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Abstract--The absorption of copper from synthetic solutions of cupric sulfate (initial Cu concentration: 
200 ppm, initial pH: 2.4 or 3.4) in a batch loop fluidized bed reactor by alginate gels was investigated. 
Compared to the results obtained without addition of sulfuric acid [Jang L. K., Geesey G. G., Lopez S. 
L., Eastman S. L. and Wichlacz P. L., Wat. Res. 24, 889-897 (1990)], the copper-binding efficiency of the 
alginate gels at pH 3.4 was affected mildly by the acidity of the solution; at pH 2.4, the percent copper 
recovered was reduced by roughly one-half. In this work, an extended Langmuir model that took into 
account the competition between monovalent hydrogen ions and divalent cupric ions for the carboxyl 
groups on the alginate molecules was derived. This model yielded the binding group density of the alginate 
gel and binding stability constants for cupric alginate and alginic acid simultaneously. The new model was 
shown to be superior to the simple Langmuir model that expressed the results as conditional copper 
binding stability constant and capacity at a given pH. Application of the extended Langmuir model to 
the prediction of copper binding at pH 2 is also illustrated. 
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INTRODUCTION 

Many acidic biopolymers have demonstrated su- 
perior metal-binding properties and have been tested 
for their abilities of recovering metals from aqueous 
media. Some aqueous media such as ore leachates 
and mine drainages are acidic (pH 2-4). If the bio- 
polymer is to be used in such aqueous media to 
recover metals, the competition from hydrogen ions 
for the available metal-binding groups may reduce 
the overally metal-binding capability of the biopoly- 
mer. Our preliminary work has suggested the feasi- 
bility of using aiginate gel to recover copper and 
cobalt from cobalt ore leachate (pH ~2.5) (Jang 
et al., 1991). More work is needed to quantify the 
effect of pH on the metal binding properties of 
alginate. 

Several published papers have reported the effect of 
pH on metal absorption by microbial biomass (Co- 
toras et al., 1992), natural polyelectrolyte (Jellinek 
and Sangal, 1972), algal surface (Xue et al., 1988), 
and hydrous oxides (Goncalves et al., 1985). Metal 
loading on these absorbents decreased with decreas- 
ing pH, indicating a strong competition between 
hydrogen ions and metal ions for the available bind- 
ing sites. Mathematical models of various forms have 
been proposed in these papers for the evaluation of 
metal binding constants at a given pH. 

In this work, batch absorption experiments using 
Na-alginate to recover copper from acidic cupric 
sulfate solutions (initial pH: 2.4-3.4, initial Cu con- 

centration: 200ppm) in a 2-1 loop fluidized bed 
reactor were performed. Since the copper concen- 
tration was sufficiently high, the drops of the viscous 
Na-alginate solution dispensed formed a rigid shell 
of Cu-alginate gel upon contact with the solution and 
continued to circulate in the reactor to absorb cop- 
per. No efforts were made to maintain the solution 
pH while copper was being absorbed. The change of 
pH in a batch experiment was used to compute the 
mol of hydrogen ions absorbed. A simple Langmuir 
model was used to obtain conditional copper binding 
capacity and stability constant at a given pH. An 
extended Langmuir model that takes into account the 
competition between monovalent hydrogen ions and 
divalent cupric ions for negatively-charged carboxyl 
groups was derived in this work. This new model 
yielded the effective binding group density and bind- 
ing stability constants for copper and hydrogen ions 
simultaneously. The results obtained were used to 
predict copper binding capability of alginate gels at 
a pH of 2. 

Possible improvements in the modelling by includ- 
ing the Donnon potention effect and the existence of 
unidentate copper-carboxyl group complex will also 
be discussed. 

