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Removal of Copper(II) from Aqueous
Solutions by Chitosan Adsorption

Svetlana Verbych, Mykhaylo Bryk, and Ganna Chornokur
Ecological Research Center, National University of ‘Kiev-Mohyla
Academy’, Kiev, Ukraine

Bryan Fuhr
Alberta Research Council, Edmonton, Canada

Abstract: An investigation on the use of chitosan for the removal of copper from
aqueous solutions has been carried out. Both kinetic data and equilibrium isotherms
were obtained. The effects of contact time, initial copper concentration, background
electrolyte, and pH on the uptake capacity of copper were studied. Initial copper con-
centration and pH were found to have the greatest effects on uptake. The copper uptake
of chitosan was quantitatively evaluated using sorption isotherms. Results indicated a
capacity of 1.8-2.2mmol/g of dry mass. The capacity increases when solutions
contain high concentrations of chloride ions. The variation of pH leads to competition
between coordination of copper with chitosan with the optimal range being 5.4 to 6.0.

Keywords: Chitosan, adsorption, copper(Il), heavy metal removal, wastewater

1. INTRODUCTION

Some industrial processes result in the release of heavy metals into the aquatic
ecosystem. This has led to increasing concern about the effects of toxic heavy
metals as environmental pollutants. Precipitation, coagulation, ion exchange,
electrochemical, and membrane processes have been developed for the
treatment of metal-bearing wastes before their discharge into the environment
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(1). The need for economical, effective, and safe methods for removal of
heavy metals from wastewater has directed attention to low-cost natural
sorbents such as agricultural wastes, clay materials, biomass, and marine
organisms (2, 3). Polysaccharide biopolymers isolated from shellfish are a
new class of potentially inexpensive and environmentally friendly substances
that exhibit a high specificity toward metal ions. One example is chitosan, a
partially acetylated glucosamine biopolymer resulting from deacetylation of
chitin (4). Polysaccharides with about 50% deacetylation seem to be most
effective for adsorption since functional amine groups are available for inter-
action. Chitosan can be produced cheaply because chitin is the second most
abundant biopolymer in nature next to cellulose. Chitosan has many useful
characteristics such as hydrophilicity, biocompatibility, biodegradability,
and antibacterial properties. Because of its excellent adsorptive behavior,
chitosan has been employed as an effective coagulating agent in activated
sludge plants and for recovering proteins from food processing factories
(5-8). In addition, it is also a well-known adsorbent for transition metals
because the amine (—~NH,) and/or hydroxyl (—OH) groups on chitosan
chains can serve as coordination sites for these metals (9). The reactive
amine group selectively binds to virtually all group III transition metal ions
but does not bind to group I and II alkali and alkaline-earth metal ions (10).
Extensive studies on the metal-binding properties and use of this polymer
have been carried out by a number of researchers (11-19). Chitosan
undergoes chelation with metal ions, releasing hydrogen ions according to
the reaction shown in Fig. 1. This suggests that the adsorption of metal ions
on chitosan is strongly dependent on pH in aqueous solutions due to the com-
petition of proton and metal ions. However, there is insufficient information on
the pH dependency of the adsorption of metal ions on chitosan. Most studies
either obtained the sorption isotherms or merely compared the selectivity
series based on the results of single-metal systems (20—23).

In the present work, a systematic study on the removal of copper by
chitosan is reported. The pH dependence of uptake kinetics of metal on

CH,0H

OH + ot =

NH,

Figure 1. Chelation of copper(Il) ion with chitosan.
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chitosan flakes was studied. The sorption of copper in the presence of sodium
chloride electrolyte was examined and compared to that in single metal
systems.

2. MATERIALS AND METHODS
2.1. Chitosan and Reagents

Chitosan flakes produced from lobster shell were provided by the Moscow
Textile Academy (Moscow, M. Kaluzhskaya, 1, Russia) and used in this
form. The molecular weight of chitosan was found to be 1.7 x 10° by the
Mark-Houwink equation from viscosity measurements (24). All other
reagents (“Miranda-C”, Kiev, Ukraine) were analytical grade. Distilled
water (conductivity was 1.0microS-cm™') was used to prepare all the
solutions. All glassware was supplied by Simax.

