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a b s t r a c t
This research presented the removal of Cd(II) from aqueous solutions using two biosorbents: 
activated sludge (AS) and dried sludge (DS), derived from two cultures differing in medium com-
position. Cadmium adsorption proceeded at a very high rate. Adsorption equilibrium was reached 
after ca. 10 min. The amount of adsorbed metal ions was influenced by solution pH, contact time, 
and initial concentration of cadmium. The adsorption capacity of the analyzed sludge increased 
along with a pH increase from 2 to 6. The highest adsorption capacity was obtained for dried 
sludge from culture 2 (DS2) at pH > 6. Experimental data concerning adsorption at the equilibrium 
state was analyzed using isotherms of Freundlich, Langmuir, and Sips models. The best model to 
describe Cd(II) desorption on biosorbents turned out to be the Sips model, which was indicated by 
values of the average relative error. A higher adsorption capacity was obtained for dried sludge 
(DS2 – 185.6 mg/g d.m.) than for the activated sludge (AS1 and AS2 – 141.7 and 164.1 mg/g d.m., 
respectively). The study demonstrated that DS2 sludge may be a promising biosorbent in 
effective and inexpensive removal of toxic cadmium from wastewater.
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1. Introduction

For many years, cadmium has been on various lists 
of especially hazardous chemical compounds due to its 
toxicity and capability to accumulate in plant and animal 
organisms [1,2].

Its presence in the natural environment is due to both 
natural processes, like erosion of rocks or volcanic erup-
tions, as well as anthropogenic ones associated with material 
extraction, production of dyes, batteries, paints, and plastics 
[3–6]. A serious source of surface waters contamination 
with cadmium is wastewater from the electroplating indus-
try, from dye production and from the production of nick-
el-cadmium batteries. Due to the high toxicity of cadmium, 

it is necessary to adhere to guidelines concerning its concen-
tration in drinking water. According to WHO guidelines, the 
maximum permissible cadmium concentration in drinking 
water is 0.005 mg/L. Therefore, a need for using such pro-
cesses that would enable the recovery of heavy metals from 
waste, sewage or waters to minimize their negative effects on 
living organisms has been created.

Conventional methods used to remove heavy metals, 
such as chemical precipitation, filtration, ion exchange or 
reverse osmosis, despite their high efficiency, are often 
uneconomical, especially in the case of low concentra-
tions of metal ions [7]. Because of that, methods that are 
cheaper, more effective and safe for the environment, 
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using materials of biological origin (biosorbents) are being 
searched for.

Biosorption has been deemed a promising and inexpen-
sive technology that allows removing even trace amounts of 
heavy metals from solutions [8,9].

Agricultural waste such as fruit peels, straw, coconut 
coin, grape pomace, rice husk and similar [10–13], as well 
as industrial waste, such as sugarcane bagasse, coconut tree 
sawdust [7,14], various types of modified, activated carbon 
and biochar [15–16] and microorganisms such as bacteria, 
yeasts, fungi and algae [17–21] were all used as biosorbents 
for the removal of heavy metals.

Biosorbents from agricultural waste are easily obtained 
by a simple pretreatment process and often have specific 
functional groups such as –OH or –COOH, which can 
generate an adsorption affinity for heavy metal ions [7].

One of the effective biosorbents is the biomass of micro-
organisms being a by-product in processes of wastewater 
treatment using activated sludge [22–24]. From the micro-
biological point of view, activated sludge is mainly com-
posed of bacteria and protozoa with high species diversity of 
its microorganisms.

Live biomass yield depends on the availability of nutri-
ents, microorganism’s resistance to toxicity, and age of 
cells. The general biochemical activity of sludge is usually 
assessed based on its respiratory activity, measured with 
the rate of oxygen consumption by sludge microorganisms 
and the activity of its dehydrogenases [25,26]. The latter are 
enzymes from the class of oxydoreductases which catalyze 
the initial dehydrogenation of a substrate. Dehydrogenase 
activity determination is based on the reduction of biologi-
cally active substances of tetrazolium salts to triphenyl for-
mazan [27]. The tetrazolium salts play a role of a hydrogen 
acceptor during redox processes. They turn from colorless 
substances into colored triphenyl formazan.

