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Abstract 

This study aimed to investigate the adsorption efficiency of Cd and Mn using natural sorbents—bentonite, zeo-
lite and stabilized digested dewatered waste sludge. The main contributions of the scientific article are in adding 
to the scientific knowledge of the use of natural and waste sorbents in the removal of heavy metals from neutral mine 
effluents. Current studies mainly focus on metal removal by sorption using natural sorbents from acid mine drain-
age. This study investigates sorption in neutral mine drainage. The efficiency of the sorption process was evaluated 
using the following parameters: efficiency (%) of metal ion removal, Freudlich and Langmuir adsorption isotherm 
constant. The AES–ICP method (atomic emission spectrometry with inductively coupled plasma) was used for the ini-
tial metal analysis of the materials used. The atomic absorption spectrometry (AAS) method was used for the analysis 
of Cd and Mn in the sorption process. The maximum efficiency of Mn removal by bentonite at the end of the test 
was approximately 90%. The removal of Mn by zeolite was considerably lower—about 20% compared to the use 
of sludge—80%. Based on the sorption efficiency, the sludge was suitable for sorption. Much higher levels of Cd 
sorption were achieved using sludge compared to using natural bentonite and zeolite. The main novelty of the work 
lies in the sorption of metals using dewatered digested sludge. Previous studies have focused on metal sorption 
using activated sludge. Most previous studies focused on sorption from acid mine drainage. The novelty of this study 
is that we focused on the sorption of neutral mine drainages, which are typical for the location we are monitoring.
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Introduction
The industrial sector is the source of a large amount of 
wastewater that needs to be disposed of before being dis-
charged into the environment [1]. Multiple damage to 
living systems can occur if the threshold is exceeded [2].

Cadmium (Cd) is one of the major pollutants, a non-
essential metal that is harmful to organisms at relatively 
low concentrations of about 0.001–0.1  mg  dm−3 [3, 4]. 
Cadmium [5] and Manganese (Mn) [6] occur as one of 
the heavy metals in mine effluents.

In general, mine drainage treatment aims to raise the 
pH while removing metals and sulphates before it is dis-
charged into natural streams. The removal mechanisms 
for most metals in mine drainage are sorption and pre-
cipitation [7]. Current methods for the treatment of 
wastewater containing heavy metal ions are the ferrite 
method, chemical precipitation, electrochemical method, 
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reverse osmosis method, ion exchange method, and 
adsorption methods [8].

Frequently used natural sorbents for heavy metal sorp-
tion include bentonites [9], zeolite [10] and sludge of 
wastewater treatment plants [11]. Bentonites for sorp-
tion have also been used in mixtures with other materials 
(Parrotia persica) to increase their efficiency [12]. Other 
materials with a confirmed Cd sorption effect include, for 
example, charcoal [13]. In addition to natural materials, 
by-products from production can be used for sorption 
[14].

In recent years, many readily economically available 
biosorption materials have been used and have shown 
promise as methods for heavy metal removal [15–17]. 
Waste digested activated sludge (WDAS) is also a waste 
material that can be used as a biosorbent for the pur-
pose of metal removal. WDAS is produced in wastewater 
treatment plants where excess activated sludge is used to 
produce biogas in an anaerobic digester [18]. Activated 
sludge has been used in the past as a sorbent for heavy 
metals [19].

In the removal of metals from mine effluents by sorp-
tion, previous studies have mainly used natural sorb-
ents due to their low cost [20–27]. We investigated the 
removal of Cd and Mn by adsorption using SDDS (stabi-
lized digested dewatered sludge), bentonite, and zeolite. 
As a sorbent, it could find use in the treatment of mine 
drainage as opposed to landfilling. In other studies, The 
using zeolite, efficiencies of more than 89% were achieved 
for Cu [10, 28, 29], Fe [30], 47% for Cd [31] and for Mn 
∼100% [24]. Using bentonite, the sorption was more than 
89% for Fe [23, 32], the same for Cd [31] as well as for 
Mn [23], even according to another study a sorption of 
∼100% was found for Mn [23]. Biosorption by activated 
sludge for heavy metals has also been studied in the past. 
Cd uptake by activated sludge has been confirmed to be 
greater than 95% [33]. Another study reported Cd sorp-
tion by activated sludge and a level of 50% [34]. Activated 
sludge was studied for Ni sorption (39.7%) [19] Sorption 
for Cd and Pb capture by activated sludge has also been 
carried out [35]. Biosorption isotherms show that Cd can 
be biosorbed up to more than 20,000-fold above water 
concentrations using free cells at 30 °C and pH 6.6 [36]. 
According to the study [37] activated sludge had a high 
biosorption capacity and equilibrium was reached in a 
short time with respect to copper, iron, manganese, zinc 
and chromium from landfill leachate.