THEORY 
Model 1: the simple Langmuir model 

In this model, the effective copper binding capacity 
and stability constant at a certain pH were obtained 

wa 29,I-t~ 315 



316 L.K. JANG et al. 

from batch absorption data using the familiar 
Langmuir model 

(Cu 2+) 1 (Cu 2+) 
- -  + - -  ( 1 )  p 

Qcu kKcu k 

where (Cu 2÷) is the equilibrium copper concentration 
in solution (mol/1), Qc, is the density of copper 
absorbed in the alginate gel (g or mol Cu/g 
Na-alginate), k is conditional binding capacity (g or 
mol Cu/g Na-alginate) available for copper at a given 
pH, and K~, is the conditional stability constant 
(1/mol) of Cu-alginate complex at a given pH. The 
original definition of the stability constant requires k 
and Qc, be expressed on the unit gel-volume basis. 
Since the gel volume can be canceled from both sides 
of equation (1), the basis can be changed to the dry 
weight of the Na-alginate for convenience. In this 
simple model, the actual total binding sites for H ÷ and 
Cu a+ and the stability constant of alginic acid are not 
calculated. The conditional binding capacity k is a 
model-fitted value whose biochemical nature needs 
not to be specified. 

Model2: the extended Langmuir model for  competition 
between Cu 2+ and H ÷ for binding functional 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 cavity (or 
"site") formed by the neighboring uronate residues 
has two carboxyi groups. At low pH, H ÷ and Cu 2+ 
compete for the carboxyl groups (X-). Therefore, the 
following model is proposed 

H + + X  ~.-~HX; Kn (2) 

Cu 2+ -F 2X-~CuX2; Kcu (3) 

where X -  is the free carboxyl groups available for 
binding which can be expressed by 

(•-) = ~ x  - ~ - u  - 2 0 c ~  ( 4 )  

and the stability constants Kcu and K u are defined by 

Oc. 
Kc~ = (Cu 2+ ) (X-)2 (5) 

and 

~H 
KH = (H+)(X_). (6) 

In equations (4)-(6), the over bar denotes the alginate 
gel phase and all terms with an over bar have units 
of (mol/l gel). ~x is the mol of carboxyl groups per 1 
gel volume, ~u is the mol of H + absorbed (i.e. HX) 
per i gel volume, and ~.c, is the mol of Cu 2+ absorbed 
(i.e. CuX2) per 1 gel volume. The coefficient 2 in 
equation (4) means each mol of copper bound 
occupies 2 mol of carboxyl groups. 

By substituting equation (4) into equation (5), 
followed by inverting and taking the square root on 
both sides of the resultant equation, the following 
linear form of the Langmuir model based on 

the copper concentration is obtained after some 
rearrangement 

+ (7) 

Similarly, substituting equation (4) into equation (6) 
followed by inverting the resultant equation yields a 
parallel Langmuir model based on the hydrogen ion 
concentration after some rearrangement 

(H +) 1 (H+) {1 20cf~ 

Therefore, the values of ~x, Kn, and Kcu can be 
obtained from the slopes and the intercepts of 
[(Cu2+)/Ocu)]'/2 vs (Cu2+)~/2{(On/O~/2) + 2 ~  2} and 
(H+)/Qu vs (H+){I + (2Ocu/OH)} of batch data of 
simultaneous absorption of cupric ions and hydrogen 
ions. If the proposed model is correct, the J~x values 
from equations (7) and (8) should be very close. This 
treatment is similar to our recent work [Jang et al., 
1995] in which two different kinds of divalent cations 
(copper and cobalt) compete for the same type of 
binding sites. In the present work the above model was 
derived that describes the competition between diva- 
lent cations (cupric ions) and monovalent cations 
(hydrogen ions) for the same type of negatively- 
charged functional groups. 