A drawback of biosorbents in the form of free biomass 
is their low mechanical resistance and their difficult separa-
tion from the solution. The use of dead biomass eliminates 
these problems and additionally its deposition, regeneration, 
and re-use are significantly easier [28].

This study aimed at evaluating the effect of medium 
composition in the culture of activated sludge biomass and 
of biomass type (active/dead) on the effectiveness of cad-
mium removal from aqueous solutions and at determining 

the effect of activated sludge dehydrogenase activity on an 
increasing cadmium concentration. There is a need for more 
insightful recognition of mechanisms of metal removal 
from the solution, for determining operational conditions 
of this process including pH value and time needed to reach 
equilibrium concentration, and for determining the adsorp-
tion capacity of biosorbents.

2. Methods

2.1. Sludge culture

Activated sludge from the biochemical wastewater 
treatment plant in Olsztynek was used as the inoculum.

The culture was run in a sequential batch reactor (SBR) 
type reactor (Fig. 1) with a volume of 20 L.

Wastewater was fed to the reactor once a day, after 
prior sedimentation of activated sludge and decantation 
of water from above the sludge. Excess sludge was with-
drawn once a day to maintain biomass concentration in the 
reactor at 4 g/L.

Medium 1 used for sludge culture was composed of: 
enriched broth – 0.15 g, peptone – 0.05 g, potato starch – 
0.05 g, urea – 0.3 g, CH3COONa – 0.1 g, CaCl2·H2O – 0.07 g, 
MgSO4·7H2O – 0.5 g, NaCl – 0.3 g, and KCl – 0.07 g/1 L. 
The content of organic matter in the culture medium 
expressed as COD value reached 660 mg O2/L, Kjeldahl 
nitrogen – 99.4 mg Nog/L, total phosphorus – 14.4 mg Pog/L, 
and pH was 7.29.

Medium 2 used for sludge culture was composed of: 
TRIS buffer – 12 g, (NH4)2SO4 – 0.96 g, 2-phosphate glyc-
erol (disodium salt hydrate, 5H2O) – 0.67 g, KCl – 0.62 g, 
MgSO4·7H2O – 0.06 g, glycerin – 0.06 g, and FeSO4 – 3.2 g/1 L 
[29]. The content of organic matter in the culture medium 
expressed as COD value reached 3720 mg O2/L, Kjeldahl 
nitrogen – 498.96 mg Nog/L, total phosphorus –34 mg Pog/L, 
and pH was 8.97.

2.1.1. Sludge preparation for analyses

2.1.1.1. Activated sludge

Activated sludge collected from culture 1 (AS1) and 
culture 2 (AS2) was centrifuged at 4,000 rpm for 15 min. 

Fig. 1. The work cycle of SBR reactor.
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The centrifuged sludge was washed with distilled water 
and centrifuged again to wash out nutrients.

2.1.1.2. Dried sludge

Activated sludge collected from culture 1 (DS1) and 
culture 2 (DS2) was centrifuged at 4,000 rpm for 15 min. 
The centrifuged sludge was washed twice with acetone, 
centrifuged again, and left in water bath at a temperature of 
50°C for 48 h. The resultant dried sludge was ground and 
sieved through a screen with mesh size of 0.01 mm.

2.2. Determination of the effect of cadmium concentration on 
the activity of dehydrogenases of sludge microorganisms

The effect of cadmium concentration on the activity of 
microorganism dehydrogenases of active sludge AS1 and 
AS2 were determined at following concentrations: 0, 5, 50, 
and 150 mg Cd/L. Samples of sludge were collected for anal-
ysis after 1, 5, 10, 15, and 30 min, and the activity of dehy-
drogenases was determined using a solution of 1% TTC 
(2,3,5-triphenyltetrazolium chloride) with 2% glucose as a 
substrate, after 0.5-h incubation at a temperature of 37°C and 
extraction of the produced TF (2,3,5-triphenyltetrazolium 
formazan) with n-butanol. Color intensity was measured 
with a spectrophotometer at a wavelength of 490 nm.

