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Abstract--The selectivity of the kelp alginate gel for copper compared to cobalt was investigated. When 
copper and cobalt existed at relatively high concentrations (100 ppm each), Na-alginate solution was 
directly dispensed into the mixed solution circulating in a loop fluidized bed reactor to produce 
Cu/Co-alginate gels in situ. Two extended Langmuir models were derived and tested against experimental 
data in this work: Model 1 was a general Langmuir model for two absorbates competing for the same 
type of binding site. Model 2 was based on the "egg-box" model for gelation of sodium alginate in the 
presence of divalent metal ions with the assumption that each metal ion would bind two carboxyl groups 
on neighboring uronate residues that formed the "site". It was found that Model 1 data better and 
parameters obtained from Model 1 were used to predict the amount of Na-alginate needed to "polish" 
a cobalt solution containing a trace amount of copper. 
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INTRODUCTION 

The selectivity of alginate from different sources for 
divalent metals has been reported in the literature 
(Huag and Smidsrod, 1970; Geesey and Jang, 1989) 
and equilibrium dialysis across a semi-permeable 
membrane has been a widely accepted method of 
investigation. In the equilibrium dialysis method, the 
alginate solution in the dialysis cell may exist in the 
sol state or the gel state, depending on the alginate 
concentration and the metal concentration. It was 
reported that the ion-exchange properties were 
affected by the gel-sol state of the alginate (Smidrod 
and Haug, 1972). 

In recent years, workers in the field of bio- 
hydrometallurgy have used biomass or biopolymer in 
the gel form or the "immobilized" form to recover 
dissolved heavy metals from aqueous media (Torma 
et al., 1993). One of the most frequently discussed 
questions is the selectivity of the biosorbent for a 
specific metal in a consortium of dissolved metals. To 
revisit this problem from the standpoint of resource 
recovery and waste minimization, it is essential to 
design experiments under conditions (metal concen- 
trations, pH, composition of the aqueous media, and 
temperature) close to those in field applications. 
Furthermore, efforts should be devoted to the pro- 
duction of gels in an economic and technically- 
feasible manner to facilitate metal recovery or 
removal under different conditions. 

Rigid fully-calcified alginate beads have been used 
by us (Jang et al., 1990d) and other workers (Chen 

et al., 1993) to absorb copper at relatively high 
concentrations (several hundred ppm). An alternative 
method of producing semi-rigid, partially calcified 
beads as the absorbent for copper at low concen- 
trations was reported (Jang et al., 1990b). 

One focus of investigation in our laboratories is the 
recovery of strategic metals from mine drainage or 
ore leachate. Since the cobalt ore leachate contained 
fairly high concentrations of dissolved metals, the 
approach of directly dispensing the Na-alginate 
solution into the leachate media to form gels in situ 
was successful (Jang et al., 1991). To focus on the 
relative selectivity of Na-alginate for Cu and Co in 
the absence of interference from other species, syn- 
thetic solutions containing only cupric sulfate and 
cobalt sulfate at concentrations of 100 ppm for each 
metal was used in this work. Two extended Langmuir 
models were derived to treat experimental data. 
Model 1 was the general Langmuir model for two 
absorbates (Cu and Co) competing for the same type 
of binding site. Model 2 was based on the biochemical 
picture, the "egg-box" model, for the gelation of 
Na-alginate in the presence of divalent metal ions. 
Experimental data were used to test against these two 
models. We will also demonstrate how the parameters 
obtained from Model ! (i.e. binding capacity and 
binding affinity constants for Cu and Co) can be 
used to predict the amount of polymer needed to 
"polish" a mixed solution containing a trace amount 
of Cu 2+ in the presence of predominant Co 2+ . Exper- 
imental results and theoretical predictions will be 
compared. 
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T H E O R Y  

Model 1: the extended Langmuir model for two 
absorbates competing for the same type of binding sites 

Assuming that there exists n dissolved metal 
species competing for the same type of binding site in 
the gel, the extended Langmuir model can be written 
as 

M ~ + A ~ M ~ A ;  K~ ( i = 1 , 2  . . . . . .  n) (1) 

where M~ is the free, unbound ith metal species in the 
aqueous phase, A is the available unoccupied binding 
sites in the gel, M~A is the metal bound in the gel 
phase or the binding sites occupied by the bound 
metal, and K~ is the binding stability (equilibrium) 
constant for the ith metal-polymer complex defined 
by 

