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Abstract

In this research, a cyclical adsorption/desorption of cadmium and
zinc from solutions containing a single metal or its mixture in ratio of 1:1
and 1:2 using immobilized activated sludge in the chitosan (ASC) was
examined. In the adsorption studies, the optimal dose of ASC was 4 g/L. The
highest desorption efficiency was achieved for 1M HNOgz. Both adsorption
and desorption occurred in accordance with a pseudo-second order
reactions which is confirmed by R? values. Mass of zinc adsorbed and
desorbed in one cycle from a solution containing a single metal was 0.78 and
0.40 mmol/g d.w. when cadmium was lower (respectively 0.41 and 0.21
mmol/g d.w.). In subsequent cycles, both metals were adsorbed and desorbed
at a lower efficiency. The highest efficiency of desorption was observed for a
mixture of Cd:Zn in the ratio of 1:1 and 1:2, respectively 86% and 89% of
cyclel, whereas for the zinc it was 70% and 53%. Desorption efficiency of
both metals and its mixtures, in subsequent cycles gradually decreased.
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1. Introduction

Progressive urbanization and industrialization resulted in generation of large quantities of
wastewater that contain significant concentrations of toxic pollutants including heavy metals.
In practice, physical, chemical and biological processes are used for the removal of
pollutants from industrial wastes before being discharged into the environment. These
processes are in many cases ineffective and expensive, when impurities are present in low
concentrations [1]. Among the methods used for removing metals from wastewater and
contaminated waters, sorption processes are particularly interesting, mainly due to the
possibility of using a wide variety of chemical sorbents and biosorbents for this purpose.

Biosorbents, which can be used on an industrial scale should be easily accessible and
cost-effective, e.g. industrial waste, which can be obtained free of charge or for a low fee;
organisms readily available in large quantities in nature; and organisms which can be easily
grown for biosorption purposes [2].

Algae [3, 4], plant materials (shells, bark, sawdust) [5-7] and the animal materials, such
as chitin and chitosan [8-10], as well as the sludge from wastewater treatment [11] were
tested as biosorbents.

Activated sludge is a biosorbent, consisting of different types of microorganisms, mainly
bacteria, fungi, yeasts, algae and protozoa. It is easily accessible in the sewage treatment
plant and has a high adsorption potential [12, 13]. Removal of metal ions involving such
diverse biomass composition is made possible by two types of processes: biosorption
independent of cell metabolism and metals actively transported into cells. In the first case,
appropriate functional groups are responsible for the metal ions binding (carboxyl, hydroxyl,
amino, phosphate, sulfhydryl, thioether, carbonyl, imidazole, sulfate, sulfonate), occurring on
the surface of the cell wall, cell membrane or within exopolymers produced by cells [14],
and the process itself of binding metal ions occurs due to the phenomena of ion exchange,
complexing, chelating and electrostatic interactions [15].

Biomass used in biosorption may be alive or dead. The use of dead biomass is a preferred
alternative for biosorption metal due to the lack of limitations related to their toxicity, no
requirements for the delivery of nutrients for the biomass cell growth, easy recovery and
reuse of the biomass, the ability to easily immobilize dead cells and easier mathematical
modeling of the metal removing process [16].

The use of biosorption properties of biomass in the freely suspended form is limited due
to the low mechanical strength and dispersion occurring during the sorption. Immobilizing
biomass eliminates these problems and enhances the application capabilities. In practice,
immobilized biosorbents should be characterized by high metals adsorption efficiency from
solutions and the easy desorption using inexpensive desorbents.

A review of the literature suggests that the chitosan is not only a good carrier used for
biomass immobilization, but also an effective metal adsorbent [17-19].

For this reason, in the work on the biomass immaobilization, a waste product which was
excess activated sludge after methane fermentation from sewage treatment plant in Olsztyn,
chitosan was used to obtain a durable, inexpensive and efficient biosorbent for the removal
of cadmium and zinc and its mixtures from aqueous solutions. Previous studies have
demonstrated the high effectiveness of this biosorbent in removing cadmium and zinc from
aqueous solutions, confirmed by the high adsorption capacity determined from the Sips
model- 216 and 188.3 mg/g d.w. respectively [20]. This prompted the authors to use this
biosorbent in cyclic adsorption/desorption of cadmium and zinc, and to determine the
operating conditions of both processes. The conducted experiments allowed the
determination of constants in the kinetic equations of adsorption and desorption, which is an
important element in the design of metal recovery processes using biotechnological methods.
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2. Materials and Methods
2.1 Preparation of immobilized biomass (ASC)

The experiment was conducted with excess activated sludge after methane fermentation
obtained from a wastewater treatment plant in Olsztyn. The collected sludge was dehydrated
by double rinsing with acetone and centrifugation for 10 min at 4500 rpm, and dried in a
water bath at a temperature of 50°C for 48 h. The dried sludge was ground in a porcelain
mortar and sieved through a screen with a mesh diameter of 0.01 mm.