2.3. Sorption analysis

2.3.1. Effect of pH

The analysis was carried out in a pH range from 1 to 
10, and Cd concentration of 100 mg/L. The biosorbents 
(AS1, AD1, DS1, and DS2) in the amount of 0.4 g d.m. each 
was placed into a 250 mL reaction vessel, then 100 mL of a 
cadmium solution (with pH adjusted to the desired value 
using 0.01 M NaOH or 0.01 M HNO3) was added to each 
mixture and shaken at 180 rpm for 2 h.

2.3.2. Effect of time

The analysis of cadmium adsorption by the tested bio-
sorbents included the determination of the time needed to 
reach the reaction equilibrium. To analyze that, 2 g d.m. 
of each biosorbent was weighed into a reaction vessel 
and 500 mL of Cd(II) solution in concentrations ranging 
from 5 to 150 mg/L were added to the vessels. The vessels 
were placed on a magnetic stirrer. Samples were collected 
in a time interval of 0–30 min and the concentration of 
cadmium left in the solution was determined.

2.3.3. Adsorption capacity

Concentrations of Cd(II) in the solutions were adjusted 
so as to achieve the course of adsorption isotherm until 
complete saturation of active sites of biosorbents with 
cadmium. Standard solutions were prepared in concen-
trations ranging from 1 to 600 mg/L., where 0.4 g d.m. of 
each biosorbent and 100 mL of metal solution with a spec-
ified concentration were introduced into 250 mL reaction 
flasks. The flasks were then shaken at 180 rpm.

2.4. Analytical method

For AAS, analytical grade standard solutions of Cd 
(1.000 g/L) obtained from Sigma-Aldrich were used as 
stock solutions. All working solutions were prepared 
by diluting the stock solutions with deionized water. 
Solutions of 0.1 M HNO3 and 0.1 M NaOH were used for 
pH adjustment. The concentration of metals left in the 
aqueous solution of each sample was checked with the 
flame method using an AA 280FS atomic adsorption spec-
trometer by Varian. The measurements of metal concen-
tration were performed at the wavelengths of 228.8 nm. 
Oxidant (air) and fuel (acetylene) flows were 13.5 and 
1.5 L/min, respectively. Absorbance was recorded in trip-
licate to evaluate the reproducibility. Mean values were 
used for the concentration calculation (average error 
did not exceed 5%). The blank experiments were always 
carried out for each study without biosorbent to check 
any deviation in the solute concentration.

Identification of functional groups and the type of the 
bonds was performed by Fourier-transform infrared spec-
troscopy (FTIR) with a spectrometer with a mono-reflective 
ATR attachment. Before FTIR analysis, the sorbent was 
dehydrated in a hydraulic press. A dehydrated sample in 
compressed form was placed on the diamond crystal of 
the ATR attachment and then pressed down to the crystal 
with the “pressure screw”. The adsorption of the sample 
was determined at wavelengths 400–6,000 cm–1, with a res-
olution of 2 cm–1. Each sample was scanned 64 times, and 
then the mean value was calculated. The ATR crystal attach-
ment was cleaned with acetone between the analyses of 
different sorbents.

3. Theory

The quantity of metal adsorbed from the solution was 
determined based on the change in the concentration of 
metal left in the solution, and calculated according to the 
following formula:

Q
C C
m

Vs
s�

�
�0  (1)

where Qs is the mass of metal adsorbed by the biosorbent 
(mg/g d.m.), C0 is the initial concentration of metal in the solu-
tion (mg/L), Cs is the metal concentration in the solution after 
adsorption (mg/L), m is the weight of biosorbent (g d.m.), 
and V is the volume of metal-containing solution (L).

The rate of cadmium adsorption was determined based 
on experimental data depicting changes in the concen-
tration of adsorbed Cd(II) (qt) depending on time (t). The 
pseudo-second-order reaction model was used to interpret 
the results:

dq
dt

k q qt
e t= −( )2

 (2)

where qe and qt (mg/g d.m.) are the amount of metal adsorbed 
at equilibrium and at time t (min), respectively, and k is 
the pseudo-second-order rate constant (g/mg min).
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To fit the equilibrium adsorption data, the Langmuir, 
Freundlich and Sips isotherm equations were examined. 
They are given, respectively, by Eqs. (3–5):

Q
q b C

b Cs d
s

s
, �

� �
� �

max

1
 (3)

Q K Cs d F s
n

,
/= 1  (4)

Q
q b C

b Cs d
s
n

s
n,

max
/

/�
� �

� �

1

11
 (5)

where qmax, b, KF, n, are constants of isotherms and Cs are 
metal concentration in the solution after adsorption/
desorption, Qs mass of metal adsorbed/desorbed by/from 
the biosorbent.