The values of Ocu and OH can be calculated 
from material balance equations for batch absorption 
processes 

Qc. = VR [(Cu 2+)o - ( Cu2+)] (9) 
Vg 

and 

QH = VR[(H+)°-- (H+)] (10) 
Vg 

where the subscript "0" denotes the initial condition, 
YR is the volume of the reactor fluid (1), Fg is the 
volume of the gels at final equilibrium (1), and (H ÷) 
is the hydrogen ion concentration (mol/l) calculated 
by 

(H +) ~ 10 -pH. (11) 

EXPERIMENTAL 

The schematic diagram of the air-lift loop fluidized bed 
reactor used to hold aqueous media is given in our previous 
publication (Fig. 2 in Jang et al., 1990b). The procedure is 
similar to our previous work (Jang et al., 1990b) except that 
a sulfuric acid solution was added dropwise to the reactor 
holding a cupric sulfate solution (200ppm Cu; 0.01 M 
NaNO3) until pH dropped to a desired value (2.4 and 3.4 
in this work). (The reason for using sulfuric acid to adjust 
pH was because it is non-volatile thus preventing the loss of 
acidity due to aeration. The reason for using salt and nitrate 
salt was because these are two of the main anions found in 
the ore leachates). Then the viscous solution containing 
3.2 wt% Na-alginate (Algin, Kelton grade. Kelco) was 
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Table 1. Results of batch copper absorption experiments at initial 
pH of 3.4 (the main experimental condition that was varied among 

different runs was the amount of Na-alginate dispense, d) 

Run No. I 2 3 4 

Initial Cu 2+ 202.5 204.0 200.0 199.5 
concentration (ppm) 
Final Cu 2+ 167.1 144.8 118.6 90.4 
concentration (ppm) 
% copper absorbed 18.2 29.3 41.0 54.9 
Dry Na-alginate 0.638 0.984 1.413 2.001 
dispensed (g)a 
Qc~ (gCu/ 0.102 0.111 0.107 0.101 
g Na-alginate) 
Cc~2+/Qc.[(mol/1)/ 1.632 1.301 1.114 0.890 
(mol/g Na-alginate)] 
Initial pH 3.382 3.410 3.372 3.350 
Final pH 3.591 3.574 3.564 3.720 

~Calculated from the actual weight of the 3.2% Na-alginate solution 
dispensed. 

Temperature: 20 _+ I°C; cupric salt added: CuSO4" 5H20; concen- 
tration of inert NaNO 3 added: 0.01 M; volume of reactor fluid: 
1.851. 

A b s o r p t i o n  of  Cu 2 +  by A l g i n o t e  Ge ls  

100-  
Vol. of Reactor  Fluid = 1 8 5  L 

NoNO 3 Conc. = 0.01 M / r q  

0 In i t i a t  C u 2 + C o n c  ~ / 

< ~ 2 0 0  p p m  E:] 

O_ O - - O :  oH 3.4 
C~ A ( in i t ia l )  

F]  A - - A :  pH 2.4 

U ~ 0 A" 
A / F 1 - - D :  No H2SO 4 added 

A. 
0 , , , , I , , , i I i t , , I , , , , 

0 I 2 3 

Dry W t  N u - a l g i n o t . e  D i s p e n s e d  ( g )  

Fig. 1. Comparison of the percent copper recovery from 
synthetic solutions of cupric sulfate at different pH. The 
data points (I-1) are from our previous work (Jang et al., 

1990b). 

dispensed with a multi-tip dispenser into the acidic copper- 
containing solution through the top opening of the down- 
comer. From our previous studies, the drops of the 
Na-alginate solution formed stable spherical gels of 
Cu-alginate upon contact with the reactor fluid. The results 
of batch absorption with different amounts of the 
Na-alginate dispensed were used to obtain parameters in 
both the simple and the extended Langmuir model. 

The gels at the end of each experiment were retrieved from 
the reactor with a nylon net inserted through the top 
opening of the downcomer of the loop reactor. The gel 
volume V s was determined by the liquid volume displaced 
by the gels in a graduated cylinder. The pH was measured 
with a calibrated combination glass membrane electrode 
and meter and the copper concentration was measured by 
atomic absorption spectroscopy. 

