease, respectively, in the adsorption capac-
ity of the material with an increase in pH from 1.0 to 5.0. 
According to the authors, this was attributed to the disso-
ciation of some functional groups on the adsorbent surface, 
which increased the negative surface charge, thus hinder-
ing the adsorption of acid dyes. The results of adsorption 
of Reactive Red 120 on Chara contraria obtained by Celekli 
et al. [46] also show a decrease in the adsorption capacity 
(from about 50 to about 15 mg g–1) with an increase in pH 
from 1.0 to 9.0, while at above pH 8.0 the adsorption capac-
ity remained practically unchanged, which is related to the 
pHPZC value (7.9) of the biomass used.

3.5. FTIR spectra of the peat samples before and after 
dyes adsorption

The FTIR spectra of peat loaded with RB19 or ABk1 at an 
initial concentration of 1,000  mg  L–1 compared to the spec-
trum of raw peat provide useful information on the role of 
the peat surface functional groups in dye binding (Fig. 2).

Fig. 8. Equilibrium adsorption isotherms of acid dyes onto peat and their removal efficiency.

Fig. 9. pH values in the equilibrium solutions for acid dyes.
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Differences between the spectra in the region between 
3,600 and 3,000 cm–1, and at 1,600; 1,380; and 1,030 cm–1 were 
observed. Reduction in the peak intensities indicates the 
contribution of COOH, COO, and OH groups to the binding 
of dyes. Negative correlation (–) was observed between the 
intensity of peaks and the maximum peat sorption capac-
ity for both dyes. Moreover, no changes in the spectra of 

peat loaded with dyes and with the dyes in the presence of 
CH3COOH are observed (omission the spectra of the peat 
after dyes adsorption in the presence of CH3COOH) and 
show a similar mechanism of dye binding.

Slight differences in peak intensities in the regions of 
575, ~800, and ~900 cm–1 may be due to the low contribution 
of iron oxides in the binding of these dyes or to the use of 

Fig. 10. Equilibrium adsorption isotherms of acid dyes on peat in the presence of auxiliary substances, and their removal efficiency.

Fig. 11. Effect of CH3COOH on the pH values in the equilibrium solutions for acid dyes.
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transmission spectroscopy instead of FTIR/PAS (photoacous-
tic spectroscopy).

3.6. Determination of the parameters in the adsorption isotherms

The parameters calculated from the Freundlich, 
Langmuir, D–R and Sips models, as well as the values of 
the coefficient of determination (R2) and the error functions 
(SSE, RMSE and χ2) for the adsorption of reactive and acid 
dyes, with and without the addition of auxiliary substances, 
are shown in Tables 3 and 4, respectively. Also, based on the 
estimated parameters, the theoretical isotherms were plotted 
and are shown, with experimental data, for the examples 
of reactive dye RB81 and acid dye ABk1 in Figs. 12 and 13, 
respectively.

The values of the parameter 1/nF estimated from the 
Freundlich isotherm for all dyes, with and without the addi-
tion of auxiliaries, were lower than 1, indicating the favorable 
nature of the adsorption. Higher values of KF in the presence 
of salts and acetic acid for the adsorption of reactive dyes, 
and of acetic acid at pH 3.0 for the adsorption of acid dyes 
indicate an increase in the intensity of the adsorption of the 
dyes in the presence of auxiliaries. At the same time, as the 
pH of acetic acid increases, the adsorption intensity of acid 
dyes decreases (Table 4).

The Langmuir model provides useful information, such 
as the maximum adsorption capacity (qmax) and the isotherm 
constant (KL), which is related to the affinity of the binding 
sites and the binding energy. The values of the parameter 
qmax for all dye-auxiliary substance systems were greater than 

Table 4
Isotherm parameters, the values of coefficient of determination and error functions for the adsorption of acid dyes