STATISTICA 10.0 software was used to determine the 
fitting of the curves (with the determined constant) to the 
experimental data with the use of non-linear estimation by 
the method of least squares, at a significance level of p < 0.05.

The minimization of the average relative error (ARE) 
was computed as follows in order to show how well the 
equilibrium models agreed with experimental results [30]:

ARE exp calc%
exp

� � �
��

�

�
�

�

�

�
��

�100
1z

q q

q
i

i

z

 (6)

where z is the number of data points; qexp and qcalc are the 
experimental adsorption capacity and the adsorption capac-
ity calculated with the theoretical models.

4. Results and discussion

4.1. Effect of cadmium concentration on the activity of 
dehydrogenases of activated sludge microorganisms

The study demonstrated that AS1 and AS2 biosor-
bents were biochemically active, which was indicated by 
the results of the dehydrogenase activity test (TTC). The 

analysis of the activities of microorganisms determined 
in two cultures showed that AS1 had a higher activity 
(7.0 mg TF/g d.m.) than AS2 (4.0 mg TF/g d.m.). Hence, 
it may be concluded that the activity of sludge micro-
organisms depended on the type of sludge culture.

In this research, we evaluated the effect of an increas-
ing cadmium concentration (from 50 to 150 mg /L) on the 
activity of dehydrogenases of activated sludge microorgan-
isms. Analysis of the toxic effect of cadmium on the enzy-
matic activity of these microorganisms demonstrated that 
metal introduction into the activated sludge suppressed the 
activity of dehydrogenases in sludge biomass. The greatest 
decrease in the biochemical activity of AS1 and AS2 was 
noted in the sample with the initial cadmium concentration 
of C0 = 150 mg /L, where a decrease by 43.5% and 82.6%, 
respectively, was observed in the TTC value already after 
1 min compared to the control sample (Fig. 2a and b).

Equally toxic effects of nickel on the biochemical activ-
ity of activated sludge microorganisms cultured in a SBR 
were demonstrated by Ong et al. [31]. A significant inhibiting 
effect of nickel on the rate of oxygen uptake by microorgan-
isms of the activated sludge was noted for Ni(II) concentra-
tion over 30 mg/L. At nickel concentration of 150 mg/L, the 
activity of microorganisms was suppressed by over 50%. 
Investigations on the effect of two different concentrations 
of cadmium and copper on the activity of activated sludge 
dehydrogenases [32] showed that even the lowest concentra-
tions (0.5–8.0 mg/L) of their ions caused significant changes 
in sludge dehydrogenase activity. Ions of copper were more 
toxic than these of cadmium.

4.2. FTIR analysis of biosorbents

Biosorption of cadmium ions by the biomass of acti-
vated sludge is largely dependent on functional groups 
present at active sites of cells of sludge microorganisms 
and on physicochemical conditions of the solution. For 
better recognition of which functional groups are involved 
in the biosorption process, the biomass of the sludge was 
subjected to FTIR analysis (Fig. 3). Spectra obtained using 
FTIR spectroscopy for both AS1 and AS2 (Fig. 3a and c) 

(a) (b)

Fig. 2. Activity of dehydrogenases of activated sludge (TTC): (a) AS1 and (b) AS2.
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show similar peaks being typical for a number of functional 
groups occurring in activated sludges. In case of both acti-
vated sludges, a wide adsorption band appears at 3,800–
3,200 cm–1 as a result of oscillations of –OH and –NH, which 
is indicative of the presence of water and amines.