The use of surplus sludge from wastewater treatment 
plants is very limited in Slovakia, e.g., due to its con-
firmed microplastic content [38]. The current regula-
tory framework for sewage sludge is set out in several 
instruments at EU level. However, these primarily focus 
on the waste dimension and not on the reuse of valuable 

resources [39]. The view of sludge use in Slovakia focuses 
mainly as a fertilizer. However, for its application on agri-
cultural land as a fertilizer is bound by restrictions regu-
lated by the Act of the National Assembly of the Slovak 
Republic No. 188/2003 Coll. and the subsequent Manual 
for the application of sewage sludge to agricultural land, 
issued by the Research Institute of Soil Science and Soil 
Protection, Bratislava. According to this manual from the 
law in question, the application of sewage sludge and bot-
tom sediments is prohibited to agricultural land or for-
est land—the pH value of which is lower than 5.0; in the 
protection zone of water supply sources of I. degree and 
II. Grade I or II; with a slope above 12° if the groundwa-
ter level is less than 0.5 m from the soil surface (or other 
restrictions defined by law). The use of surplus sewage 
sludge, for example, also in sorption methods, is one of 
the paths towards a circular economy, which is currently 
being strongly emphasised throughout the European 
Union.

The above studies mainly focused on the removal of 
metals by sorption from acid mine drainage. In Slovakia, 
neutral mine drainage occur more often; therefore, this 
study focused on metal removal by neutral pH. Also lim-
ited use of SDDS as fertilizer brought us to search for its 
other use rather than its disposal. This study supplements 
information about adsorption of Cd and Mn from neutral 
mine drainage with natural sorbents and confirms possi-
ble use of SDDS for metal removal.

Materials and methods
In the individual phases of the experiment, the values 
of metal concentrations were determined, from which 
the parameters of the adsorption process were gradually 
evaluated: efficiency (%) of metal ion removal, Freudlich 
and Langmuir adsorption isotherm constants.

Description of the sorbents and neutral mine drainage
Stabilized digested dewatered sludge was used in the 
study. Stabilized sludge was used specifically to remove 
pathogenic microorganisms that could cause hygienic 
complications when this sorbent is applied to the aquatic 
ecosystem. The sludge was dried and ground with a ball 
mill to a fraction below 200 µm.

Ground fine bentonite was used for better contact 
between the sorbent and the sample. Bentonite was 
obtained from the Kopernica site (Table 1). The bentonite 
was ball milled to a fraction below 200 µm.

Ground fine zeolite was used for better contact 
between the sorbent and the sample. The zeolite was ball 
milled to a fraction below 200 µm. Zeolite was obtained 
from Nižný Hrabovec (Table 1). The mineral composition 
of the zeolite used is Clinoptilolite 82–84% [40].
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Neutral mine drainage was taken from the Voznická 
dedičná stôlňa adit—Central Slovakia. The average pH 
over 2 years in neutral mine drainage was 7.24. Aque-
ous solutions were used for sorption. The concentra-
tion of cadmium and manganese in them was modified 
with selected Cd and Mn salts for the needs of 5 input 
concentrations.

The selected input concentrations of cadmium and 
manganese solutions are related to the specific values 
of these metals in the monitored mine water. The meas-
ured values of Cd (0.025 mg k−1) and Mn (3.8 mg kg−1) 
in mine water from the Voznická dedičná stôlňa reach 
many times higher values than stated in Government 
Regulation No. 269/2010 Coll. (Cd: 0.08–0.25  μg·kg−3, 
Mn: 0.3 mg kg−1).

The interval of input concentrations for monitored 
heavy metals was also increased due to realistically pos-
sible situations in the environment during periods of 
drought and concentration of mine waters. The capac-
ity of the sorbents will thus be reserved for sufficient 
sorption of metals in the monitored area.

Montmorillonite clays are layered silicates and are 
among the numerous inorganic supports for reagents 
used in organic synthesis [42]. Plagioclase is a solid 
solution of end members albite (NaAlSi3O8) and anor-
thite (CaAl2Si2O8), with minor substitution of K for Na 
[43]. Feldspars are a group of aluminosilicate minerals 
containing potassium, sodium and calcium, occasion-
ally also barium, cesium and isomorphous composi-
tions of these elements [44]. Feldspar is a valuable raw 
material in the production of glass, ceramics, fillers, 
enamelled frits and welding electrodes. Feldspar is the 
single most abundant mineral in the Earth’s crust and is 

associated with other silicate, titanium, and iron miner-
als [44].

Biotite is an important mineral in metamorphic rocks 
in a wide range of bulk compositions and metamorphic 
grades. One of the most interesting biotite substituents 
is Ti. This tetravalent cation is preferentially partitioned 
into biotite compared to other typical metapelitic silicate 
minerals and replaces octahedrally coordinated divalent 
or trivalent cations. [45]. Cristobalite is a high-tempera-
ture polymorph of silica stable in the temperature range 
(T) 1.470–1.705 °C, but also occurs outside its field of sta-
bility as a metastable phase [46]. Volcanic glass is surface-
cooled lava. Lava is formed by rapid cooling, solid, liquid 
and gaseous inclusions can be preserved in it, which 
reflect the subsurface magmatic history of the lava [47].

