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Abstract 

Cadmium adsorption onto and desorption from sodium alginate and sodium alginate with polyvinyl 
alcohol) (PVA) were studied. Intraparticular diffusion was demonstrated to limit adsorption kinetics during 
the first 20 min of process. The Deff value was dependent on adsorbent chemical composition and ranged 
from 3.35 x 1010 m2/s to 1.86 x 1010 m7s for the 1.5% alginate with 0.5% PVA and for the 2% alginate with 5% 
PVA, respectively. 

At equilibrium the adsorption was more effective onto the 2% alginate and was lower for the alginate 
sorbent containing poly(vinyl alcohol). The dimensionless separation factor RL increased from 0.26 to 0.68 
for the 2% alginate and the 2% alginate + 5% PVA, respectively. The maximum adsorption capacities in 
Langmuir isotherm for both the 2% and 1.5% alginate with 0.5% PVA were similar and were 176 and 178 
mg/g dry weight, respectively. However, the adsorption capacity decreased to 48 mg/g dry weight for the 2% 
alginate with the 5% PVA (in proportion to the polymer amount increase in the adsorbent). 

Cadmium desorption was more effective for nitric acid than for sulfuric and hydrochloric acids (desorp-
tion pH 2.2). More cadmium was desorbed from 2% alginate with 5% PVA than from 2% alginate or 1.5% 
alginate with 0.5% PVA. 

Keywords: cadmium, alginate, poly(vinyl alcohol), adsorption, desorption coefficient, diffusion, Lan-
gmuir equation, Langmuir constans 

Introduction 
Many industries such as metal plating facilities, min-

ing operations and tanneries discharg waste containing 
heavy metal ions. Treatment processes for metals con-
taminated waste streams include classical physico-chemi-
cal processes. As an alternative to chemical precipitation, 
membrane filtration, or ion exchange, adsorption pro-
cesses with a wide variety sorbents have been tested. 
Microorganisms, activated sludge and immobilized bio-
mass were used as biosorbents [5, 21, 23, 26, 27, 29]. 
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Metal adsorption was also studied using chemical 
sorbents such as activated carbon [25] and fly ash [2] as 
well as plant- and animal-origin sorbents, for example 
bark/tannin-rich materials, humus, peat moss, modified 
cotton and wool, chitin, chitosan, seaweed, and alginate 
[3, 7, 10]. 

A material derived from the processing of brown sea-
weed is algin, a high-molecular weight polymer. Alginate, 
a polysaccharide-based biosorbent, is formed from algin 
by replacing protons in carboxylic groups with metal ions. 
In the adsorption process, the heavy metal ions appear to 
exchange with calcium ions to form a metal alginate [3]. 

Alginate was found to effectively adsorb copper and 



 

 

lead [7]. It has also been used as an immobilizing carrier 
for microbial cells. Wilkinson et al. [26] used the alginate 
immobilized Chlorella emersonii for mercury removal, 
while Wojnowska-Baryta et al. [28] investigated cadmium 
adsorption onto the immobilized Klebsiella pneumoniae. 
However, widespread utilization of alginate sorbents is 
limited as its mechanical strength and durability are rela-
tively low. Kuczajowska-Zadrozna [14] improved the al-
ginate mechanical properties by introducing polyvinyl 
alcohol) to the sorbent. The effect of polyvinyl alcohol) 
on metal adsorption has not yet been recognized. 

The aim of this paper was to investigate cadmium ad-
sorption onto sodium alginate and sodium alginate with 
poly(vinyl alcohol). Adsorption efficiency was evaluated 
based on diffusion coefficients and the Langmuir equa-
tion constants. Mineral acids were used for cadmium re-
covery from alginate sorbents. 

Methods  

Preparation of Alginate Adsorbents 

2% sodium alginate and sodium alginate with 
polyvinyl alcohol) (PVA) (1.5% alginate with 0.5% PVA 
and 2% alginate with 5% PVA) were used. 

Preparation of the 2% Sodium Alginate 

2 g of sodium alginate (medium viscosity by Sigma) 
was dissolved in 98 g of water. A homogenous alginate 
solution was dropped into the 0.05 M CaCl2 solution to 
from granules of 2.8 mm diameter. The granules were 
left for 24 h to gel and the chlorides were removed by 
washing with deionized water. 