Small peaks noted for both type of sludge cultures 
(active/dead) appear at ca. 2,920 cm–1 and may be caused 
by oscillations of –CH indicating the presence of aliphatic 
chains. The band appearing at 1,640 cm–1 in spectra of all 
analyzed sludges confirms the presence of proteins and is, 
probably, induced by the stretching oscillations of COO, 
C=O, and C–N [30,33]. A peak at 1,443 cm–1 depicts oscil-
lations of C–O and O–H groups originating from pheno-
lic compounds [34,35]. In regard to sludges from culture 2 
(AS2/DS2), peaks appear in the FTIR spectrum at ca. 1,240–
1,243 cm–1 (Fig. 3c and d). According to literature data, 
these peaks may indicate the presence of amides III, in 
case of which oscillations appear at 1,300–1,220 cm–1 [36]. 
In both spectra obtained for culture 1(AS1/DS1), a band 
appears at 995 cm–1, which depicts oscillations of C–O [37], 
whereas in both spectra obtained for culture 2 (AS2/DS2) 
a band appears at 1,028 cm–1, which – according to liter-
ature data – is indicative of P–O oscillations in terminal 
PO3

2− [38]. The other peaks appearing at <1,000 cm–1 for both 
cultures (AS1/DS1/AS2/DS2) are probably indicative of 
the presence of functional groups containing phosphorus 
and sulfur [39].

Considering that a peak appeared in spectra obtained 
for culture 2 (Fig. 3c and d) which did not appear in spec-
tra of culture 1 (Fig. 3a and b), it may be concluded that 
the effectiveness of cadmium sorption differed. The peak 
at 1,028 cm–1 obtained for AS2 and DS2 sludge was proba-
bly appearing as a result of glycerol 2-phosphate presence 
in the culture medium which was a source of phosphorus 
compounds retained in cell surface.

4.3. Effect of solution pH on cadmium adsorption

As indicated by literature data, each system consisting 
of an aqueous solution is characterized by pH that enables 
maximum adsorption of metals by the adsorbent [40,41]. 

Sludge surface is negatively charged, which facilitates its 
binding with positively charged metal cations. Nevertheless, 
depending on solution pH, cations of metals and protons 
may compete for active sites of the biomass. The effect of 
solution pH on cadmium biosorption by the analyzed 
biosorbents is depicted in Fig. 4.

The lowest adsorption of cadmium was determined 
at pH = 2.0 (4.5 mg/g d.m. on average), which could be 
due to protonation of adsorption sites and, as a result, 
by desorption of originally bound metal. A similar trend 
of cadmium adsorption was noted for all analyzed slud-
ges at solution pH of 2–6 when a successive increase was 
observed in metal capture that might be explained by 
the fact that solubility of many metals decreases along 
with pH increase, which enhances sorption. A further 
increase in solution pH did not increase Cd(II) adsorp-
tion by the sludge from culture 2 (AS2 and DS2). In the 
case of sludge from culture 1 (AS1 and DS1), pH increase 
from 7 to 9 diminished cadmium adsorption to the value 
of 6.3 and 9.6 mg/g d.m., respectively, and this decrease 
could be due to reduced solubility of cadmium in the 
basic medium and to its precipitation. Similar results of 
pH effect on cadmium adsorption were reported by other 
authors [42–44]. However, in the research of Iqbal at all. 
[45] it is shown that the lower removal efficiency of As3+ 
by AC/nZVCu/HA-alginate beads and greater mobility 
of H3O+ in the aqueous solution that consequently com-
pete with As3+ was at pH < 5.0 and pH > 7.0. In my own 
research a higher adsorption capacity at pH = 6 was deter-
mined for AS2 and DS2, that is, 22.4 and 24.2 mg/g d.m., 
respectively. Simultaneously, a higher adsorption capacity 
was observed for dried sludge DS1 and DS2 (Fig. 4).

4.4. Analysis of adsorption kinetics

Determination of biosorbent usefulness for cadmium 
removal from wastewater by adsorption requires know-
ing the rate of this process. In this study, the time needed 
to reach reaction equilibrium was established for ini-
tial cadmium concentration ranging from 5 to 150 mg/L 
(Fig. 5). The kinetics of cadmium biosorption by AS1 
and AS2 showed a rapid increase of cadmium content 
in the biosorbent in the first minutes of contact (Fig. 5a 
and c) which was followed by a slow increase until the 

Fig. 3. FTIR spectrum: (a) AS1, (b) DS1, (c) AS2, and (d) DS2.