Experiments were conducted with chitin of krill, obtained from the Marine Fish Institute
in Gdynia, with a dry matter content of 95.64% and ash content of 0.32%. Chitin was
modified according to the methodology described in [21]. Its modification included rinsing
with distilled water and hydrochloric acid, followed by cooking with a potassium base in
order to loosen its structure, elute calcium and magnesium ions and residues of lipids as well
as to increase the degree of deacetylation.

A weighted portion of chitin (3.3 d.w.) was dissolved in 100 g of 5% CH3COOH for 24h,
then 3.3g of activated sludge were added, and homogenous suspension was prepared that was
next instilled into 10% NaOH. The formed beads (3.5 mm in diameter) were left for 24h in a
solution for complete gelling. Afterwards, they were rinsed with deionizer water till neutral
pH value has been reached.

2.2 Dose of ASC

In order to determine the optimal biosorbent dose used for testing, patterns of cadmium
and zinc in the water (pH = 9.0) at a concentration of 0.09 and 1.53 mmol/L were prepared in
a flask with a capacity of 100 mL. The test dose range was between 1 to 8 g d.w./L. The
samples were shaken on a shaker for 2 hours and the concentration of metals left in the
solution after adsorption was determined.

2.3 Desorbent dose

Examination of the influence of nitric acid concentration on the release of cadmium and
zinc from the biosorbent was preceded by adsorption of metals in a concentration of 0.09 and
1.53 mmol/L on a magnetic stirrer while maintaining pH = 9.0 using NaOH and HNO; for 12
hours. After the adsorption, biosorbent was rinsed with distilled water several times, dried
and poured HNOs solution at the appropriate concentration. The samples were shaken on a
shaker for 2 hours and the concentration of metals released to the solution after desorption
was determined.

All the necessary chemicals used in the experiments were of analytical grade and
obtained from Sigma-Aldrich Poland.

2.4. Examination of metal adsorption/desorption Kinetics in cycles

Biosorbent at 0.4 g dw / L was introduced into the reaction vessel with a capacity of 100
mL, followed by addition of solutions of the single metals: Cd (0.18 mmol/L), Zn (3.06
mmol/L) or a mixture of metals in a ratio of Cd:Zn 1:1 and 1:2. The reaction vessel was
placed on a magnetic stirrer. Then, in the interval from 1 to 360 min. samples were taken and
the concentration of metals remaining in the solution was determined. Biosorbent saturated
with metal, after filtration and washing with distilled water was placed in the reaction vessel,
which was introduced to 100 ml mol/L HNOg solution. Then, in the interval from 1 to 120
min. samples were collected and the concentration of metals remaining in the solution was
determined.

After one cycle biosorbent grains were filtered, washed with deionized water and then
poured over with 100 mL of the single metal solutions or its mixtures. Subsequent cycles of
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adsorption maintained at pH = 9.0 and pH = 2 for desorption with mol/L NaOH and mol/L
HNO:s.

2.5. Metal solution preparation

Analytical grade standard solutions of Cd and Zn for AAS (1,000 g/dm?) obtained from
Sigma-Aldrich Poland were used as stock solutions. All working solutions were prepared by
diluting the stock solutions with deionizer water. The concentrations of metal ions were
determined by atomic adsorption spectrometer (AAS) AA280FS (Varian).

3. Theory
The quantity of metal adsorbed from the solution was determined based on a change in
the concentration of metal left in the solution and calculated from the following equation:

m
The quantity of desorbed metal was calculated from the following equation:
Cq
Q - @)
where:
Q — weight of metal adsorbed in biosorbent (mmol/g d.w.)
Q1 — weight of metal desorbed from biosorbent (mmol/g d.w.)
Co — initial concentration of metal in the solution (mmol/L)
Cs — metal concentration in the solution after adsorption ~ (mmol/L)
Cs — metal concentration in the solution after desorption ~ (mmol/L)
m — biosorbent concentration (g d.w./L)