RESULTS 

A summary  of  experimental  condi t ions  and  results 
is given in Table  1 (initial pH ~ 3.4) and  Table  2 
(initial pH ~ 2.4). Stable alginate gels were formed in 
situ in all runs. Percentage of  copper  absorbed  and  the 
variable  (Ccu2+/Qcu) for fitting the simple Langmui r  
model  [equation (1)] were also calculated and  listed in 
Tables 1 and  2. W h e n  the percent  copper  absorbed  
was plot ted against  the a m o u n t  of  Na-a lg ina t e  dis- 
pensed (Fig. 1), it was found tha t  copper  absorp t ion  

Table 2. Results of batch copper absorption experiments at initial 
pH of 2.4 

Run No. 5 6 7 8 

Initial Cu 2+ 201.2 203.8 204.3 204.1 
concentration (ppm) 
Final Cu 2+ 177.1 169.1 154.0 131.5 
concentration (ppm) 
% copper absorbed 12.6 17.5 25.1 36.0 
Dry Na-alginate 0.634 1.007 1.412 2.020 
dispensed (g) 
Qcu (g Cu/ 0.0702 0 .0638 0 .0660 0.0664 
g Na-alginate) 
Ccu2+/Qcu, [(mol/I)/ 2.523 2.653 2.335 1.981 
(mol/g Na-alginate)] 
Initial pH 2.426 2.445 2.460 2.421 
Final pH 2.510 2.592 2.677 2.700 
Temperature: 20 + I °C; cupric salt added: CuSO4" 5H20; concen- 

tration of inert NaNO3 added: 0.01 M; volume of reactor fluid: 
1.851. 

efficiency at  final pH ,,, 3.6 was reduced mildly as 
compared  to tha t  obta ined  in our  previous work 
(without  sulfuric acid added)  (Jang et al., 1990b). At  
final pH ~ 2.6, the percentage copper  absorbed  was 
reduced to abou t  one-hal f  tha t  in our  previous work. 

W h e n  da ta  in Table 1 and  Table  2 were t reated 
separately with the simple Langrnuir  model,  satisfac- 
tory fits were ob ta ined  giving k = 1.148 x 10 -3 tool 
or 0 .0730g Cu per g dry Na-a lg ina t e  and  
K ~ u = 4 . 1 8 2 x  1031/mol at  final p H ~ 2 . 6  and  
k = 1.685 x 10 -3 moi or  0.107 g Cu per  g Na-a lg ina t e  
and  K~u = 3.30 x 104 l /mol at  final pH ~ 3.6. 

It is obvious  f rom Tables  1 and  2 tha t  at  low 
pH Na-a lg ina t e  not  only absorbed  Cu 2÷ but  
was p ro tona ted  by the hydrogen ions f rom solut ion 
causing an  increase in solut ion pH. Variables 
needed for the extended Langmui r  model  tha t  
takes into account  the compet i t ion  between 
cupric ions and  hydrogen ions for the b inding 
groups  [equations (7) and  (8)] were also calculated 

L a n g m u i r ' s  Mode l  f o r  A b s o r p t i o n  of  Cu  2 +  

by  A I g i n o t e  Gels  e t  Low pH 

40 j 
8,  A :  pH 2 4  ( in i t ia l )  

k = 1 1 4 8  x 10 - 5  real C u / g  o l g i n ~  

3 0 -  = 0 0 7 5 0  9 C u / q  a lg in . J 

~ 2.0. 

d 1 . 0  ~ ~ v O pH 5 4  ( ,n , t i a )  