Smectites are one of the largest and most important 
classes of the phyllosilicate clay mineral group. They are 
common in temperate soils and, because of their cation 
exchange capacities (CECs) and very high specific surface 
areas, tend to dominate the cation adsorption chemistry 
of these soils [48].

Kaolinite (Al2Si2O5 (OH)4) is a 1:1 layered clay mineral, 
meaning that the layer is made of two different sheets. 
The layer consists of a tetrahedral layer of silicon diox-
ide and an octahedral layer of aluminum oxide. They are 
linked through shared coordination oxygen atoms [49].

Clinoptilolite is one of the most widespread natural 
zeolites, widely distributed throughout the world and 
used for its ion exchange and adsorption properties [50].

First, the background concentrations of metals in the 
sorbents and the mine water were verified (Table 2). The 
concentrations of Mn and Cd in neutral mine water sev-
eral times exceed their concentrations in sorbents. The 
mentioned metals were used in the experiment because 

Table 1  Chemical and mineral composition of bentonite and zeolite

a Name of the quarry in the Nižný Hrabovec location—the sampling location for our zeolite sample

Sorbent Density Chemical composition [%] Source

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 Na2O K2O MnO P2O5 SO3

Bentonite 1944.2 75.61 13.14 2.09 1.19 1.70 0.018 1.29 0.38 0.08 0.023 0.018 Supplier

66.09 23.96 2.69 1.9 2.93 0.15 0.43 1.68 0.05 0.01 0.11 [41]

Zeolite 1456.5 68.83 12.25 1.40 3.09 0.72 0.16 0.81 3.11 – – – Supplier

64.18–75.50 10.93–14.80 0.12–2.45 1.43–11.68 0.29–1.43 – 0.10–2.97 1.24–4.24 – – – [40]a

Sorbent Mineral composition [%]

Montmorillonite Plagioclase K-feldspar Biotite Quartz-
cristobalite

Volcanic glass loss by 
annealing

Smektite Feldspar Kaolinite Clinoptilolite Source

Bentonite 48.00–98.00 2.40 1.70 5.33 13.44 5.13 0.35 – – – – Sup-
plier

– – 2.50 1.50 – – 80.00 8.00 2.00 – [41]

Zeolite 82.00–84.00 [40]a
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the input analyzes showed the levels of these metals in 
the NMD in the same sampling area to be significant, 
some even like Cd, Cu, Mn exceeding the limit values, 
established by the Government Regulation No. 269/2010 
Coll.

According to the OECD 301 F standard test, activated 
sludge was used as an inoculum for aerobic degrada-
tion. According to the OECD 311 standard test, digested 
sludge was used as inoculum for anaerobic degradation 
(Table 3).

Sorption of heavy metals
Adsorption experiments were carried out in closed Erlen-
meyer flasks at laboratory temperature by mixing the sorb-
ent with 100 cm3 of neutral mine drainage solution. Sorbent 
concentrations of 5  g·dm−3 were used in the experiment. 
The samples were periodically mixed at a constant speed 
(200  rpm) using an electromagnetic stirrer. Sorption was 
carried out at a laboratory temperature of 20 °C.

The sorption experiment was carried out in parallel 
samples. The first represented the input concentration. 
At minute intervals, sorption was gradually interrupted 
in individual samples. After stopping the sorption in a 
100  ml sample, the solution was filtered, and the con-
centration of manganese/cadmium was determined in it. 
This experiment was repeated 6 times for the same input 
concentrations and the sorption results were averaged. 
5 different inlet concentrations were achieved by adding 
manganese/cadmium salt to neutral mine drainage. In 
four of the five samples, the sorbent concentration was 
the same at 5 g·dm−3.

The measured values of c0 and ce were used to deter-
mine the percentage efficiency of metal ion removal, 
concentration values in time intervals of 30, 60, 90 and 

120  min were used to obtain adsorption isotherms 
according to Freundlich and Langmuir and were com-
pared in terms of suitability of the given type of isotherm.

The mentioned method is a standard method, which is 
used according to the pattern of other experimental stud-
ies, but with a change of conditions (mixing, input con-
centration, temperature), which can be changed variably. 
This is not a patented method. The initial concentrations 
were approximately 10; 12.5; 15.5; 20.0; 22.0  mg dm−3 
for Mn sorption and 1.2; 2.3; 3; 4.2; 5.3 mg dm−3 for Cd 
sorption.

Determination of SDDS
The dry matter was determined according to STN EN 
12880—characterization of sludge. Determination of sub-
stance content and water content. he sample is dried up 
under determined conditions (103 °C ± 2 °C) to constant 
weight. The content of dry matter in the sample is calcu-
lated from the difference of the sample weight before and 
after drying up.

NH4
+ was determined according to the standard STN 

ISO 7150. Ammonia is determined by reacting in an 
alkaline environment with sodium tetraiodomercury to 
form oxydimercurium iodide, as a slightly soluble yel-
low–brown compound, which is determined spectropho-
tometrically under the conditions of determination (STN 
ISO 7150-1).