Preparation of Sodium Alginate with PVA 

1.5 g of sodium alginate with 0.5 g PVA was dissolved 
in 98 g of distilled water. The combined polymer 
homogenous solution was dropped into the 0.05 M 
solution of CaCl2 in the saturated solution of boric acid. 
The boric acid was necessary for the PVA to gel. The 2% 
alginate with the 5% PVA was prepared analogically by 
modifying the respective weighed amounts (2 g of al-
ginate, 5 g of PVA, 93 g of distilled water). 

Cadmium Adsorption 

The adsorbate used in this study was Cd2+ in concen-
tration of 5, 10, 50, 100, 200 mg Cd/dm3 which were ob-
tained from Cd (SO4)2 • 8H2O (SIGMA). 500 cm3 of re-
spective cadmium solution was introduced into 1 dm3 test 
tubes with 40 g of sorbent and stirred on a magnetic 
stirrer. After 0, 2, 4, 6, 8, 10, 15, 30, 45, 60, 90, 120, 1440 
min. equal amounts of the liquid and the adsorbent were 
sampled for analysis. 

Cadmium Desorption 

Cadmium desorption from the alginate sorbents was 
analyzed after it was first adsorbed from the aqueous 
solution of cadmium sulfate. 

The desorption efficiency was analyzed in dependence 
on pH, respectively with 1 M HNO3, 1 M H2SO4 and 
1 M HCl as eluants. 

The analysis of the pH effect: 500 cm3 of the 50 mg 
Cd/dm3 aqueous solution was introduced into the 1 dm3 

test tubes with 40 g of sorbent and stirred on a magnetic 
stirrer. Both the pH and cadmium concentration in the 
solution were measured after 24 h. The pH was adjusted 
5.0, 4.0, 3.0, 2.5, 2.2 by adding respective amounts of 
1 M organic acid. 

Analytical 

Cadmium adsorption and desorption was analyzed by 
measuring the amount of cadmium residue in the aque-
ous solution using the atomic absorption method Spec-
trAA, Varian. The 10 cm3 samples were centrifuged for 
15 min. at 12 000 r.p.m. and the cadmium concentrations 
were read out from the standard curve. 

Results 

Cadmium Adsorption onto the Alginate Sorbents 

Adsorption kinetics of cadmium from aqueous sol-
utions is controlled by various steps including diffusion 
processes: 

- cadmium transfer from the bulk solution to the 
boundary film covering the adsorbent surface (1), 

- cadmium transport from the boundary film to the 
surface of the adsorbent, (external diffusion) (2), 

- transfer of the cadmium from the surface to the 
intraparticular active sites, (internal diffusion) (3) 

- metal ion uptake on the active sites of adsorbent (4). 
Step 1 relates to batch agitation and may be omitted 

when the agitation rate provides sample homogeneity. 
Step 2 describes film mass transfer resistance. Step 3 is 
related to the intraparticular diffusion model. Step 4 is 
a rapid, non-limiting phase [12]. 

Several models such as the homogenous surface diffu-
sion model, pore diffusion model and heterogeneous 
model have been applied in batch reactors to describe 
the transport of adsorbate inside the adsorbent particle. 
In order to primarily estimate the adsorption controlling 
mechanisms such as mass transfer or intraparticular dif-
fusion, they could be formulated and analyzed as two 
independent processes. The results obtained from un-
complicated models are useful for further application in 
designing systems for the practical treatment of con-
taminated waste [31]. 

The adsorption rate was assumed to be limited by the 
external diffusion rate and then the Ct/C0 = f(f) function 
is linear [19]. 

By analogy, when there is (-log(l - (qt/ qm)2)) = f(t) 
a straight line, the cadmium removal rate is limited by the 
internal diffusion rate [24]. 
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Fig. 1. Cadmium decrease (Ct/Co) during sorption onto the 2% alginate. 

The effect of five different cadmium initial concentra-
tions on the changes of cadmium concentration in the 
time was used to determine if the external or internal 
diffusion limited the adsorption process. 

Fig. 1 presents the experimental results of cadmium 
adsorption as the Ct /Co — f(t) function, where:  
Ct - cadmium concentration in the solution in time 
t,(mg Cd/dm3) 
Co - finitial  cadmium  concentration  in  the  solution, 

(mg Cd/dm3) 
In the experimental results the Ct /Co — f(t)function 

was not linear; thus, it was assumed that the external 
diffusion rate did not limit the rate of cadmium adsorp-
tion from aqueous solutions. 