+ ~ - Ck107 g C u / g  olg,'n 

% ~ ,KcH = 3 . 3 0 x  104 L / rea l  
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Fig. 2. Treatment of batch absorption data by the simple 
Langmuir model, giving "effective" copper binding capacity 
and stability constants at different pH. The symbol C in all 

figures means molar concentration. 
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Longmuir 's  Model for  Absorpt ion of Cu 2 t  

by Na-a lg ina te  at Low pH 

4E-1 0.01 M NoNO 3 

200 ppm initial Cu 2+ 
5E- 1 

O: initial pH ~ 3.4 A 

2E-1 
A :  initial pH - 2.4 

/ ~ O ~ 4 ~  O'kj(_ - 0.1506 real X/L gel 

1E-1 ~ ~- 4.426 x 10 3 rnol X /  
Iio o g No-alginate 

I~c~ KCu = 4050 x 104 (L/rnol) 2 
O , I , I ~ I i p , I 
0.0 1.0E-2 2.0E-2 3.0E-2 4,0E-2 5.0E-2 

~/-Ccu2+ {[Q'H/~Cu] 4 2 Q'~--CCu}, [~/(mol/L soln.) (mol/L gel)] 

Fig. 3. Treatment of batch absorption data by the extended 
Langmuir model [equation (7)] which gives total density of 
binding groups and stability constant for copper-polymer 

complex. 

and listed in Table 3 (initial pH ~ 3.4) and Table 4 
(initial pH ~ 2.4). 

Combined data from Tables 3 and 4 were found to 
fit equations (7) and (8) very well (Figs 3 and 4). The 
total binding group density ~x was calculated to be 
0.1506 mol X per I gel volume according to equation 
(7) (Fig. 3), which was very close to the value 0.1461 
according to equation (8) (Fig. 4). The gel volume per 
unit mass of Na-alginate dispensed were found to 
vary slightly among all runs. By dividing the above J[x 
values by the average Na-alginate density of 34.02 g 
per 1 gel volume, corresponding J~x values 
4.426 x 10 -3 (Fig. 3) and 4.294 x 10 -3 mol X per g 
Na-alginate (Fig. 4) were obtained. Kcu was calcu- 
lated to be 4.050x 104 [(lsoln./mol)(lgel/mol)] 
[equation (7), Fig. 3] and K H was calculated to be 
1.639 x 103 (1 soln./mol) [equation (8), Fig. 4]. 

D I S C U S S I O N  

The results using the simple Langmuir model show 
that both the conditional copper binding capacity 
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Langmuir 's  Model fo r  Absorpt ion of Cu 2+  

by No-a lg lno te  at Low pH 
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CH+ [1 +2(Qcu/QH) ]. [ tool/L] 

Fig. 4. Treatment of batch absorption data by the extended 
Langmuir model [equation (8)] which gives total density 
of binding functional groups and stability constant for 

alginic acid. 

and stability constant of the alginate gel decreased 
with increasing hydrogen ion concentration (decreas- 
ing pH) (Table 5). This trend was consistent with 
our prediction that the effect of the competition 
from hydrogen ions for the binding groups would 
become significant as pH decreased, especially as pH 
dropped below the pKHA value of 3.0 for alginic acid 
(Jang et aL, 1989, 1990a). This treatment is simple but 
has its drawbacks. It would be difficult to make 
predictions on the copper binding efficiency of algi- 
nate gels if the solution pH was not within the range 
tested. 

An extended Langmuir model was derived in this 
work that described the competition between the 
divalent metal ions and the monovalent hydrogen 
ions for carboxyl groups on the uronate residues of 
the alginate molecules. The derivation procedure 
developed in this work transformed a non-linear 
equation [equation (5)] into a linear form [equation 
(7)] to facilitate data treatment. Such a treatment of 
data to yield binding group density and binding 
stability constants for copper and hydrogen ions 
simultaneously has not been seen in the literature, to 
the best of our knowledge. [The expression for B 2 in 
equation (1) by Jellinek and Sangal (1972) is equival- 
ent to Kcu / (Kn)  z in this work. But individual values 
were not reported by these authors.] The binding 
group density obtained from Figs 3 and 4 was also 
listed in Table 5 for comparison. In the absence of 
competition from hydrogen ions at pH ~ 5, the bind- 
ing site density for copper would be 2.180 x 10 -3 mol 
or 0.1385g Cu/g Na-alginate (=~?x/2, since each 
Cu 2+ would occupy 2X-), which agreed extremely 
well with the theoretical maximum binding capacity 
0.1383 g Cu/g Na-alginate (Jang et al., 1990b) based 
on the uronate assay of the Na-alginate used and was 
greater than the conditional capacity of 0.0730 g/g at 
pH 2.6 and 0.107 g/g at pH 3.6. From the results and 
the above discussions, the extended Langmuir model 
has the following advantages over the simple model 
[equation (1)]: 