NO3− was determined according to the standard STN 
ISO 7890—determination of nitrates. Nitrates are deter-
mined in a water sample after nitration with salicylic 
acid, in an environment of concentrated sulfuric acid, 
spectrophotometrically at a wavelength of λ = 415  nm 
(STN ISO 7890-3).

Table 2  Metal content in sorbents and neutral mine drainage

Neutral mine drainage*—limit values set according to Government Regulation No. 269/2010 Coll

Neutral mine drainage**—results of the experiment

Sample Copper Manganese Zinc Iron Lead Cadmium
mg kg−1 mg k−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1

Bentonite 2.703 106.496 13.775 4121.344 25.206 0.068

Zeolite 3.320 115.396 39.615 5351.677 9.279 0.147

SDDS 384.56 1312 1121.000 18,325 38.00 2.4

Copper Manganese Zinc Iron Lead Cadmium
mg dm−3 mg dm−3 mg dm−3 mg dm−3 mg dm−3 mg dm−3

NMD* 0.0011 mg dm−3 for the 1st 
and 2nd hardness class 
and 0.0088 mg dm−3 
for the 4th and 5th hardness 
class

0.3 0.0078 mg dm−3 for the 1st 
and 2nd hardness class 
and 0.052 mg dm−3 
for the 4th and 5th hardness 
class

2 0.0072 mg dm−3 0.00008 mg dm−3 for the 1st 
hardness class and 0.00025 mg 
dm−3 for the 5th hardness 
class

NMD** 0.016 3.802 5.806  < 0.010 0.0014 0.025
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PO4
3− was determined according to standard STN 

EN 10304—determination of dissolved anions by ionic 
liquid chromatography. Phosphates react in an H2SO4 
environment under the catalytic effect of antimony salts 
with ammonium molybdate to form a heteropolyacid, 
while the yellow complex is reduced by ascorbic acid to a 
phosphomolybdenum blue solution, which is suitable for 
determination by absorption spectrophotometry (STN 
EN 10304-1).

Cl− was determined according to the standard STN 
ISO 9297—determination of chlorides. Argentometric 
determination with chromate indicator (Mohr’s method). 
Chlorides are determined by titration with a measuring 
solution of AgNO3 (pH 6.5–10.5) to form slightly solu-
ble silver chloride. The end of the titration is indicated by 
K2CrO4, which forms a slightly soluble silver chromate 
precipitate with Ag+ ions. At the equivalence point, an 
orange–brown precipitate of silver chromate forms (STN 
ISO 9297).

SO4
2− was determined according to STN ISO 9280—

determination of sulfates. Gravimetric method with 
barium chloride. Sulfate ions react in a weakly acidic 
environment with Ba2+ ions to form a very poorly solu-
ble barium sulfate precipitate. The precipitate is collected 
quantitatively on filter paper, washed thoroughly with hot 
distilled water, dried at 105 °C, calcined and weighed.

Metals were determined according to STN ISO 8288—
determination of cobalt, nickel, copper, zinc, cadmium 
and lead—flame atomic absorption spectrometric meth-
ods. A GBC 933 AA flame atomic absorption spec-
trometer (GBC; Dandenong, Australia) was used for the 
determination of metals in the sludge. The AAS method 
is suitable for the determination of metals in water, for 
the elemental analysis of soils and soil leachates, sedi-
ments, sludge, waste, oils, food, etc. It enables the deter-
mination of a wide range of elements in solution (e.g., 
Na, K, Mg, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Pb). AAS is a 
method for determining solutions, i.e., each solid sam-
ple must first be decomposed. The weight and type of 
decomposition, which partially affect the detection lim-
its, are chosen according to the type of material and the 
purpose of the analysis. The determination possibilities, 
similar to other methods, are further conditioned by 
the sensitivity of the device, the type of matrix, the con-
centration of the analyte in the monitored material, the 
salinity of the solution, etc. The solutions must be sta-
bilized with acids (2–5% HNO3, HCl) during collection, 
according to the required determinations and according 
to the usual recommendation.

Determination of heavy metal concentration
Metal concentrations were determined by atomic absorp-
tion spectrometry (AAS). For the determination of met-
als, we used an AAS AVANTA Σ flame atomization 
spectrometer (GBC Scientific). A hollow cathode lamp 
with a supply current of 3.00 mA was used as the radia-
tion source. Air/acetylene was used as the flame type at 
flow rates of 11.50 dm3·min−1 for air and 1.10 dm3·min−1 
for acetylene. The relative errors of the AAS measure-
ments were less than 5%. The instrument operation as 
well as the evaluation of the results was carried out with 
the GBC Avanta software ver. 2.0.

Determination of heavy metal concentrations of sorbents 
and neutral mine drainage
The AES–ICP atomic emission spectrometry with induc-
tively coupled plasma method was used to determine 
copper, manganese, iron, lead, cadmium, and aluminum 
and zinc.