Q, 
K ; = - -  ( i = 1 , 2  . . . . .  n) (2) 

(M, ) (A )  

where (M~) is the concentration of the ith metal 
species (mol/1) in the aqueous phase, (A) is the 
concentration of the unoccupied binding sites in the 
gel (moi/g dry polymer), and Q~ is the concentration 
of the occupied binding sites (mol/g polymer). Let k 
be the maximum binding site density in the gel phase 
(mol/g polymer), we have 

(A) = k -  ~ Qj. (3) 

By substituting equation (3) into equation (2) and 
inverting the resultant equation, the following 
extended Langmuir model is obtained after some 
rearrangement 

(M,) 1 . ( M ~ ) ( Q ~  kK~ + T  ~ I )  = 1 + _ (i e j) .  (4) 
j =  1 

When n = 2, equation (4) can be simplified to 

(M,) 1 ( M , ) (  Q2) (5) 
ai =kK; +---k - I+Q-~I 

and 

Q2 kK~ + 1 + ~ . (6) 

Therefore, the values of k, K~, and K~ can be 
obtained from the slopes and the intercepts of the 
best-fit lines of (MI)/Qt vs (MI)[I +(Q2/QJ)] and 
(M2)/Q 2 vs (M2)[1 + (QI/Q2)]. If the above model is 
correct, the k values obtained from equations (5) and 
(6) should agree very well. 

The selectivity of the polymer gel for M~ compared 
to Mj can be defined as 

K; 
S;/# = ~--~. (7) 

Model 2: the extended Langmuir model for compe- 
tition among divalent metal species for negatively- 
charged binding groups 

According to the "egg-box" model for the gelation 
of alginic acid in the presence of divalent metal ions 
at sufficiently high concentrations, each site formed 
by the neighboring uronate residues contains two 
carboxyl groups (binding groups). Equations (i)-(7) 
would take the following alternative form 

M~+2X~-MiX2; K~ ( i = 1 , 2  . . . . . .  n) (8) 

Q, 
K~= (M~)(X)2 (i = 1, 2 . . . . .  n) (9) 

(x)  = E x - 2  (lO) 
j=l 

1 / T  2~(M~)~  

x 1 ( i e j )  (11) 
. '=  

when n = 2 

(12) 

(13) 

(14) 
K, 

~ _ _ m .  Sij 

In the above equations, the over bar denotes the gel 
phase, (X) is concentration of the (binding) carboxyl 
groups (mol/1 gel), Qj is the concentration of ith metal 
bound in the gel phase (mol/1 gel) which can be easily 
calculated from material balance between the initial 
and the final metal concentrations and the measured 
total gel volume at final equilibrium, and ~'x is the 
binding group density (mol/1 gel). Equation (11) was 
obtained by substituting equation (10) into equation 
(9), followed by inverting and taking the square 
root of the resultant equation and some mathematical 
manipulation. Therefore, the values of k'x, K~, and 
K, can be obtained from the slopes and the 
intercepts of the best-fit lines of [(Mt)/Qt] 1/2 vs 
2[(MI)~)]J/2[ 1 + (Q2/~)]  and [(M2)/~ff.2] I/2 v s  
2[(M2)~l]t/~[l+(~.l/~2)]. If the above model is 
correct, the /?x values obtained from equations (5) 
and (6) should agree very well. 

E X P E R I M E N T A L  

Simultaneous absorption of Cu e+ and Co e+ 
To evaluate the selectivity of Na~lginate (Algin, Kelco) 

for copper compared to cobalt, 1.851 of synthetic aqueous 
medium containing cupric sulfate and cobalt sulfate at 
concentrations of 100ppm for each metal were prepared 
and transferred to the 2-1 loop fluidized bed reactor (Fig. I). 
The concentration of the inert salt NaNO 3 added 
was 0.01 M. Different amounts of the viscous solution 
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Fig. 1. Schematic diagram of the reactor for absorbing 
cupric ions and cobalt ions at relatively high concentrations 

by directly dispensing a 3.2 wt% Na-alginate solution. 

containing 3.2 wt% of Na-alginate were dispensed into the 
reactor fluid by the multi-tip dispenser. The drops 
of Na-alginate solution formed stable spheres of 
Cu/Co-alginate upon contact with the reactor fluid. The 
initial, intermediate, and final copper and cobalt concen- 
trations were determined by atomic absorption spectroscopy 
(AA). Experimental conditions are listed in Table 1. The gel 
volumes at final equilibrium are listed in Table 2. 