(1) batch absorption data from different initial 
pH's and final pH's can be combined and treated 
according to equations (7) and (8); 

(2) precise control of initial solution pH is not 
needed. The pH was also allowed to vary as absorp- 
tion proceeded; and 

(3) total density of binding groups instead of the 
conditional capacity was obtained. By comparing the 
results from Figs 3 and 4, almost identical ~?x values 
were obtained and the average ~?x agreed with that 
from biochemical assay. 

The performance of alginate gel in copper recovery 
at any pH < 6 can be predicted. The following calcu- 
lation procedure illustrates how the relative "load- 
ing" of HX and CuX 2 under a given condition 
[pH = 2, (Cu 2+) = 3 × 10 -3 M] can be predicted. As- 
suming that the volume of the aqueous medium was 
so large that absorption of cupric ions and hydrogen 
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Table 3. Summary of calculations according to the extended Langmuir's model for H + and Cu 2+ 
competing for the same binding groups on the Na-alginate molecules 

Run No. I 2 3 4 

Vg, (1 gel)" 0.018 0.0267 0.0406 0.06 
C~l+ x 10 4. (mol/I soln.) 2.564 2.667 2.729 1.905 
CH ~ 0 x 104 (mol/l soln.) 4.150 3.890 4.246 4.467 
~cu x 10: (mol/I gel) 5.716 6.450 5.834 5.295 
~H X 102 (mol/I gel) 1.629 0.8478 0.6913 0.7898 
~cu'~+ [(~8/x~Cu) 2.802 2.584 2.211 1.865 
+ 2~c~cd × 10 ~ 

[x/(mol/I soln.) (mol/l gel)] 
~ / Q c ~ c ~  0.2145 0.1880 0.1701 0.1639 

[x/(mol/I soln.)/(mol/l gel)] 
( C H + ) [1 + 2(~c ~/2H )] 2.056 4.325 4.879 2.745 
× 103 (mol/1 soln.) 
Cn +/~N × 102 1.574 3.146 3.947 2.413 

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

Note: the symbol C means molar concentration. 
aAverage Na alginate content = 35.115 g/1 gel(final). 
Initial pH ~ 3.4; volume of reactor fluid: 1.851. 
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ions  does  n o t  d i s t u rb  the  c o n d i t i o n  o f  the  l iquid,  
e l i m i n a t i n g  ( X - )  f r o m  e q u a t i o n s  (5) a n d  (6) we have  

FKc,  (Cu2+)77~2 
OCu= L ~. j~ 'H=~O 2. (12) 

F r o m  e q u a t i o n  (6), we have  

OH 
( X - )  - - -  - f l Q H .  ( 1 3 )  

( K , ) ( H  +) 

S u b s t i t u t i n g  e q u a t i o n s  (11)- (13)  a n d  the  p a r a m e t e r s  
o b t a i n e d  in this  w o r k  in to  e q u a t i o n  (4) yields 
c t = 0 . 4 5 2 1  a n d  f l = 0 . 0 6 1 0  a n d  the  fo l lowing  
q u a d r a t i c  e q u a t i o n  

0 . 9 0 4 2 0 ~  + 1.0610OH -- 0 .1484 = 0 (14) 

wh ich  gives 

m o l  
OH = 0 . 1 2 6 2 -  (15) 