Solid samples were mineralized by decomposition 
using aqua regia (DIN EN 16174 Digestion of aqua regia 
soluble fractions of elements), then they were deter-
mined on an ICP–AES Varian 725 device (ISO 22036 
Soil quality—determination of trace elements in extracts 
of soil by inductively coupled plasma–atomic emission 
spectrometers).

Calculations
Adsorption capacity
From the measured concentrations, the adsorp-
tion capacity at equilibrium (qe), the amount of metal 
adsorbed per unit sorbent at time t (qt), and the percent 
removal efficiency of Mn2+ and Cd2+ ions from the solu-
tion (Ads. %) were calculated.

The adsorption capacity at equilibrium and at time t, 
respectively, was calculated according to the following 
equation: [29]

where c0 is the initial concentration of ions in solution 
(mg dm−3), ce is the equilibrium concentration of ions 
in solution or the concentration of ions in solution at 
time t (mg dm−3), V is the volume of solution (dm−3), m 
is the mass of adsorbent added (g) and qe is amount of 
adsorbed heavy metal per unit sorbent mass (mg g−1).

Percentage of metal ion removal efficiency
The percentage removal efficiency of metal ions from the 
solution was calculated according to the following equa-
tion [29]: 

(1)qe =
(c0 − ce) · V

m



Page 6 of 14Prepilková et al. Environmental Sciences Europe          (2024) 36:100 

Experiments focusing on the adsorption of Mn and Cd 
were carried out with natural unmodified adsorbents and 
waste-stabilized digested dewatered sludge in a closed 
system under constant stirring of the suspension at labo-
ratory temperature. We monitored the progress of sorp-
tion depending on the sorbent used.

Freundlich and Langmuir adsorption isotherms
To express the dependence of the adsorbed amount of a 
metal ion on its equilibrium concentration in solution, 
Freundlich and Langmuir’s isotherms were constructed 
for all adsorbents used. The isotherms were evaluated at 
5 input concentrations.

Freundlich adsorption isotherm  The effect of initial metal 
concentration on adsorption is described by adsorption 
isotherms. Several empirical and semiempirical relation-
ships have been proposed for the analytical expression of 
the isotherms, of which either the Freundlich or Lang-
muir isotherm is the most suitable for adsorption from 
solutions (Table 4).

The Freundlich isotherm is usually valid for physical 
adsorption and for adsorption on heterogeneous surfaces 
with different active sites. It can be expressed by the rela-
tion: [51]

To verify that the experimental data fit this isotherm, 
the relation is linearized: [51]

where kf (mg g−1) is a constant related to the adsorption 
capacity and n is an empirical parameter expressing the 
adsorption intensity, which varies with the heterogeneity 
of the adsorbent.

(2)Ads% =
(c0 − ce)

c0
∗ 100[%]

(3)qe = Kf · c
1

n
e

(4)logqe = logKf +
1

n
logce

Langmuir adsorption isotherm  The Langmuir isotherm 
is usually valid for chemisorption or electrostatic adsorp-
tion, where only a monomolecular layer is formed on the 
adsorbent surface and all active centers are equivalent. 
The Langmuir isotherm is expressed by the relation [51]: 

or in the linearized form: [51]

where qm (mg g−1) gives the maximum monolayer 
adsorption capacity and b is the equilibrium constant 
dependent on the sorption energy.

RMSE  RMSE is the most natural finite-sample approxi-
mation of the standard error, which is closely related with 
standard deviation. For scalar unbiased estimators, it is 
actually the most natural finite-sample approximation 
of standard deviation of estimation error. Since stand-
ard deviation is an important parameter for probabilistic 
analysis, RMSE is useful for probabilistic analysis in the 
scalar case [52].

RMSE is expressed by the by formula: [53]

where yi  is the actual value for the ith observation, ŷi  is 
the predicted value for the ith observation, N is the num-
ber of observations.

Results and discussion
The parameters of adsorption isotherms present the 
ability and conditions for the sorption of individual sor-
bents. The selected parameters are also used for mutual 
comparison between sorbents. These findings can then 
be confronted with the adsorption capacity of the mon-
olayer qm, as shown in Table 4.

(5)qe =
qm · b · ce

1+ b · ce

(6)
ce

qe
=

1

b · qm
+

1

qm
· ce

RMSE =

√

∑
(

yi − ŷi
)2

N

Table 3  Characteristics of digested sludge

Indicator [Unit] Dry matter [%] Ash [%] NH4
+ [mg 

dm−3]
NO3

− [mg 
dm−3]

PO4
3 – [mg 

dm−3]
Cl− [mg dm−3] SO4

2− [mg 
dm−3]

–

Value 23.5 ± 0.25 51.3 ± 3.5 151.4 ± 6.10 2.1 ± 0.074 0.6 ± 0.01 3.24 ± 0.044 265 ± 11.0 –
Norma STN EN 12880 STN EN 12880 STN ISO 7150 STN ISO 7890 STN EN 10304 STN ISO 9297 STN ISO 9280 –

Indicator 
[Unit]

Cd [mg g−1] Co [mg g−1] Cu [mg g−1] Fe [mg g−1] Mn [mg g−1] Ni [mg g−1] Zn [mg g−1] Pb [mg g−1]

Value 0.95 ± 0.023 15.5 ± 0.61 402.4 ± 16 17.200 ± 850 420 ± 8.5 21.3 ± 0.67 2000 ± 26 24 ± 0.43

Norma STN ISO 8288
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Table  4 indicates that the experimental data better fit 
the Freundlich adsorption isotherm model. The coef-
ficients of determination R2 have higher values and the 
root mean square error are also more favorable, they 
acquire much lower values.