3.1. Kinetic model

Reaction rate constants were calculated with Lagergren’s equation, which consists of
correlations between the mass of metal desorbed from 1 g of adsorbent and time, and is
defined as the pseudo-n-order reaction. The order of reaction was determined by adopting
determination coefficients (R?) as selection criteria.
Model of pseudo-first-order reaction:

dQ
dt

= kls (Qs - Qt) (3)

Model of pseudo-second-order reaction:

th _ _ 2
dt _kZS(QS Qt) (4)

Desorption rate constants of single metals were calculated in an analogous way, also
based on the pseudo-first-order and pseudo-second-order equation:
dQ,

E = kld (Qd - Qt) ®)
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d 2
(@ -Q) ©
where:
Q: — weight of metal adsorbed by the biosorbent in a time unit (mmol/g d.w.)
Qs — weight of metal adsorbed in the state of equilibrium (mmol/g d.w.)
Qa4 — weight of metal desorbed in the state of equilibrium (mmol/g d.w.)
kis — rate constant of pseudo-first-order adsorption (2/m)
kos — rate constant of pseudo-second-order sorption (g d.w./mmol-min)
ki — rate constant of pseudo-first-order desorption (2/m)
ks — rate constant of pseudo-second-order desorption (g d.w./mmol-min)
t — time (min)

4. Results and discussion
4.1. ASC dose

The results of studies on identifying the optimum dose of the sorbent to remove metals
from an aqueous solution are shown in Figure 1.

Q (mmol/g d.w)
o
N

1 2 4 6 8
dose (g/L)

ocd Bzn

Figure 1. The mass of metal adsorbed at various doses of biosorbent

Studies have shown that the increase in biosorbent dose from 1 to 4 g/L led to increased
removal of cadmium from 0.32 to 0.41 mmol/g d.w. An increase in the dose to 8 g/L did not
improve the adsorption efficiency. In the case of zinc, increase of metal adsorption in the
range of 1 to 6 g/L has also been observed and was respectively 0.65 and 0.75 mmol/g d.w.
However increasing the biosorbent dose up to 8 g/L resulted in a reduction in weight of the
zinc removed to 0,6 mmol/g d.w.

Dose of biosorbent is a parameter strongly influencing the efficiency of biosorption. The
increase in biomass concentration generally increases the amount of adsorbed metal because
of the greater surface of biosorbent, which increases the number of binding sites [22]. On the
other hand, the amount of the adsorbate in solution per biosorbent weight unit decreases with
increasing biosorbent dose, which can cause complex interactions. An important factor in
high doses of adsorbent is a shortage of the metal in the solution to provide complete
coverage of active sites available in biosorbent, which usually results in low efficiency [23].
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4.2. Desorbent dose

The influence of the dose of desorbing agent on the amount of cadmium and zinc
released from biosorbent was examined. Fig. 2 shows the relationship between the amount of
released metals according to the dose of nitric acid.
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Figure 2. Effectiveness of metals leaching from biosorbent depending on the concentration
of nitric acid

Experimental data suggests that the tested concentration range allowed to determine the
optimal dose of nitric acid i.e. the dose above which the efficiency of the process did not
increase. Taking into account the degree of metals removal with the ASC: 51% for cadmium
and 89% for zinc, the dose of 6.3 g per 100 mL (mol/L solution) was considered optimum.

Kuczajowska-Zadrozna and Filipkowska [24] achieved similar results in studies on
desorption of cadmium, zinc and copper from immobilized activated sludge in a mixture of
alginate and poly(vinyl alcohol). At the same concentration of nitric acid designated as the
optimum dose efficiency of leaching cadmium and zinc was respectively 64 and 67%.
However, in the study on desorption of cadmium from citrus peels [25] obtained higher
efficiency of leaching metal from biosorbent after 120 min. of desorption for 0.1 mol/L
HNO3 (98%) than 1.0 mol/L HNOs (80%).

4.3. Adsorption/desorption Kinetics of metals in cycles

In order to determine the technological parameters required for designing systems for the
removal of metals from wastewater by adsorption it is necessary to know the speed of the
process.