Fig. 4. Effect of solution pH on the efficiency of Cd(II) adsorption 
(C0 = 100 mg/L, Temp. 25°C).



M. Kuczajowska-Zadrożna et al. / Desalination and Water Treatment 238 (2021) 151–160156

equilibrium state has been achieved. The time required to 
reach this state reached ca. 10 min, and its extension to 
30 min had no significant effect on cadmium content in 
the biosorbent. Adsorption efficiency in the equilibrium 
state depended on the initial concentration of cadmium 
and culture type. At the initial cadmium concentration of 
C0 = 5 mg/L, the effectiveness of metal adsorption by acti-
vated sludge (AS1 and AS2) was comparable and reached 
76% and 78%, respectively. In contrast, significant differ-
ences were noted at C0 = 150 mg/L (AS1 – 35%, AS2 – 71%). 
In the case of dried sludge (DS1 and DS2), reaction equilib-
rium was achieved after 15 min and significant differences 
in cadmium adsorption effectiveness were noted in the 
entire analyzed range of initial cadmium concentrations. 
At the equilibrium state, 58% of the initial Cd concentra-
tion was removed from the solution by DS1 and 89% by 
DS2 (Fig. 5b and d). It may be concluded that the effec-
tiveness of cadmium removal was high at its low initial 
concentrations and decreased along with the rise in con-
centrations, which might be associated with a change in 
the composition of sludge biomass and in the structure of 
floccules [31].

To describe the experimental data, a pseudo-second-order 
model was used [46–48]. Determination of kinetic constants 

enabled establishing the rate of reaching equilibrium con-
ditions (k) and mass of cadmium (Q) adsorbed under these 
conditions. The analysis of kinetic constants (Q) determined 
form the pseudo-second-order model showed the depen-
dency of cadmium adsorption on its initial concentration 
and sludge type (Fig. 6).

In case of DS2, the Q values obtained for cadmium 
concentration of 150 mg/L were over 30 times higher com-
pared to these obtained for cadmium concentration of 
5 mg/dm3 and reached 29.1 and 0.94 mg/g d.m., respec-
tively. A similar correlation was observed for the remaining 
bisorbents. In addition, increased dried sludge uptake at 
high initial concentrations of cadmium was observed com-
pared to activated sludge, which could be due to the toxic 
effect of cadmium on the adsorption mechanism of activate 
sludge microorganisms [49].

In case of lower initial concentrations of cadmium, its 
adsorption was faster due to the adsorption surface. At a high 
number of available adsorption sites, the rate of the reaction 
was higher and this dependency was noted for all analyzed 
biosorbents. The highest values of k constant were observed 
for activated sludge at initial cadmium concentration of 
5 mg/L, that is, 4.32 g/mg min for AS1 and 5.07 g/mg min for 
AS2. A similar dependency of adsorption rate decrease along 

(a) (b)

(c) (d)

Fig. 5. Correlation between the mass of adsorbed metal and time of adsorption reaction: (a) AS1, (b) DS1, (c) AS2, and (d) DS2 
(pH = 6 ± 0.5, Temp. 25°C).
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with metal concentration increase was demonstrated by 
Benaїssa and Elouchdi [50] in their study on Cu(II) removal 
by dried sludge from a biological wastewater treatment plant.

4.5. Determination of the maximum adsorption capacity

From the economic point of view, a sorbent should 
exhibit both good adsorption properties (i.e., be character-
ized by a high adsorption capacity) and a high recovery of 
adsorbed substances. To compare the capability of various 
biosorbents for the adsorption of metals and their affinity 
to metals, the adsorption process may be expressed as an 
isotherm in the equilibrium state determined under static 
conditions. Adsorption may be modeled using theoretical 
equations which may explain or predict the course of the 
process under experimental conditions or using empirical 
equations which may reflect experimental curves but do 
not describe the mechanism of biosorption per se. The most 
common models used in such analyses are Langmuir and 
Freundlich’s models owing to their reliability and simplicity, 
and to the easiness of data interpretation.