Based on the obtained parameter n, which is an indi-
cator of nonlinearity, it can be concluded that almost 
all isotherms are nonlinear (n → 1 is the value for a lin-
ear isotherm) (Table 5). This nonlinearity can be due to 
several causes, such as heterogeneity of sorption sites or 
adsorbate–adsorbent interaction. Cd was observed to be 
more prominent in occupying adsorption positions com-
pared to Mn.

From the parameters of the Langmuir isotherm, we 
determined the values of qm, which characterize the 
maximum amount of adsorbed metal per unit mass of 
the adsorbent, assuming the formation of an adsorption 
monolayer on the surface. As can be seen in the compari-
son, for Cd the highest measured adsorption capacity is 
3.143  mg g−1 in zeolite adsorbent, Mn has the highest 
values observed in bentonite 3.894  mg g−1 and sludge 
4.200 mg g−1.

The fitting of the Langmuir isotherm was carried out 
according to the above equations at time t120—the end of 
the experiment. We assumed that at the end of the exper-
iment, after 120  min of sorption, the trends of the iso-
therm curves would reach a steady-state character, which 
would be indicative of a state of reaching equilibrium. In 
some cases, the fitting of the Langmuir isotherm at t120 
corresponded to a linear trend (e.g., bentonite—Mn; zeo-
lite—Mn; sludge—both Cd and Mn. In other cases, the 
fitting of the isotherms at t120 resulted in very low R2, e.g., 
for Cd sorption using zeolite.

The fitting of the Freundlich isotherm also took place 
at time t120—at the end of the sorption experiment. In 
this case, the R2 refers to a more linear trend than was 
the case for the Langmuir adsorption isotherms. In 

addition, when fitting the Freundlich isotherms at time 
t120, some deviations in the real versus linearized values 
were observed. However, these deviations were much 
smaller than for the fitting of the Langmuir isotherms at 
time t120. In the case of Mn sorption, the highest value 
of adsorption capacity qm was observed when sludge was 
used–4.200 mg g−1. The bentonite level for Mn sorption 
reached a similar value, on the other hand, qm when zeo-
lite was used was in the low range–0.611  mg g−1. The 
highest sorption intensity for Mn sorption was observed 
when sludge was used.

The maximum monolayer capacity for Cd sorption 
was generally maintained at low values for bentonite 
and SDDS. The highest sorption intensity for Cd sorp-
tion was observed using SDDS. The equilibrium constant 
dependent on the sorption energy reached the highest 
values when excess dewatered sludge was used. The high-
est value of kf, which is also related to adsorption capac-
ity, was observed to be the highest for Mn sorption using 
SDDS and Cd sorption using zeolite.

Metal removal depending on contact time
Monitoring the kinetics of the sorption process is neces-
sary from the point of view of the overall picture of the 
sorption progress. It is important to observe when sorp-
tion starts or at what time the process equilibrium of 
sorption occurs. The amount of metal ion adsorbed at the 
contact time is a reflection of the maximum adsorption 
capacity achieved by the adsorbent under operating con-
ditions. Sorption was carried out within 120 min (Figs. 1, 
2, 3, 4, 5 and 6). The metal was measured at an interval of 
30 min. Average (2 ± SD; standard deviation) was used to 
express the uncertainty of six measurements.

The analysis of the influence of the contact time on the 
adsorption efficiency indicates that Cd reaches an equi-
librium value at 120 min for all used adsorbents, Mn is 
preferably sorbed on bentonite at a lower time—90 min. 

Table 4  Parameters of Freundlich and Langmuir adsorption isotherms for bentonite, zeolite, and sludge

qm (mg g−1) indicates the maximum monolayer adsorption capacity

B = equilibrium constant dependent on sorption energy

kf (mg g−1) = adsorption capacity related constant

n = empirical parameter expressing the adsorption intensity, which varies depending on the heterogeneity of the adsorbent

Adsorbent Metal Langmuir’s parameters Freundlich’s parameters

qm [mg g−1] B [dm3 mg−1] R2 [−] RMSE [−] kf [mg g−1] n [−] R2 [−] RMSE [−]