Experimental data showing the mass (Qs) of the single metals and its mixtures adsorbed
on the ASC according to the time is shown in Fig. 3. Analysis of the experimental data
showed that the shortest time to reach equilibrium concentration (120 min.) for adsorption of
cadmium in the ASC was obtained in the case of a single metal and its mixtures with zinc in
a ratio of 1: 1 in cycle 1 and the load removed was respectively 0.40 and 0.32 mmol/g d.w.
In cycles 2 and 3, doubling of the time for achieving equilibrium concentration was observed
(Figure 3 a, b). After the same time, i.e. 240 min. adsorption equilibrium was observed for a
mixture of Cd:Zn ratio of 1:2 in all the cycles (Fig. 3c). Time to reach equilibrium for zinc
and its mixtures with cadmium was significantly longer in cycle 1 (270 min.), whereas in
cycles 2 and 3 was shorter for 90 minutes and the removed load was in a range from 0.07 to
0.15 mmol/g d.w. (Fig. 3 d, e, f).
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Figure 3. Relationships between the mass of adsorbed metals and time of adsorption: a. Cd,
b. Cd:zZn (1:1), c. Cd:Zn (1:2), d. Zn, e. Zn:Cd (1:1), f. Zn:Cd (2:1).

Deng et al. [26] in the study of adsorption of cadmium and zinc on the aquatic plant
powder achieved equilibrium concentration in a much shorter period of time (15 min.) but
the (load of cadmium and zinc removed was significantly lower. It was amounted 0.014
mmol/g d.w. Cd) and 0.030 mmol/g d.w. (Zn) for Ruppia maritima and 0.017 mmol/g d.w.
(Cd) and 0.020 mmol/g d.w. (Zn) for Echinodorus amazonite.

Evaluation of the effectiveness of cyclical adsorption and desorption was to determine the
kinetics of the process, i.e. the order of reaction and rate constants. The obtained values of
kinetic constants, i.e. the rate constants of pseudo-first (kis) and pseudo-second-order (kas)
and the mass of metal adsorbed at equilibrium (Qs) for the individual metals, as well as its
mixtures are shown in Table 1.
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Table 1.Values of kinetic constants of adsorption from solutions of single metals and from
their mixture

Pseudo-first-order

Metal ks (1/min) Q. (mmol/g d.w.) R?
ons Cyclel | Cycle2 | Cycle3 | Cyclel | Cycle2 | Cycle3 | Cyclel | Cycle2 | Cycle3
Cd 0.06 0.02 0.01 0.41 0.07 0.05 0.9994 0.9974 0.9964
Cd1:1 0.04 0.03 0.05 0.32 0.06 0.05 0.9959 0.9966 0.9969
Cd1:2 0.02 0.01 0.03 0.29 0.05 0.04 0.9931 0.9979 0.9963
Zn 0.04 0.05 0.04 0.70 0.22 0.16 0.9961 0.9974 0.9948
Zn1:1 0.05 0.03 0.03 0.43 0.08 0.06 0.9916 0.9984 0.9965
Zn2:1 0.05 0.04 0.04 0.58 0.14 0.13 0.9969 0.9954 0.9984

Pseudo-second-order

Kas (mg/g-min) Qs (mmol/g d.w.) R?
Cyclel | Cycle2 | Cycle3 | Cyclel | Cycle2 | Cycle3 | Cyclel | Cycle2 | Cycle3
Cd 0.49 0.40 0.19 0.41 0.07 0.07 0.9961 0.9995 0.9988
Cd1:1 0.23 0.88 1.89 0.36 0.06 0.05 0.9979 0.9997 0.9989
Cd1:2 0.09 0.23 1.58 0.35 0.05 0.04 0.9979 0.9983 0.9986
Zn 0.09 0.40 0.44 0.78 0.08 0.12 0.9987 0.9987 0.9975
Zn1l:1 0.33 0.56 0.75 0.47 0.15 0.07 0.9997 0.9991 0.9996
Zn2:1 0.19 0.46 0.58 0.62 0.15 0.14 0.9994 0.9989 0.9992

Based on the determined constants (Tab. 1) it can be concluded that in the case of a single
metal or a mixture thereof for the ASC adsorption occurred according to the pseudo-second-
order reaction which is confirmed by the calculated R? value (0.9961- 0.9996) and the
calculated values Qs are very close to the experimental data (Fig. 4).

Similarly, [27] in the kinetic studies of adsorption of Co (1) on the magnetic chitosan and
[28] adsorbing Cu (I1) on a porous modified chitosan it was shown that the equation of
pseudo-second-order best describes the experimental data.

Greater adsorption of individual metals and its mixtures was observed in all cycles for
zinc as compared to cadmium. The effect of addition of the second metal caused a decrease
in adsorption, which has been observed particularly in the cycle 1 of zinc, where Qs of zinc
amounted to 0.78 mmol/g d.w. and the for the mixture of Zn 1:1 and 2:1, 0.47 and 0.62
mmol/g d.w, respectively. However the reaction rate constants (kzs) for the mixture of metal
were particularly better in cycle 3.