I gel 

m o l  
Qcu = 0.00721 - -  (16) 

I gel 

a n d  

mo l  
( ,X-)  = 0.00770 1 gel" (17) 

F r o m  e q u a t i o n s  (15)-(17) ,  it is p red ic ted  t h a t  a t  
p H 2 . 0 ,  a b o u t  85 .1% ( = 0 n / ~ x )  o f  all c a rboxy l  
g r o u p s  are  p r o t o n a t e d  a n d  only  9 . 7 %  ( = 2 0 c , / ~ x )  
are  used  to b i n d  copper ;  a n d  5 .2% ca rboxy l  g r o u p s  
r e m a i n  ionized.  

T h e  a b o v e  sample  ca l cu l a t i on  also suggests  t h a t  if  
a n  acidic  c o p p e r - c o n t a i n i n g  (or  d iva len t  m e t a l - c o n -  
t a in ing)  a q u e o u s  m e d i a  is to  be  t r ea t ed  wi th  b iopo ly-  
m e r  gel, the  Kn va lue  o f  the  p o l y m e r  has  to  be as low 
as possible .  In o t h e r  words ,  the  acid d i s soc ia t ion  
c o n s t a n t  KHA (for  H X =  H + + X - ) ,  wh ich  is the  
inverse  o f  K n,  has  to  be  as h igh  as possible .  (The  
pKHA va lue  o f  the  a lg ina te  gel u n d e r  the  e x p e r i m e n t a l  
c o n d i t i o n s  used  was 3.215 [ =  -1og~0(1.693 × 103) - 1] 
in  this  work ,  w h i c h  differs s l ightly f r o m  the  in t r ins ic  
va lue  2.96 o f  the  col lo idal  a lginic  acid d e t e r m i n e d  
in ou r  p rev ious  w o r k  [ Jang  et al., 1989].) F r o m  
the  a b o v e  e x p e r i m e n t a l  ev idence  a n d  theore t i ca l  

Table 4. Summary of calculations according to the extended Langmuir's model for H ÷ and 
Cu 2+ competing for the same binding functional groups on the Na-alginate molecules 

Run No. 5 6 7 8 

V~, (1 gel) ~ 0.0186 0.0300 0.0432 0.0645 
CH÷ × 103 (mol/l soln.) 3.090 2.559 2.104 1.995 
CH_ o × 103 (mol/l soln.) 3.750 3.589 3.467 3.793 
~Cu × 102 (mol/l gel) 3.766 3.367 3.392 3.271 
Oft × 102 (mol/l gel) 6.559 6.356 5.839 5.157 
C,,/~C~2~[(~H/x~c~ ) 3.833 3.680 3.337 2.943 
+2, f~c , l  x 102 

[~/(mol/l soln) (mol/l gel)] 
x/~'cu +/~cu 0.2720 0.2811 0.2673 0.2415 

[x/(mol/l soln.) (mol/I gel)] 
(CN+)[I + 2(~Cu/~H )] 6.639 5.270 4.548 4.527 
X 103 (mol/I soln.) 
CN+/~I × 10 2 4.712 4.026 3.603 3.869 

[(mol/I soln.)/(mol/l gel)] 
Note: the symbol C means molar concentration. 
"Average Na-alginate content = 32.92 g/I gel(final). 
Initial pH ~ 2.4; volume of reactor fluid: 1.85 I. 
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Table 5. Comparison of copper binding capacity and stability constant at 
different pH 

k (g Cu/g Na-  
alginate) K~: u (I/mol) 

pH [equation (1)] [equation (1)] K H (l/mol) 

~2.6 0.0730 4.182 x 103 I b ~  
~3.6 0.1070 3.300 x 104 - -  

5.0 ~a~ 0.1247 ,> 105 - -  

(estimated) 

~:x (tool X/ Kcu (I/mol) 2 K 8 (l/mol) 
g Na-alginate) [equation (7)1 [equation (8)] 

[equation (7) and (8)] 

2.4-3.6 4.360 x 10 -3 4.050 x 104 1.639 x 103 

~Reference: Jang et al. (1990b) 
bCannot be obtained. 

prediction, we may conclude that alginate gel is an 
effective copper absorbent even at pH somewhat 
lower than the pKuA due to the superior complex 
reaction between the alginate and cupric ions. How- 
ever, at low pH the acidic condition is undesirable 
because most of the carboxyl groups are protonated 
leaving few ionized groups for binding copper. 