Stock solutions of copper sulphate and sodium chloride were made up to
concentrations of 5 x 107*M and 1 x 10" M, respectively. These solutions
were diluted with distilled water to concentrations of 1 x 10> to 5 x 10™*M
for CuSO, and 9 x 10™* to 9 x 10~ *M for NaCl. The pH effect for copper
adsorption was investigated in the pH range of 3—6.

2.2. Determination of pH,,.

An approach outlined by Bryk and Tsapiuk (25) was applied to determine the
pH of the zero point of charge (pH,) of chitosan. To each of nine identical
portions of 100 mL solutions with known pH values, 100 mg chitosan was
added. Samples were agitated for 30 hours at low speed. After solutions
achieved equilibrium (for 50 hours) their turbidities were examined by the
use of a photoelectrocolorimeter KFK-2-UHLA4.2 type (Zagorsk, Russia).

2.3. Metal Adsorption Experiments

Copper adsorption isotherms were constructed using data obtained from
experiments during a well-mixed batch process allowed to proceed to equili-
brium. Specifically, 100 mg chitosan flakes were contacted with 100 mL of
CuSOy solution in a 125-mL Simax flask (Czech Republic), and agitated at
180 rpm on an orbital shaker OS 20 (St. Petersburg, Russia) for 2 hours.
The temperature was controlled at 25°C by air conditioning. The pH was
adjusted with 0.1 M HCI and NaOH.

Preliminary experiments had shown that the adsorption was complete
after 50 hours. After adsorption, the copper solution was filtered from the
flakes through paper filters (Filtrak, Germany). The residual copper solution
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was stored in a sealed vial for later analysis. After filtration the aqueous pH
was measured with a Model pH-150MA instrument (Gomel, Belarussia).

Each run was carried out in duplicate. The Cu?" concentration was
measured at the beginning and end of the batch adsorption experiment by col-
orimetric analysis with diethyldithiocarbamate of lead (26). The final loading
of Cu*" adsorbed on the flakes was calculated based on the difference in Cu*"
concentration in aqueous before and after adsorption according to the
following equation:

:(Co—Cf)'V

m

Q ()

where Q is the metal uptake capacity (mmol/g of dry mass), Cy is the initial
concentration of Cu*" (mmol/ dm’® ), Cris the final concentration of Cu’" at

equilibrium (mmol/dm3), V the volume of solution (dm®), and m is the
initial dry chitosan loading (g).

3. RESULTS AND DISCUSSION
3.1. Determination of pH,

In Fig. 2, the isoelectric point of the chitosan is shown to be about pH,,. 7.
Maximum turbidity of the chitosan solution at this point was observed.
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Figure 2. Optical density of chitosan solution vs. pH.
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A key property of the biopolymer is the presence of amine (—NH,) and
hydroxyl (—OH) groups on its molecular chains. In acid solution, the
groups become —-NHf and -OH, respectively, which make chitosan
soluble. The degree of dissociation depends on solution pH and results in
changing of chitosan charge and consequently rearrangement of the
polymer chains. In an acid environment, the nitrogen of the amine group is
protonated, so that chitosan is positively charged and electrostatic repulsion
between active groups occurs. This is the reason the polymer chains
become unwrapped. The negative charge of the biopolymer, which occurs
at high pH, has the same influence upon the spatial arrangement of polymer
chains. This has been confirmed by data of chitosan electrokinetic potential
() at different pH values (27). A positive ¢ (10-20mV) was determined at
a pH between 4.7 and 3.0. In alkaline solution ¢ becomes negative
(=20mV). At pH,,. the number of positive and negative groups are equal
and thus the total surface charge becomes zero and chains are curled into
balls. Consequently, the uptake of metal ions on the biopolymer is very low
at the zero point of charge. Therefore, in further experiments on Cu®"
uptake the adsorption was investigated within the pH range up to the isoelec-
tric point. In another study it was established that the pH,;,. for chitosan was
8.6 (28) and at the same time Jeon and Holl (20) noted the pH,,. values of
natural and aminated chitosan beads were about 4.24 and 5.53, respectively.
It is obvious that the nature of the biopolymer as well as the degree of deace-
tylation have a significant effect on pH,p.