Bentonite Cd 0.068 0.083 0.663 15.140 0.006 1.247 0.982 0.025

Mn 3.894 0.349 0.821 0.247 1.357 2.803 0.797 0.046

Zeolite Cd 3.143 0.006 0.740 0.249 2.430 1.383 0.982 0,011

Mn 0.611 0.215 0.960 1.486 0.228 3.837 0.812 0,018

SDDS Cd 0.148 0.426 0.867 3.289 0.049 2.177 0.934 0,027

Mn 4.200 0.407 0.813 0.212 1.510 2.705 0.816 0,048
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Fig. 1  Sorption of Mn using bentonite
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Fig. 2  Sorption of Cd using bentonite
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Fig. 3  Sorption of Mn using zeolite
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Lower initial concentrations of metals in solutions gen-
erally occupy sorption sites much earlier, except for zeo-
lite, where the fastest adsorption efficiency was observed 
at the highest initial concentration used. From the point 
of view of the contact time of the solution with the 
adsorbent, sludge is a suitable sorbent for Cd, bentonite 
is more suitable for Mn. As a sorbent, zeolite is prob-
ably unstable over time, its adsorption capacity is not 
exhausted in experiments.

Metal removal depending on the initial concentration
The percentage of Mn removal was evaluated in the con-
centration range of 8–22  mg dm−3 and Cd removal in 
the concentration range approximately of 1–5  mg dm−3 
(Figs.  7, 8). The removal efficiency is compared after 
120 min of sorption uniformly for all sorbents, for both 
Cd and Mn.

The adsorption efficiency greatly increases by increas-
ing the time of contact between pollutants and adsorbent 
due to the increase of interaction time between active 
sites of chelation and metals. Normally, at the beginning 
of the adsorption, the removal efficiency occurs quickly 
and then increases gradually. This occurs because of the 
availability of the free active sites at initial adsorption 
that are gradually occupied with time by chelated met-
als [58]. After 120 min, equilibrium starts to occur in the 
solutions, probably due to the filling monolayer.

The concentration-dependent decrease in Mn 
removal efficiency was similar to that observed with 
zeolite and bentonite. Sorption using sludge was 
approximately 60% higher compared to zeolite. This 
indicates that digested sludge is a better adsorbent for 
Mn removal than zeolite. The experiment did not con-
firm a direct dependence between the input concen-
tration and the percentage of Cd removal efficiency. 
Therefore, it is necessary to experimentally determine 

the optimum level of input concentration and not rely 
on the application of a mathematical relationship (lin-
ear or otherwise). The results confirmed decreasing 
levels of Cd removal from increasing concentrations 
of this metal ion in the solution. However, the level of 
sorption is several times higher than that of using ben-
tonite and zeolite. We can conclude that SDDS could be 
used as an effective low-cost sorbent for metal removal.

Also, with increasing initial concentration of metal 
in solution metal removal efficiency slightly decreased. 
According to Tahoon et al. [58] above a particular initial 
concentration, ions with an equal amount of adsorption 
locations are available, which therefore decreases their 
elimination adsorption capacity.

Pradas et  al. [59] studied the sorption of cadmium 
using natural and activated bentonite. The maximum 
monolayer adsorption capacity qm using natural ben-
tonite reached 3.32  mg g−1 and 4.54  mg g−1, respec-
tively. The level of equilibrium constant B was at 1.61 
and 1.86 dm3 mg−1 [59]. These values are much higher 
than ours—qm 0.068  mg g−1 and B 0.083. Alexander 
et  al. present the sorption capacity of natural benton-
ite at 1.4 and 2.4 for input Cd concentrations of 10 and 
50 mg dm−3, respectively [60]. Again, as in the previous 
case, a lower average value was obtained by our experi-
ment. The differences with the compared studies may 
be due to the length of the test or to the particular com-
position of the bentonite used.

Using zeolite, Rao et al. [61] determined Cd adsorp-
tion intensities of 4.382 and 3.690. The sorption inten-
sity n in this study was approximately 1.4. Rao et  al. 
performed their sorption at 30  °C, which may have 
increased the sorption intensity. Therefore, one pos-
sible way to increase the sorption intensity may be to 
increase the temperature (within observed and con-
trolled levels, of course). The Langmuir adsorption 
isotherm was found to be unsuitable for evaluating Cd 
sorption using zeolite. Therefore, it will not be consid-
ered in this study.

Hu et al. [62] tested Cd sorption on dewatered sludge 
from a wastewater treatment plant. By constructing the 
Langmuir isotherm, a qm of 28.336 mg g−1 was obtained. 
By treating the sludge, they achieved an improvement in 
qm with the addition of 0.125 mol dm−3 NaOH; 0.25 mol 
dm−3 NaOH; 2·5 mol dm−3 NaOH; 7.5 mol dm−3 NaOH 
qm at the level of 85.232 mg g−1; 70.336 mg g−1; 86.128 mg 
g−1; 108.192 mg g−1. In our case, a much lower monolayer 
capacity was obtained. By Freundlich isotherm using 
sludge, Hu et  al. achieved a sorption intensity n of 3.25 
and an adsorption capacity kf of 28 mg g−1. The sorption 
intensity in this case was comparable to our experiments. 
In contrast, the sorption capacity Kf was again incompa-
rably lower compared to the study of Hu et al. We assume 
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Fig. 4  Sorption of Cd using zeolite
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that the above differences were due to the heterogeneous 
composition of the sludge. Therefore, as we can see, the 
sorption properties are incomparable for different sludge 
types in terms of their chemistry.