In our study, biomass sorption capabilities were eval-
uated using Langmuir, Freundlich, and Sips models. 
Experiments were conducted at the initial solution pH of 
6.0, temp. of 25°C, and varying initial concentrations of 
Cd(II) ions: from 1 to 600 mg/L. Experimental results con-
cerning the amount of adsorbed Cd(II) depending on metal 
concentration left in the solution as well as Langmuir, 
Freundlich, and Sips isotherms determined on their basis 
are depicted in Fig. 7. It was concluded that isotherms of the 
applied adsorption models fitted well to experimental data 
of cadmium adsorption by the tested biosorbents, except for 
the Freundlich isotherm.

To enable further results analysis of Cd(II) adsorption 
on tested biosorbents, values of constants were determined 
from Eqs. (3)–(5), determination coefficient R2, and ARE are 
presented in Table 1. Based on R2 values it was difficult to 
assess the usability of adsorption models equations for the 
description of experimental data. Values of this coefficient 

were very high (0.9970–0.9988) for isotherms calculated 
from Langmuir and Sips models and significantly lower 
(0.9474–0.9661) in case of the Freundlich model (Table 1). The 
ARE turned out to be significantly more useful. Its values 
were more diversified, which allowed to choose the model 
that described the experimental data of cadmium adsorp-
tion best. The study demonstrated, that the Sips model was 
the most suitable for the description of Cd(II) adsorption 
for both active and dead sludges, which was indicated by 
the determined ARE values (Table 1).

The Freundlich model appeared to be the least suitable 
for the description of the process, which was indicated by 
the highest ARE values. In a study on the adsorption of 
Cd2+, Cu2+ and Pb2+ on alginate obtained from Laminaria dig-
itata algae, Papageorgiou et al. [51] demonstrated that iso-
therms determined from both Langmuir and Sips models 
described better the mechanisms of adsorption of the tested 
metals compared to Freundlich isotherm. The efficiency 
and versatility of the Sips model were also confirmed by 
Nagy et al. [52] who investigated the adsorption of Cd2+ 
and Zn2+ ions from an aqueous solution on Agaricus bispo-
rus biomass. They analyzed their experimental data using: 
Langmuir, Freundlich Dubinin-Radushkevich, Temkin, 
Redlich-Peterson, Sips, Toto, Khan, and Radke-Prausnitz 
models at pH 5.2 (Cd) and 5.6 (Zn) and biosorbent dose of 
4 g/L. They also showed the best fit to experimental data for 
Sips isotherm.

Data presented in Table 1 indicated that the analyzed 
biosorbents were characterized by both diversified sorp-
tion capacity and affinity to metals. Dried sludge showed 
a higher adsorption capacity compared to activated sludge. 
In addition, inactivation of biomass cells caused an over 
2-fold and 4-fold increase in the value of b constant in 
case of DS1 and DS2, respectively. In their study on Cd(II) 
adsorption by cells of Pseudomonas aeruginosa (PU21), 
Chang et al. [53] reported an almost 20-fold increase in b 
constant determined from Langmuir model to the value of 
1.25 L/mg for dead cells and a decrease in the maximum 
sorption capacity qmax by ca. 30% compared to active cells.

(a) (b)

Fig. 6. Constants determined from the pseudo-second-order equation for the analyzed biosorbents: (a) Q (mg/g d.m.) 
and (b) k (g d.m./mg min).
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Activated sludge consists of a population of bacteria and 
protozoa. An important trait of all microorganisms allowing 
them to survive in the presence of a toxic concentration of 
metal is the capability to form biofilms. Extracellular poly-
meric substances (EPS) present in biofilms as well as cellular 
membranes and cell walls of the microorganism commu-
nity possess many sites with cationic and anionic character 
which induce biosorption by entering into reactions with 
cadmium ions [54]. The EPS which are secreted by microor-
ganisms during their growth, are composed of such organic 
substances as polysaccharides, uronic acids, proteins, 
nucleic acids, and lipids [55]. The anionic character of EPS, 
resulting from the preponderance of negatively-charged 
groups, enables the binding of significant amounts of ions 
of metals, including cadmium. In turn, the cell wall of bac-
teria is constituted by polymeric substances which contain 
negatively-charged functional groups like carboxyl, phos-
phate, and sulfate groups [56]. Multiplicity and diversity 
of negatively-charged groups in mixed populations of 
microorganisms of the analyzed sludges resulted in signifi-
cant values of their maximum adsorption capacity ranging 
from 141.67 mg/g d.m. (AS1) to 185.58 mg/g d.m. (DS2).