3.2. Adsorption Kinetics

Two important physicochemical aspects for evaluation of the sorption process
as a unit operation are the kinetics and the equilibrium of sorption (9, 13, 21).
The uptake of Cu®" with time at pH 5.4 at initial concentration of
6.7 x 10" *mmol/dm® is shown in Fig. 3. The concentration of Cu®"
remaining in solution after adsorption is marked on the axis vs. time. The
rate of adsorption was quite rapid during the first few minutes and
decreased after 5 hours. Amino groups of chitosan acted initially as copper
coordination sites. The slower removal rate of metal after an initial rapid
uptake can be due to the binding of Cu®" by complexed metal ions. As an
approximation, the removal of Cu®" can be said to take place in two
distinct steps, a relatively fast one followed by a slower one. The necessary
time to reach this equilibrium is about 50 hours. Increasing the removal
time to 70 hours did not show a noticeable effect. These observations are in
agreement with the works of Salehizadeh and Shojaosadati (14), Jha,
Lyengard, and Prabhakara Rao (28), and Benguella and Benaissa (22) with
other metal ion-biomaterial systems.

During the course of Cu?* removal by chitosan, it was noted that the pH
of the solution changed from 5.4 to 5.8 at equilibrium. This was interpreted as
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Figure 3. Kinetic of copper sorption by chitosan.

competition between Cu** and H;0™ for binding sites (16). As a result of this
competition, only some of the glucosamine nitrogen atoms become available
to Cu" for sorption.

Based on the results shown in Fig. 3, an equilibrium contact time of 50
hours was used for all further experiments.

3.3. Sorption Equilibrium

To study the equilibrium of Cu®" removal by chitosan, the approach most
frequently used consists of measuring the isotherm of sorption. The quantity
of metal removed (Q) is plotted against the equilibrium concentration of
metal ions in solution, and corresponds to the equilibrium distribution of
metal ions between the aqueous and solid phases when the concentration
increases.

During sorption equilibrium experiments, it was observed that the initial
pH of the solution increased slightly and equilibrium pH varied with the initial
concentration as shown in Table 1. Similar results were obtained with the
uptake of cadmium on chitin (22), and adsorption of chromium (15) and
cadmium on chitosan (29).

The equilibrium adsorption of Cu>* on chitosan is shown in Fig. 4. A
maximum adsorption capacity of approximately 2.2 mmol/g of dry mass is
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Table 1. Initial and final solution pH values

Initial Cu*"
concentration
(mmol/dm3) 0.0078 0.047 0.094 0.156 0.31 0.47 0.78

Initial pH 5.6 5.6 5.6 5.6 5.6 5.6 4.1
Final pH 6.8 6.7 6.5 6.3 6.0 5.8 4.5

obtained. It is known that the uptake of transition metals is mainly effected via
coordination with the amine groups (—~NH,) on chitosan. Two —OH groups
and one —NH, group are chelated by Cu®" and the fourth site is probably
occupied by a water molecule or the —OH group on the third carbon atom
according to the following equation:

Cu®* +RNH, «<— Cu (RNH,)*" )

It is also known that the amine groups of chitosan may react with H*
according to:

RNH; + H* «<— RNH} 3)
~%—pH 4
3.0 5 —l—pHG
) —v—pH3
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4 4
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Figure 4. Equilibrium adsorption of Cu(Il) by chitosan at different initial concen-
tration ratios of Cu(Il) to chitosan and different pH.
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Because the protonation constant is log K, = 6.3 (30), about 20% of the
amino group of chitosan is protonated even at pH 6.9. The two reactions of
Egs. (2) and (3) compete during adsorption, which is supported by
experimental observations where the solution pH increases after adsorption
(see Table 1). For example, at Cy = 4.7 x 10~ mmol /dm3 the solution pH
changes from 5.6 to 5.8 after adsorption. It is found that the higher the
value of C, the smaller the pH increment. Previous work has indicated that
proper adjustment of solution pH leads to an increase in metal adsorption
capacity on chitosan (28, 31). For instance, a steep rise in adsorption
distribution ratio of copper to chitosan was found at pH 4-5 (11).
Muzzareli et al. (32) examined the chelation of Cu?' with chitosan
membranes by ultraviolet, infrared, and electron spin resonance. They
found that the average number of amino groups bound to one heavy metal
ion changes with solution pH. About one to two amino groups bind with
Cu®" at pH < 5 because of the larger extent of protonated amino groups.
The number of amino groups bound may increase up to two to three at pH
5-6. At pH 6-8, three amino groups and one hydroxyl group would bind
with one Cu**.

Analysis of the isotherm results can be made in terms of the number of
Cu®" ions sorbed per number of N atoms in the bulk polymer. There are
3.2 x 10*' N atoms /g chitosan based on a nitrogen content of chitosan of
7.4% (10). A value of 1.01 x 10! Cu®>* ions/g chitosan is calculated from
the uptake capacity in Fig. 4 at pH 6. Thus, the ratio of N atoms in the
polymer to the number of sorbed Cu®" ions is 3. It is obvious that there is
saturation of almost total N atom sites in chitosan by Cu®™.

The effect of background sodium ion concentration on the adsorption
of Cu?" is presented in Fig. 5. The Cu®" uptake of chitosan flakes was
not affected by the presence of Na® at pH 8.6 and 17mM over the
Cu®" concentration ranging from 1 x 1072 to 5 x 10~ ' mM. The uptake
capacity value is almost the same as in the absence of background electro-
lyte. The effect of alkali metal ions on transition metal adsorption has not
been investigated thoroughly, especially for Cu®" binding on chitosan.
Adsorption is sensitive to change in concentration of the supporting electro-
lyte if electrostatic attraction is the significant mechanism for metal
removal. The results show that electrostatic attraction plays a negligible
role in the concentration of background electrolyte up to 0.01 mM.
However, further increase of NaCl solution up to 86 mM leads to a rise
in Cu®" uptake. As was noted previously, the ¢ of the biopolymer varies
from positive to negative as the pH increases. The dependence of back-
ground electrolyte concentration and counter ions present in solution on
zeta potential is well known. It can be assumed that a high concentration
of Cl in the electrolyte causes adsorption of these anions by polymer
and decreases the positive value of the (. Consequently, chitosan
possesses a negatively charged characteristic and shows additional ability
to increase its uptake capacity to Cu®".
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Figure 5. Equilibrium adsorption of Cu(II) by chitosan at different initial concen-
tration ratios of Cu(Il) to chitosan and different concentrations of NaCl.

The presence of a multiplicity of metals leads to an interactive effect.
These effects as published by other researchers (33) can be extremely
complex and the following three types of responses may be expected:
(i) the effect of the mixture is greater than that of the individual effects of
ions in the mixture (synergism); (ii) the effect of the mixture is less than
that of the individual effects of ions in the mixture (antagonism); and (iii)
no effect of the mixture (no interaction). The actual mechanisms of heavy
metal adsorption, especially multicomponents, are not well understood and
require further detailed studies.

4. CONCLUSIONS

The use of chitosan flakes for the removal of Cu®" from water solutions
has been examined. Chitosan shows excellent ability for Cu®" adsorption
with a capacity of 1.8-2.2mmol/g dry mass. However, the capacity
sharply rises when the solutions contain a high concentration of chloride
ions. The variation of solution pH leads to competition between the coordi-
nation of Cu®" with chitosan. The optimal pH range for copper adsorption
is 5.4-6.0.
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