Figures 2, 3 and 4 present the results of cadmium 
adsorption by chemical sorbents as a (-log(l - (qt/ qm)2)) 
= f(t)  function in time. Within the initial 20 min. of con-
t a c t ,  t h e  f u n c t i o n  w a s  n e a r - l i n e a r .  T h u s  t h e  
(t, (-log(l - (qt/ qm)2)) = f(t) values were used to deter-
mine the linear, regression coefficients (a). Linearization 

was carried out using initial time of contact between 
0 and 20 min. The regression coefficient values were used 
to calculate the internal diffusion coefficient Deff. 

The following equation was used to calculate the dif-
fusion coefficients (Deff): 
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Fig. 2. Plotting the internal diffusion coefficient for 2% alginate in time f(qt/qm). 

The diffusion coefficient (Deff) was found to be deter-
mined by the adsorbent chemical composition (Table 1). 
Deff was the highest for the 1.5% alginate with the 0.5% 
PVA and averaged 3.35 x 10-10 m2/s. It was slightly lower 
(3.0 x 10-10 m2/s) for the 2% alginate. When the percen-
tage of PVA in the adsorbent reached 5%, Deff greatly 
decreased to 1.86 x 10-10 m2/s. 

It was also found that Deff values tended to decrease 
as the cadmium concentration in the solution increased 
regardless of the adsorbent tested. 

Among the tested adsorbents, alginate with 5% 
polyvinyl alcohol) was characterized by the lowest inter-
nal diffusion coefficients within the analyzed concentra-
tion range. 

The equilibrium of cadmium separation between the 
liquid and solid phases is described by Langmuir equa-
tion (4): 

where: 

Q    - equilibrium solid phase cadmium concentration, 
(mg Cd/g) 

C     - equilibrium liquid phase cadmium concentration, 
(mg Cd/dm3) 

qmax - constant in Langmuir isotherm (maximum ad-
sorption capacity), (mg /g) 

Kc   - constant in Lagmuir isotherm (adsorption affin-
ity), (dm3/mg)  

The qmax and Kc constants in the Langmuir equation 
were determined based on (Ci Qi) values with the use of 
APNIELIN software. APNIELIN software is intended to 
approximate with the use of the least squares method by 
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Fig. 3. Plotting the internal diffusion coefficient for 1.5% alginate with 0.5% PVA in time f(qt/qm). 

Table 1. Diffusion coefficient Deff for the tested adsorbents calculated based on linear regression coefficient (a). 

 

The Effect of Poly(vinyl Alcohol) ... 379



 

  

Fig. 4. Plotting the internal diffusion coefficient for 2% alginate with 5% PVA in time f(qt/qm). 

means of a non-linear function of the parameters. This is 
an iteration method and requires an initial approxi-
mation. Corrections to the determined parameters are 
calculated by replacing the increment of the function 
with its total differential, which allows a linear problem 
to be solved in each iteration. Additionally, the reduction 
of the step was applied to improve convergence, and the 
Marquardt method to expand the convergence range [4]. 
The initial approximation mentioned above can be ob-
tained either by transforming (e.g. by logarithmical oper-
ation) the equation describing the model or by simplify-
ing the model itself. 

In order to evaluate the goodness of fit the φ2 coeffi-
cient was used [13]. This coefficient is a quotient of the 
sum of squares of deviations between two experimental 
data (Qi) and values (Q(Ci)) to the sum of squares of 
deviations between the experimental data (Qi) and their 
average value Q. If the coefficient φ2 is closer to zero the 
goodness of fit is better. 

At equilibrium, cadmium removal from aqueous sol- 

utions was determined by maximum adsorption capaci-
ties qmax and K of the tested adsorbents calculated with 
the Langmuir equation. The qmax values have a great im-
portance for adsorbent evaluation and in mathematical 
modeling for adsorption process in kinetic and column 
studies. 

The essential characteristic of the Langmuir equation 
can be expressed in terms of a dimensionless separation 
factor RL, which is defined by McKay et al. [20] as: 

where aL is separation factor expressed as Qmax • Kc 
(dm3/g) 

aL = Qmax • Kc (6) 

The value RL indicates the shape of the isotherm to be 
either linear RL = 1, favorable (0<RL< 1) or irreversible 
(RL = 0). 
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Table 2. Langmuir equation constants. 
  

The calculated adsorption capacities and the dimen-
sionless separation factors values are given in Table 2. 
The 1.5% alginate with 0.5% PVA sorbent had identical 
maximum adsorption capacity as the 2% alginate, where-
as its Kc value was about 37% lower than that of the 
latter. The maximum adsorption capacity decreased as 
the poly (vinyl alcohol) concentration increased to 5% in 
the alginate adsorbent (proportionally as the poly(vinyl 
alcohol) increased in the adsorbent). 