Selective absorption of Cu 2+ from a solution containing 
predominantly Co e+ 

To explore the possibility of selectively "polishing" a 
solution containing a trace amount of Cu in the presence of 
predominant Co, the viscous solution of Na-alginate was 
dispensed into 1.85 1 of reactor fluid containing 321 ppm Co 
and 18 ppm Cu. The experimental conditions are listed in 
Table 3. 

No attempts were made to maintain pH in this work. The 
metal sulfate salts are weakly acidic giving solution pH 
ranging in 4.8-5.5, depending on the concentrations of the 
metal salts. The pH level was at least two order of magni- 
tude greater than the PKHA value of alginic acid [ = 3.0 (Jang 
et al., 1990a)]. Therefore, the solution pH should not have 
affected the metal absorption by Na-alginate. 

RESULTS 

Selectivity o f  Na-alginate for Cu e+ vs Co e+ 

The results of  simultaneous absorption of  Cu and 
Co from mixed solutions containing initial concen- 
trations of  100 ppm for each metal are summarized in 
Table 1. Stable spherical gels were formed under the 
conditions listed in Table 1. F rom the initial and final 
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concentrations of  Cu and Co, it is evident that 
Na-a lg ina te  was much more selective for Cu than for 
Co. 

By treating data with the extended Langrnuir 
Model  1 [equations (5) and (6) where 1 denotes Co 
and 2 denotes Cu], it is found that the data fit the 
model very well (Figs 2 and 3). The values of  the 
maximum binding capacity k from Figs 2 and 3 were 
very close (2.1145 x 10-3molmeta l /g  Na-alginate  
and 2.082 x 10 -3 mol/g, respectively). An average k 
value of  2.098 x 10 -3 mol/g may be taken to be the 
binding capacity of  the Na-alginate  gel. The copper- 
binding stability constant was calculated to be 
1.363 x 1041/mol (Fig. 2), which was much greater 
than that of  cobalt (653.5 1/mol, Fig. 3). The selectiv- 
ity S~u/Co was calculated to be 20.86 or S~o,cu = 
0.04794 according to equation (7). 

When the data were treated with Model  2 [Table 2 
and equations (12) and (13)], it was found that only 
data points for Run No. 1-3 described a linear 
relationship (Figs 4 and 5). By inspecting the gel 
volume I / a t  equilibrium (Table 2), it was found that 
there was a dramatic increase in the gel volume per 
unit mass of  Na-alginate  dispensed in Run No. 4 and 
5, indicating a significant swelling of  the gel. The 
average gel volume for Run No. 1-3 (30.96ml/g 
Na-alginate)  was very close to the original 
formulation of  31.3 ml/(g Na-alginate).  The results of  
calculation from Run No. 1-3 are , (x=0.1286 
(mol carboxyl group)/(lgel) and Kco = 1.324 × 105 
[(lsoln./mol)(lgel/mol)]  (Fig. 4) and ~'x--0.1335 
mol/l  gel and Kcu = 6.511 x 105 [(1 soln./mol) 
(lgel/mol)] (Fig. 5). The average ~'x value 
0.1311 mol/l may be taken to be the density of  the 
carboxyl groups in the aiginate gel for Run No. 1-3. 
The selectivity Scu/co was calculated to be 4.92 
according to equation (14). 