ABk1 +CH3COOH
pH = 3.0

+CH3COOH
pH = 4.6

AB9 +CH3COOH
pH = 3.0

+CH3COOH
pH = 4.6

Freundlich isotherm

1/nF 0.4645 0.5198 0.3998 0.6454 0.5712 0.5184
KF, mg g–1 (L mg–1)1/nF 2.185 4.064 2.115 0.1087 0.2339 0.1252
R2 0.9911 0.9945 0.9301 0.9702 0.9905 0.9848
SSE 3.167 2.19 22.43 1.768 0.8049 0.2757
RMSE 0.3959 0.2744 2.803 0.2210 0.1006 0.03446
χ2 1.799 1.652 6.270 0.6992 0.5067 0.3333

Langmuir isotherm

qexp, mg g–1 17.67 19.65 16.50 6.670 8.300 3.778
qmax, mg g–1 19.60 25.28 17.64 11.32 11.65 4.927
KL, L mg–1 0.05904 0.1406 0.05576 0.002380 0.004310 0.004067
RL 0.01702 0.007030 0.01698 0.2933 0.1914 0.1967
R2 0.9843 0.9855 0.9939 0.9909 0.9980 0.9969
SSE 5.557 5.824 1.957 0.5410 0.1665 0.05590
RMSE 0.6946 0.7280 0.2446 0.06762 0.02081 0.006988
χ2 2.089 5.166 1.449 0.3017 0.1897 0.06487

Dubinin–Radushkevich isotherm

β, mol2 kJ–2 0.003591 0.003599 0.003283 0.006530 0.005496 0.005173
qD, mmol g–1 0.154 0.317 0.102 0.066 0.063 0.022
E, kJ mol–1 11.80 11.79 12.34 8.751 9.538 9.831
R2 0.9963 0.9975 0.9564 0.9800 0.9963 0.9932
SSE 1.322 1.021 13.98 1.191 0.3133 0.1232
RMSE 0.1653 0.1277 1.748 0.1489 0.03916 0.01540
χ2 0.7995 1.032 4.401 0.4930 0.1666 0.1213

Sips isotherm

qmax, mg g–1 33.62 53.63 17.42 8.011 13.62 5.561
KS, (L mg–1)1/nS 0.0586 0.0998 0.0532 0.00435 0.00580 0.0958
1/nS 0.6402 0.6441 1.031 0.450 0.8852 0.8862
R2 0.9963 0.9972 0.9940 0.9973 0.9988 0.9977
SSE 1.322 1.139 1.934 0.1577 0.1030 0.04090
RMSE 0.1652 0.1424 0.2417 0.01971 0.01288 0.005113
χ2 0.7214 1.118 1.485 3.711 0.07084 0.03137
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the experimental values, which indicates that the monolayer 
was not completely covered. An increase in the values of 
KL in the presence of auxiliaries indicates an increase in the 
affinity of the dye for the peat. The effect of auxiliaries on 
the affinity of reactive dyes for the peat surface depended 
on the dye-auxiliary substance system and changed in the 
following order:

RB19: CH3COOH > Na2CO3 ≥ NaCl
RB81: CH3COOH > NaCl ≥ Na2CO3
RBk5: Na2CO3 > NaCl > CH3COOH

Acid dyes in the presence of CH3COOH at pH 3.0 also 
showed a higher affinity to the peat surface, whereas in the 
presence of CH3COOH at pH 4.6, the affinity of the dyes to 
the surface was at the same level as that of the dyes without 
auxiliaries. The values of RL calculated from Eq. (7) indicated 
that the adsorption process was favorable for all systems.

The values of E estimated from the D–R model were 
found to be higher than 8 kJ mol–1, which indicates that the 
process was a chemical adsorption.

The values of 1/nS calculated from the Sips model indi-
cated that the addition of auxiliary substances to the solution 
increased the heterogeneity of all systems, and the 1/nS val-
ues were at the 1/nF level for reactive dyes and higher for acid 
dyes. The values of the parameter KS at the KL level estimated 
from the Langmuir isotherm indicated a positive effect of 
auxiliaries on the adsorption process.