Pradas et  al. using natural bentonite achieved % Cd 
removal of 99.3–100% [59]. By our sorption, much 
lower values were achieved. It should be justified that 
Pradas et al. heat-treated their bentonite to a tempera-
ture of 110  °C. Furthermore, in Prads’ study, sorption 
lasted 72 h, i.e., 36 times longer than in our case. At the 
same time, the concentration of added bentonite was 
100  g dm−3 in Pradas’ study, which is 20 times higher 
than in our experiment.

The adsorption time is related to the amount of sorb-
ent used, its preparation and also to the conditions of 
the experiment—static or dynamic adsorption, nature 
of mixing—turbulence, laminarity.

Different input concentrations did not significantly 
affect the level of Cd removal using bentonite. Equally 
low levels of Cd(II) removal were observed using zeo-
lite. A removal level of 9% was found in this experiment. 
Compared to both natural sorbents, the removal level 
of Cd(II) using SDDS in this study was much higher and 
reached about 20%. Zhai et al. in their study [63] con-
firmed the removal of Cd(II) using a sorbent from sew-
age sludge at a level of 68% (70 min; sorbent 50 g dm−3; 
pH 5.8; temperature 25  °C). With all three sorbents, a 
gradual increase in Cd(II) removal was observed in this 
study within 2 h of sorption. For bentonite and SDDS, 
it was observed that the highest level of Cd(II) removal 
was found at the lowest concentration. The reason for 
this fact may be the filling of the sorption capacity of 
both sorbents, after which desorption began to occur. 
On the contrary, desorption did not occur with zeolite, 
as the highest level of Cd(II) removal was observed in 
the case of the highest input concentration.

With bentonite, a drop in metal removal was 
observed already at the level of 2232  g dm−3. From 
the above results the finding that bentonite and SDDS 
are sensitive to higher concentrations of Cd and tend 
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Fig. 5  Sorption of Mn using sludge
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Fig. 6  Sorption of Cd using sludge
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Fig. 7  Dependence of the amount of Mn adsorbed
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to re-release the metal into the solution at higher con-
centrations. In all three cases, the sorption took place 
gradually for 120 min without a sudden acceleration or 
deceleration of the sorption.

Much higher levels of metal removal were found for 
Mn(II) removal. The highest level was observed when 
using SDDS, when we achieved removal at the input 
concentration of 9.531 mg dm−3 at the level of 88.4%. A 
very close level of Mn(II) removal—84.4% was observed 
when bentonite was used at an input metal concentra-
tion of 9.747 mg dm−3. The removal of Mn(II) by zeolite 
was much lower—the maximum level of removal was 
20.4% compared to both remaining sorbents. Moreo-
ver, with zeolite, the cessation of sorption was observed 
after 1 h of adsorption. Sorption stopped at the level of 
10.7%. Bentonite showed the highest increase in Mn(II) 
removal at all five inlet concentrations between 30 and 
60  min of sorption, while zeolite and SDDS showed a 
much smoother increase in sorbed metal over 2  h. All 
three sorbents proved to be sensitive to the sorption of 
the given metal, as a decrease in removal—desorption 
was observed at higher input concentrations of Mn(II).

Our results indicate that SDDS could be a promising 
low-cost adsorbent for the removal of Mn and Cd from 
neutral mine drainage. According to Gu [64], it is pos-
sible to achieve Cd removal by adsorption using acti-
vated sludge at the level of 99.74%. When thinking about 
cadmium and manganese removal we need to take into 
account not only the dosage of adsorbent but also contact 
time and the possibility of bacteria interference, which 
could strengthen removal efficiency.

Conclusion
Based on the tests performed, stabilized digested dewa-
tered sludge appears as a good low-cost sorbent for Cd 
and Mn removal. However, when comparing with other 
studies, usually for effective removal longer contact 
time is needed, from 4 to 8 h up to 72 h. Differences in 
metal sorption may be due to different sorbent compo-
sitions or other test conditions (thermal and chemical 
pre-treatment of the sorbent). Mn sorption results using 
zeolite according to other studies are comparable to our 
results. Comparable sorption results were found for sorp-
tion using sludge compared to bentonite, and even bet-
ter when using zeolite. Much higher levels of Cd sorption 
were achieved using sludge compared to using natural 
bentonite and zeolite. To improve the sorption, the sorb-
ent dosage needs to be increased and at the same time, 
the contact time should be extended. As manganese-
oxidizing bacteria could contribute to both Mn and Cd 
removal, in next study should be investigated if they are 
naturally occurring in mine drainage or digested sludge 

and how to support their activity for better heavy metals 
uptake.
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