Selective absorption of  Cu from a solution containing 
predominantly Co 

The results of  "polishing" a mixed solution 
containing Cu (initial concentration: 18 ppm) and Co 
(initial concentration: 300ppm) using different 
amounts  of  Na-alginate  are summarized in Table 3. 
Again, stable spherical gels were formed in the 
reactor fluid. The experimental values of  percent 
absorption of  Cu and Co are presented as the solid 

Table 1. Summary of experiments of simultaneous absorption of copper and cobalt and calculations based on Model I 
Run No. I 2 3 4 5 
Initial Cu 2÷ concentration (ppm) 104.0 102.2 101.8 101.5 102.3 
Final Cu 2÷ concentration (ppm) 60.1 44.6 32.9 14.2 7.7 
Initial Co 2+ concentration (ppm) 95.6 97.3 96.8 96.5 98.2 
Final Co 2+ concentration (ppm) 93.5 90.2 86.3 74.5 63.6 
Dry Na-alginate dispensed (g) 0.726 1.029 1.301 1.967 2.578 
% Cu absorbed 43.1 57.1 68.2 86.1 92.3 
% Co absorbed 3.7 8.8 12.2 23.4 33.8 
Qcu (g Cu/g Na-alginate) 0.114 0.105 0.0987 0.0822 0.0678 
Qcu x 103 (mol Cu/g Na-algioate) 1.79 1.65 1.55 1.29 1.07 
Qco (g Co/g Na-alginate) 0.00900 0.0154 0.0169 0.0212 0.0238 
Qco x l03 (mol Co/g Na-alginate) 0.153 0.261 0.287 0.360 0.404 
Temperature: 20 4- I"C; metal salts: sulfate form; concentration of inert NaNO 3 added: 0.01 M; pH ~ 5; volume of reactor 

fluid: 1.85 I. 
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Table 2. Summary of calculations for simultaneous absorption of Cu and Co based on Model 2 

Run No. 1 2 3 4 5 
Gel volume, V~ (ml) 22.8 32.0 34.5 77.0 150 

Gel volume per mass Na-alginate dispensed (ml/g) 31.4 31.1 30.4 39.1 57.9 

{~cu × 103 (mol/l gel) 57.0 53.1 51.1 33.0 18.4 

{~Co x 104 (mol/l gel) 48.7 83.9 94.5 92.0 69.4 

Qcu/Qco 11.7 6.33 5.41 3.59 2.65 

Qco/{~cu 0.0854 0.158 0.185 0.279 0.377 

2 ~ .  

[I + (Qco/Qcu)] x 103 15.9 14.1 12.2 6.95 4.11 

[x/(mol/l soln.)(mol/I gel)] 

0.129 0.115 0.101 0.0823 0.0812 

[~/(mol/l soln.)/(mol/I gel)] 

2 ~ .  

[1 + (Qcu/Qco)] x 103 70.6 52.5 47.8 31.3 20.0 

[x/(mol/l soln.)(mol/l gel)] 

0.571 0.427 0.394 0.371 0.394 

[x/(mol/l soln.)/(mol/l gel)] 

lines in Fig. 6. A l though  Cu was in a trace amount ,  
the percent  recovery of  Cu was far greater  than  tha t  
of  Co. 

DISCUSSION 

The reason why Model  1 fit exper imental  da ta  
bet ter  than  Model  2 may be explained as follows: in 
model  I, Qi and  (A) can be expressed in either (mol/g 
Na-a lg ina te )  or  (mol/l  gel volume) and  the 
Na-a lg ina te  mass or the gel volume term can be 
cancelled f rom equa t ion  (2). Therefore,  swelling of  
the gel should not  have affected the validity of  the 
model  (as long as the morpho logy  of  the binding sites 
were not  significantly altered by the swelling) and  the 
resul tant  b inding site density can be convenient ly  
expressed in terms of  [mol metal /g  Na-alginate] .  In 
the case of  Model  2, the gel volume term canno t  be 
canceled between Qi and  (X) 2 f rom equa t ion  (9). Since 
swelling of  the gel essentially changed the density of  
the binding group k- x [(mol binding group)/ l  gel], it 
was not  surprising to see the deviat ion of  data  points  

of  Run  No.  4 and  5 f rom the best-fit line passing 
th rough  those of  Run  No.  1-3. 