Literature data indicate the highest sorption capac-
ity is exhibited by these microorganisms whose metabo-
lism enables the generation of inorganic ions like sulfides, 

carbonates or phosphates. Under such conditions, insoluble 
salts of metals are being formed that are retained on cell 
surface, like in the case of cadmium removal by Alcaligenes 
denitrificans [57]. The growth of denitrifying bacteria caused 
the medium to become alkaline. The extent of cadmium 
removal from the solution was correlated with pH increase. 
Authors demonstrated that almost whole cadmium removed 
from the solution was precipitated in the form of carbonates, 
which was confirmed by results of X-ray diffraction anal-
ysis. High effectiveness of cadmium removal (much more 
than 1 g/g) was reported by Macaskie and Dean [58,59], who 
carried out analyses in a column filled with Citrobacter sp. 
cells immobilized in polyacrylamide gel. The adsorption 
mechanism was associated with the capability of Citrobacter 
sp. for extracellular accumulation of orthophosphates when 
cultured on the medium containing C3H7O6PNa2. In our 
study, AS2 and DS2 were cultured on the medium with com-
position identical to that used in the culture of Citrobacter 
sp. and their sorption capacity of AS2 and DS2 was less and 
reached 152.3 and 185.6 mg/g d.m., respectively. This may 
indicate that in the mixed populations of microorganisms 
the specific substrate – namely 2-phosphate glycerol, was 
less effective in inducing synthesis of the same enzyme 
as that synthesized by Citrobacter sp. The enzyme (acidic 
phosphatase) located in the cellular membrane caused the 

(a) (b)

(c) (d)

Fig. 7. Experimental data concerning cadmium adsorption and isotherms were determined from Sips, Langmuir, and Freundlich 
models for the analyzed sludges (pH = 6 ± 0.5, Temp. 25°C).
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release and retention of HPO4
2– on cell surface and, resul-

tantly, extracellular precipitation of cadmium in the form of 
insoluble phosphates.

5. Conclusion

Adsorption of cadmium using activated sludge and 
dried sludge cultured on two types of media was affected 
by sludge and medium type. The amount of adsorbed metal 
ions was influenced by solution pH, contact time, and ini-
tial concentration of cadmium. Analyses of the toxic effect 
of cadmium on the enzymatic activity of sludge biomass 
demonstrated that the greatest decrease in the biochemical 
activity of activated sludge from culture 2 (AS2). In the sam-
ple with the initial cadmium concentration of C0 = 150 mg /L, 
the TTC value decreased by 82.6% already after 1 min com-
pared to the control sample. The adsorption capacity of the 
analyzed sludge increased along with pH increase from 2 to 
6. The highest adsorption capacity was obtained for dried 
sludge from culture 2 (DS2) at pH > 6. Cadmium uptake 
has achieved a very high rate and the adsorption equilib-
rium was reached after ca. 10 min. Adsorption of Cd(II) on 
the analyzed biosorbents followed the pseudo-second-or-
der reaction. Inactivation of sludges had a significant 
effect on the increase in the maximum adsorption capac-
ity, especially in case of sludge from culture 2, that is, from 
164.1 mg/g d.m. (AS2) to 185.6 mg/g d.m. (DS2). The higher 
adsorption capacity of AS2 and DS 2 could be due to the 
presence of 2-phosphate glycerol in the culture medium 
which induced the synthesis of acidic phosphatase, which 
in turn caused the release and retention of HPO4

2– on cell 
surface and, consequently, extracellular precipitation of cad-
mium in the form of insoluble phosphates. The significant 
value of the maximum adsorption capacity, a wide range of 

solution pHs, and rate of the adsorption process enable con-
cluding that DS2 sludge may be a promising biosorbent in 
effective and inexpensive removal of toxic cadmium from 
wastewater.
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