The obtained values of kinetic constants for the desorption of individual metals and its
mixtures are shown in Table 2. On the basis of the values of R? (0.9895 - 0.9991), it was
found that the process of desorption of metal with ASC occurred according to the kinetics
equation of the pseudo-second-order. This was also confirmed by the research on desorption
of Cu with selected calcareous soils as well as Pb and Cd with zeolite [29-30].

The results showed that, as in the adsorption, the mass of zinc released from the ACS
from a single solution and its mixture is equal to, or greater than cadmium for all cycles. The
desorption process occurred much faster than adsorption as evidenced by the high values of
the constants (koq) within the range of 2.54 to 51.1 mmol/g'min for Cd, and from 1.45 to
17.04 mmol /g -min for zinc.
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Table 2. Values of kinetic constants of single and mixture metals desorption from solutions

Pseudo-second-order

Metal Kag (mmol/g-min) Qq (mmol/g d.w.) R2

ions Cyclel | Cycle2 | Cycle3 Cycle 1 Cycle2 | Cycle3 Cycle 1 Cycle 2 Cycle 3
Cd 20,66 10.05 7.10 0.21 0.03 0.03 0.9894 0.9985 0.9975
Cd1:1 | 5.83 349 51.10 0.31 0.04 0.03 0.9875 0.9986 0.9917
Cd1:2 | 2.54 24.47 29.20 0.31 0.04 0.03 0.9915 0.9997 0.9995
Zn 1.45 7.08 15.77 0.40 0.04 0.03 0.9986 0.9976 0.9983
Znl:1 | 1440 17.40 16.35 0.33 0.04 0.03 0.9982 0.9894 0.9969
Zn21 | 12.84 13.56 13.58 0.33 0.06 0.05 0.9992 0.9991 0.9987

Studies on cyclical adsorption/desorption showed that cadmium demonstrated higher
desorption efficiency with ASC, except for cycle 1 and single metals desorbed (Fig. 4).

100 +

80 -

60 -

Qq (%)
Qu (%)

40

20 +

Cd Cd11 Cd1:2 Zn Znl:1 Zn1:2

Ocycle 1 Ocycle 2 Ecycle 3

Figure 4. The efficiency of desorption of individual metals and its mixtures in cycles: a. Cd,
b. Zn

The highest elution efficiency was observed for mixture of Cd:Zn in the ratio 1:1 and 1:2,
respectively 86% and 89% in cycle 1. In addition, reduction of desorption efficiency was
observed for cadmium and its mixtures with zinc in the subsequent cycles. In analogy to the
higher cadmium desorption single zinc was observed in cycle 1. The highest efficiency of
desorption was found for the Zn:Cd 1:1 mixture (70%). The lower efficiency of the zinc
desorption compared to cadmium was probably dictated by the high accumulation of metal in
biosorbent.

5. Conclusion

Studies of cyclical adsorption/desorption have shown high efficiency in the removal of
cadmium and zinc from aqueous solutions and desorption from immobilized activated sludge
in the chitosan (ASC) of the single metals and mixtures thereof. The process of adsorption
and desorption occurred in accordance with the model of the pseudo-second-order kinetic,
which correlated well with the experimental data, as evidenced by the determined R? value.

Biosorbent cyclically adsorbed and desorbed zinc more effectively in comparison with
cadmium, either from solutions containing a single metal or a mixture of Zn:Cd 1:1 and 2:1.
Mass of zinc adsorbed and desorbed in cycle 1 from a solution containing a single metal was
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0.78 and 0.40 mmol/g d.w. when cadmium was two times lower. In subsequent cycles, both
metals were adsorbed and desorbed with less effectiveness.

The constants of ASC adsorption rate were the highest in cycle 3. In subsequent cycles,
their values change over a fairly wide range. The values for cadmium varied from 0.09 to
1.89 mmol/min-mg depending on the cycle and the ratio of the metals in solution and for zinc
from 0.09 to 0.75 mmol/min-mg. The desorption process occurred much faster than
adsorption as evidenced by the high values of the constants (kog) within the range of from
2.54 t0 51.1 mmol/g'min for Cd, and from 1.45 to 17.04 mmol/g'min for zinc.

It has been found that the desorption process of cadmium and zinc mixed in different
proportions occurred with greater efficiency compared to the desorption efficiency of
cadmium and zinc from solutions containing individual metals. The highest elution
efficiency was observed in a mixture of Cd:Zn a ratio of 1:1 and 1:2, respectively 86% and
89%. The lower desorption efficiency of zinc compared to cadmium was probably dictated
by the high accumulation of metal in biosorbent.
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