The values of coefficient of determination R2, in the 
range of 0.9662–0.9999 for the adsorption of reactive dyes 
and in the range of 0.9301–0.9988 for acid dyes, indicate 
that the experimental isotherm data of the tested dyes can 
be described with all four adsorption models. However, 
the lowest values of the error function SSE, RMSE and χ2 
showed that the Sips isotherm is the best-fit model for the 
adsorption process (Figs. 12 and 13). The model combines 
elements from both the Langmuir and Freundlich equa-
tions, suggesting that the mechanism of dye binding is more 
complex and does not follow an ideal monolayer adsorp-
tion. Similar results were obtained by other authors investi-
gating the adsorption of dyes on organic adsorbents [37,56].

Furthermore, the studies on the removal of cationic dyes 
with the use of peat carried out by Chieng et al. [58] indicate 
that the three-parameter models provide a better fit to the 
experimental data than do the two-parameter models.

4. Conclusions

The results show that the presence of auxiliary substances 
NaCl, Na2CO3 and CH3COOH used in real dyeing processes 
had a strong effect on the adsorption capacity of low-moor 
peat for reactive dyes Reactive Blue 19, Reactive Blue 81, and 
Reactive Black 5 and acid dyes Acid Black 1 and Acid Blue 9.  
The effect of auxiliary substances depended on the dye-
adsorbent system: the lower the binding ability of the dye 
to the peat, the greater the effect of the auxiliary substances.

Fig. 12. Reactive Blue 81 adsorption isotherms on low-moor peat; the lines are the plots of theoretical isotherm models.
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According to the estimated values of the parameters in 
the Langmuir, Freundlich, D–R, and Sips isotherm models, 
the maximum dyes adsorption capacity, the affinity of the 
binding sites and the binding energy, as well as the intensity 
of adsorption, increased in the presence of the auxiliary sub-
stances in the solution.

The presence of CH3COOH was an important factor 
since the H+ in the solution affected the peat surface charge 
by protonation and a possibility of binding anionic dyes via 
electrostatic interaction. Only CH3COOH at low pH affected 
the peat surface charge because of the very good buffering 
capacity of peat. NaCl and Na2CO3 increased the intermolec-
ular forces, as well as the dimerization process, of reactive 
dyes in the solution.

The Sips equation fits the experimental results best. 
The model combines elements from both the Langmuir and 
Freundlich equations, suggesting that the mechanism of dye 
binding is more complex and does not follow an ideal mono-
layer adsorption.

The results also indicate that when testing new substances 
to be used as adsorbents for the removal of dyes from water 
and wastewater their actual composition should be taken 
into account, including the presence of auxiliary substances, 
which have a significant impact on the adsorption process.
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Symbols

q	 —	� Amount of dye adsorbed per unit mass of the 
adsorbent, mg g–1 or mmol g–1

RE	 —	 Removal efficiency, %
C0	 —	 Initial dye concentration, mg L–1

Ceq	 —	 Equilibrium dye concentration, mg L–1

V	 —	 Volume of the solution, cm3

m	 —	 Mass of the adsorbent, g
KF	 —	� Freundlich equilibrium constant related to 

the adsorption capacity and adsorption inten-
sity of the system, mg g–1 (L mg–1)1/nF

1/nF	 —	� Expresses favorability of adsorption, 
dimensionless

qmax	 —	 Maximum adsorption capacity, mg g–1

KL	 —	� Langmuir constant related to the affinity of the 
binding sites and the energy of adsorption, L mg–1

RL	 —	 Separation factor, dimensionless
qD	 —	 Theoretical saturation capacity, mmol g–1

β	 —	� Constant related to the adsorption energy, 
mol2 kJ–2

ε	 —	 Polanyi potential
R	 —	 Gas constant, J mol–1 K–1

T	 —	� Temperature, K
E	 —	� Mean free energy of adsorption per molecule of 

the adsorbate, kJ mol–1

Fig. 13. Theoretical isotherms with experimental points of Acid Black 1 adsorption with the addition of CH3COOH.
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KS	 —	� Sips constant related with affinity constant, 
(L mg–1)1/nS

1/nS	 —	� Sips exponent which represents the surface het-
erogeneity, dimensionless

R2	 —	 Coefficient of determination
χ2	 —	 Nonlinear chi-square test
qcal	 —	 Calculated value of adsorption capacity, mg g–1

qexp	 —	� Experimental value of adsorption capacity, mg g–1

n	 —	� Number of observations in the experimental 
data
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