The RL values were higher for the PVA containing 
adsorbents than for the pure alginate. The RL values in 
Table 2 show that cadmium adsorption for the three ad-
sorbents were moderately favorable (RL < 1) and tended 
to deteriorate when PVA was present. 

Cadmium Desorption from the Alginate 

Cadmium desorption from alginate and alginate with 
poly(vinyl alcohol) was analyzed using mineral acids such 
as sulfuric, nitric and hydrochloric. Cadmium was adsor-
bed from the Co = 50 mg Cd/dm3 solution prior to its 
desorption. The residual cadmium concentrations (Cs) 
after adsorption were about 4.5 mg/dm3, 4.2 mg/dm3 and 
5.3 mg/dm3 for the 2% alginate, the 1.5% alginate with 
the 0.5% PVA, and the 2% alginate with the 5% PVA, 
respectively. Figure 6 presents desorption efficiency cal-
culated as a concentration of the recovered cadmium in-
crease to the concentration of the initially adsorbed cad-
mium (Co - Cs). 

 

Fig. 5. Cadmium adsorption from aqueous solutions onto al-
ginate adsorbents. 

Fig. 6. Effect of pH and acid used on cadmium desorption effi-
ciency. 
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Table 3. Internal diffusion coefficients determined for alginate. 
 

Table 4. The Langmuir isotherm constants in metal adsorption on biological and chemical sorbents. 
 

 

Cadmium was not desorbed at pH over 4 regardless of 
either acid or adsorbent used (Fig. 6). Cadmium was de-
sorbed from the alginate only at pH 3 and below. De-
sorption efficiency was determined by both the adsorbent 
type and mineral acid used. The greatest amounts of cad-
mium were recovered at pH 3 from 2% alginate using 
either sulfuric or nitric acid as well as from 2% alginate 
with 5% poly(vinyl alcohol) using either sulfuric or hy-
drochloric acid. A further decrease in pH to 2.2 caused 
further great increases in cadmium desorption to the sol-
ution. 

Among all the tested sorbents, cadmium desorption 
(calculated as the cadmium percentage in the adsorbent 
and in the solution after desorption at pH 2.2) from 2% 
alginate with 5% PVA using nitric acid was the highest 
and was about 88%. The amounts of the recovered cad-
mium were lower for sulfuric acid, followed by hydro-
chloric acid, and were 77% and 65%, respectively. The 
2% alginate was found to the least effective in cadmium 
recovery regardless of the acid used. 

Discussion 

The efficiency of cadmium adsorption by the alginate 
and alginate with poly(vinyl alcohol) (PVA) from aque-
ous solutions was evaluated based on the internal diffu-
sion coefficient and the adsorption constants. 

Intraparticular diffusion was found to limit adsorption 
during the initial 20 min. of contact. The adsorption onto 
the 1.5% alginate with 0.5% poly(vinyl alcohol) was 
limited by the internal diffusion to a smaller extent, 
whereas diffusion was a factor limiting the adsorption 
onto 2% alginate with 5% poly(vinyl alcohol) to the lar-
gest extent with the lowest Deff within the analyzed range. 
Results of the Deff of Cu+2 and some organic substances in 
alginate are presented in Table 3. 

The diffusion coefficients Deff in the experiment 
were lower than those obtained by Jang [9] (Deff 1.18-1.56 
• 10-9 m2/s) or Lewandowski, Roe [15] (Deff 1.86 • 10-9 m2/s) 
when copper was adsorbed onto alginate (Tab. 3). These 
differences may result from different process con- 
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Fig. 7. Desorption efficiency for the tested alginate sorbents 
(pH 2.2). 

ditions. Jang [10] used a gel-forming biopolymer directly 
dispensed into a loop fluidized bed reactor to recover 
dissolved copper. 

According to the literature, the diffusion coefficients 
(Deff) for the cadmium adsorbed on chitosan were lower 
and ranged from 0.43 • 10-14 m2/s to 16.5 • 10-14 m2/s in 
relation to granule size and from 0.43 • 10-14 m2/s to 1.66 
• 10-14 m2/s in relation to Co [12]. 

The effect of the tested adsorbents on their maximum 
adsorption capacity was studied. The 2% alginate and 
1.5% alginate with 0.5% PVA were characterized by the 
same maximum adsorption capacities. However, the 
poly(vinyl alcohol) containing adsorbent had lower Kc 
value for cadmium adsorption. 