Since Model  1 fit ba tch  absorp t ion  data  better,  the 
parameters  ob ta ined  may be used to predict  the 
a m o u n t  of  the polymer  W needed for a specific goal 
of  t reatment .  For  example, an  aqueous medium of  
volume V conta in ing M I at  an  initial concent ra t ion  of  
(M~0) and  trace a m o u n t  of  M2 at an  initial concen- 
t ra t ion  of  (M20) is to be "po l i shed"  by the polymer 
to lower the concent ra t ion  of  M 2 to (M2) by a batch 
absorp t ion  process. F r o m  a material  balance, we have 

V[(M,o) - (M~)] 
Q t -  (i = 1, 2) (15) 

w 

where the unknowns  are W and (M~). Subst i tut ing 
equa t ion  (15) into equa t ion  (2) (with i = 1 and  2) and  
el iminat ing A by dividing K~ by K~, we have 

(M, )  = (M~o)[l  ' K~/ ' (M:o) 
+ K - ~ ( M ~ 2 ) - I ) ]  ~. (16) 

By subst i tut ing equa t ion  (15) (with i = l and  2) and  
the value of  (M1) from equat ion  (16) into equa t ion  

Table 3. Selective absorption of copper from synthetic solutions containing predominantly cobalt by Na-alginate 
Run No. 6 7 8 9 
Initial Cu 2÷ concentration (ppm) 18.1 18.1 19.0 18.4 
Final Cu 2. concentration (ppm) 5.3 2.7 2.5 1.2 
Initial Co 2+ concentration (ppm) 325.0 322.9 318.1 316.0 
Final Co 2+ concentration (exp.) (ppm) 307.2 290.4 275.9 243.5 
Dry Na-alginate dispensed (exp.) (g) 0.629 1.009 1.360 2.135 
% copper absorbed (exp.) 70.8 85.3 86.7 93.6 
% cobalt absorbed (exp.) 6.35 10.1 12.2 20.4 
Estimated final Co 2+ concentration (equation !6) (ppm) ~ 291.6 252.5 241.6 183.6 
Est. dry Na-alginate needed (equation (17)] (g) 0.838 1.428 1.805 3.216 
Estimated % cobalt absorbed 10.3 21.8 24.0 41.9 
~Assuming the final Cu 2. concentration to be identical to the experimental value. (exp.). 
Temperature: 20 + I"C; metal salts: sulfate form; concentration of inert NaNO3:0.01 M; pH ~ 5; volume of reactor fluid: 1.85 I. 
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Fig. 2. Treating data of simultaneous absorption of cupric 
ions and cobalt ions by directly dispensing the Na-alginate 
solution according to equation (5) [1: Co; 2: Cu; (M~): 
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(5), the amount of the polymer W needed can be 
estimated 

V[(M,o ) - (M,)] 
W =  

k 

[ 1 (M2°)- (MQI. (17) 
x ~ + l + ( M , 0  ) (M,)J 

The results of theoretical prediction are summar- 
ized in Table 3 and plotted as the dash line in Fig. 6. 
From Table 3 and Fig. 6, it is evident that 
Na-alginate was able to preferentially absorb the 
trace Cu when Co was the predominant species, 
although as much as 30% Co was "sacrificed" in this 
process. There was fair agreement between the exper- 
imental results and the theoretical predictions 
(Fig. 6). Theoretical calculations predicted that the 
amount of Na-alginate needed was increased by a 
factor > 2  when the final copper concentration was 
lowered from 2.7 ppm (Run 7, Table 3) to 1.2 ppm 
(Run 9, Table 3). To achieve a very low final copper 

concentration, the single batch treatment illustrated 
in this work has to be revised. A possible alternative 
is the successive multi-batch process with each batch 
using only a fraction of the total alginate. 

The binding group density/?x from Model 2 in this 
work {0.1311 mol X/I gel or 4.057 × 10-3mol X/g 
Na-alginate [ = (0.1311 mol/1) (30.96 ml/g)]} was 
very close to that from our recent work 
[4.360 x 10 -3 mol/g for absorption of copper from 
acidic aqueous media (Jang et aL, 1995)] and our 
previous work [4.353 × 10-3tool/g, based on bio- 
chemical assay of the Na-alginate (Jang et al., 
1990c)]. This comparison suggests that Model 2 can 
still yield good results provided swelling of the gel can 
be prevented. 

One possible improvement for Model 2 is t9 
consider the existence of unidentate complex 

M~+ X ~ M i X ;  fl~ (18) 

where ~ is the stability constant of the unidentate 
ith-metal-alginate complex. The graphical procedure 

a, 
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Fig. 6. Results of experiments and theoretical predictions for 
the selective removal of cupric ions from a synthetic solution 
of cobalt sulfate (321 ppm Co) containing a trace amount of 

cupric sulfate (18 ppm Cu). 

by Marinsky (1982) and Jang e t  al. (1990a) was 
employed to obtain binding stability constants for 
unidentate and bidentate copper-polymer complexes. 
This approach is especially advantageous when the 
gel volume varies significantly. In our future work, 
the graphical procedure developed previously will be 
expanded to accommodate a consortium of metals. 
A multi-variate regression algorithm needs to be 
developed for this purpose. 