Maximum adsorption capacity decreased when the al-
ginate adsorbent contained 5% poly(vinyl alcohol), al-
though the Kc was identical to the alginate adsorbent 
with 0.5% PVA. 

Jang et al. [11] calculated that 1 g alginate can theor-
etically uptake 2.17 mole of Cu2+. According to their ex-
perimental results, the amount of the uptaken copper 
was lower and was 77.3% of the theoretical value. As-
suming that the same stoichiometry can be applied to 
cadmium, the theoretical maximum amount of uptake 
cadmium is 234.9 mg Cd/g. In our experiment, the maxi-
mum adsorption capacity for alginate was 176 mg Cd/g, 
which is 72.2% of the theoretical value. 

A comparison of the results with literature (Tab. 4) 
shows that the Kc values for the alginate adsorbents were 
similar to the chemical adsorbents such as blast furnace 
sludge and carrageenan with alginate; however, it was 
one order lower than those offered by biosorbents (extra 
cellular polysaccharides). The maximum adsorption ca-
pacity was considerably lower only for 1% caragenian 
with low metal-sorbent affinity (Kc - 0.0026 dm3/mg). 

The efficiency of metals removal by natural and syn-
thetic ionites has been investigated by many authors [1, 
6]. The ion-exchange isotherms for lead and cadmium 
snowed that capacity of Clinoptilolit depended on metals 
and chemical composition of zeolite. Respectively, 0.38, 
0.41, 0.44 mmol Pb2+ and 0.12, 0.16, 0.21 mmol Cd2+ 

were taken up by 1 g of zeolite sample. The efficiency of 
cadmium removal decreased drastically from 90, 96 and 
99% at 1 mmol/dm3 of Cd2+ to 27, 36 and 46 at 4.5 mmol 
Cd2+/dm3 [6]. 

According to Anielak and Cieslak [1] synthetic ionites 
(e.g. chelating selective cation exchanger Wofatit MC-50) 
also adsorb heavy metals, but do not adsorb calcium ions. 
Thus it can be used for heavy metals removal from waste 
neutralized with calcium hydroxide. 

Excepting the direct application of ionites, adequate 
to heavy metal forms, it is possible to modify (before the 
ion exchange) the metals forms occurring in water, e.g. to 
anions. Next, the anions can be eliminated during the 
deanionization process. The investigations of cadmium 
and lead removal, occurring in the form of anion com-
plexes with EDTA, confirmed the possibility of using this 
method. Both strongly and slightly alkaline anion ex-
changers, Amberlit IRA and SRW, respectively, to 
a large extent exchanged the anion complexes of cad-
mium and lead [8]. 

Our own research shows that nitric acid was found to 
be the most effective in recovering cadmium. Hydrochlo-
ric and sulfuric acids were less effective. There is scarce 
information about metal desorption efficiency in litera-
ture. Wong et al. [30] have reported that the type of acid 
used (hydrochloric or sulfuric) did not determine the re-
covery of cadmium, copper, lead or nickel from the ac-
tivated sludge. 

The sulfuric and nitric acid desorption efficiency is 
determined by the sorbent, and 2% alginate with 5% 
PVA was found to be most effective. Cadmium removal 
by rinsing with hydrochloric acid was similar regardless of 
the adsorbent used. 

Conclusions 

Sodium alginate and alginate with polyvinyl alcohol) 
are effective adsorbents of cadmium from aqueous sol-
utions. The experimental results permitted us to formu- 
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late the following conclusions on how an adsorbent ef-
fects cadmium adsorption and desorption: 
1. Initially, the adsorption was limited by the intrapar- 

ticular diffusion rate. The Deff values for the tested 
adsorbents decreased in the following order: 
1.5% alginate with 0.5% PVA > 2% alginate » 2% 
alginate with 5% PVA 

2. Under equilibrium conditions the 2% alginate was the 
most effective in adsorbing cadmium; when poly(vinyl 
alcohol) was introduced to harden the alginate car 
rier, it decreased adsorption capacity. Based on the 
dimensionless separation factor as the efficiency cri 
terion, the RL values for the tested adsorbents in 
creased in the following order: 
2% alginate > 1.5% alginate with 0.5% PVA > 2% 
alginate with 5% PVA 

3. Nitric acid was found to be more effective in cadmium 
recovery (desorption at pH 2.2) than other tested 
acids. 2% alginate with 5% PVA provided the highest 
cadmium desorption among the tested adsorbents. 
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