In this work the pH of the mixed solution of cupric 
sulfate and cobalt was in the neighborhood of 5. 
Since the typical pH range of cobalt ore leachate was 
1.5-2.5 (Jang e t  al. ,  1991), more work on the Cu/Co 
selectivity under the acidic condition is needed. By 
combining Model 2 developed in this work and 
Model 2 developed in our recent work (Jang e t  al. ,  

1995] (for competition between cupric ions and hy- 
drogen ions for binding carboxyl groups on 
Na-alginate), it is possible to yield a further extended 
model that describes the competition among a con- 
sortium of divalent metals and hydrogen ions for 
binding carboxyl groups. However, the binding stab- 
ility constant of a metal species may not be totally 
independent of the composition of the liquid. If we 
tentatively accept Kc, value of 6.51 x 105 
[(1 soln./mol)(1 gel/mol)] from the partial fit of exper- 
imental data to Model 2 in this work, it is found that 
this value is significantly greater than the correspond- 
ing value 4.050 x 104 [(lsoln./mol)/(lgel/mol)] in 
the presence of hydrogen ions (Jang e t  al. ,  1994). The 
existence of other metal species, hydrogen ions, inor- 
ganic or organic colloids, and anions may very likely 
affect the speciation of the target metal, which in turn 
may affect the free energy associated with the process 
of binding to sites or functional groups. The issue of 
metal speciation needs to be explored. 

If  K~:, values (Model 1) from various phases of our 
work are compared (Table 4), it is found that the 
presence of other divalent metals and hydrogen ions 
competing for available sites or groups affected the 

Table 4. Comparison of K~:, values from various phases of 
our work 

Presence of species competing for 
available binding sites or groups K~u (I/tool) 

H ÷ (pH ~ 2.6) 4.182 × 10 3(') 

H + (pH ~ 3.6) 3.30 x 10 ga~ 
- -  > I 0 5~b) 

Co 2+ 1.363 × 104~cl 
Ca 2+ 7.96 x 103td) 

t')Jang et al. (1995). 
tb)Jang et al. (1990c). 
~C)This work. 
td~Jang et aL (1990b). 

stability of the copper-alginate complex. One 
possible explanation is that the morphology of the 
binding sites in the alginate gel depends on the type 
and the amount of cations bound. Another possibility 
is that Model 1 is based on the concentration of 
cupric ions in the bulk solution. By considering the 
Donnan potential effect and using the activity of 
cupric ions in the gel phase rather than concentration 
in the bulk solution, the results are expected to be 
improved as have been demonstrated by Jang et  al. 

(1990c). 
The alginate used in this work showed an excellent 

Cu/Co selectivity of 21 : 1. The alginate used in this 
study contained 31% guluronate residue and 69% 
mannuronate residue according to the supplier. Since 
the selectivity of alginate for the divalent ions is 
mainly due to the guluronate residue (Smidsrod and 
Huag, 1968), greater Cu/Co selectivity may be 
achieved by using guluronate-rich alginate from 
different sources. 

CONCLUSIONS 

(1) The Langmuir model for two absorbates com- 
peting for the same type of binding sites (Model 1) 
was successfully used to describe simultaneous 
absorption of Cu 2÷ and Co 2+ by the aiginate gel 
formed in s i tu .  

(2) The Langmuir model for divalent metals com- 
peting for binding carboxyl groups (Model 2) par- 
tially fitted experimental data. Data points obtained 
under conditions causing significant gel swelling 
deviated from the model. 

(3) The Cu/Co selectivity was 20.9 based on the 
results of batch absorption experiments and Model 1. 

(4) Alginate was able to selectively remove dis- 
solved copper in the presence of predominant cobalt. 
There was fair agreement between the theoretical 
prediction of the amount of alginate needed to 
achieve a specific goal of treatment using Model 1 
with the experimental results. 
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