Cotoras et al. (1992) have shown that Azotobacter  
vinelandii biomass loaded with metals can be treated 
with HCI at pH < 2 to elute metals. The model 
developed in this work can also be used to predict the 
pH required to elute metals from alginate gels or 
other biomass. 

The operational pH standards consisting of low 
concentrations of phosphates and phthalates were 
used in this work. Therefore, for low ionic-strength 
aqueous media, definition equation (11) should be 
accurate to + 0.02 in pH or + 3.5% in concentration 
in the pH range of 2-12 following IUPAC recommen- 
dations (1985) and Levine (1988). If the glass-mem- 
brane pH electrode is calibrated by the same 
operational standards and used to measure pH of 
high ionic-strength solutions, the right side of 
equation (11) has to be divided by the activity 
coefficient of  hydrogen ions, the values of which have 
been reported in the literature (Kieland, 1937; Jang 
et al., 1989). 

An important refinement of the extended 
Langmuir model is necessary when considering the 
Donnan potential effect. In our previous work (Jang 
et al., 1990b), it has been shown that by considering 
the Donnan potential term the Langmuir plots for the 
absorption of copper from cupric sulfate solution 
(pH ~ 5) by Na-alginate at two different ionic 
strengths merged into one plot, although only minor 
improvement of the data was achieved. Our labora- 
tories are conducting experiments using aqueous 
media containing a higher concentration of added 
inert salt. Intrinsic capacity and stability constants 
will be obtained using a similar mathematical pro- 
cedure outlined in the Appendix of Jang et al. 
(1990b). 

A further improvement in the modelling is necess- 
ary if the possible existence of the unidentate complex 
CuX + is considered. In the derivation of the extended 
Langmuir model such possibility was tentatively ig- 

nored on the basis of the egg-box model for gelation 
of alginate in the presence of divalent cupric ions. Our 
previous work (Jang et al., 1990b) has yielded the 
binding capacity of 0.1247g Cu/g Na-alginate at 
pH ~ 5 and 0.01 M sodium nitrate. This "effective" 
capacity was somewhat lower than the theoretical 
maximum binding capacity of 0.1383g/g based on 
the biochemical assay of the sample with the assump- 
tion that each cupric ion would bind to two carboxyl 
groups. Marinsky (1982) reported that the stability 
constant for the unidentate complex CuX ÷ was 
greater than that for the bidentate complex CuX: in 
the case of complexation of Cu(II) by a cross-linked 
poly methacrylic gel due to the restricted accessibility 
of the repeating ligands in the gel. By comparing the 
effective binding capacity with the theoretical maxi- 
mum binding capacity, it is possible that a small 
fraction of copper absorbed by alginate gel existed 
in the form of unidentate complex. The graphical 
procedure by Marinsky (1982) and Jang et al. 
(1990a) should be followed to assess the extent of the 
formation of unidendate complex. 

CONCLUSIONS 

(1) Stable alginate gels can be formed inside the 
acidic cupric solution at pH 2.4-3.4 and 200 ppm Cu 
by using the air-lift fluidized bed reactor and a 
multi-tip dispenser. 

(2) The simple Langmuir model gave conditional 
copper binding capacity and stability constant that 
decreased with decreasing pH. 

(3) Alginate gel was a good copper absorbent for 
pH > 2.5. At pH 3.5, the copper binding efficiency 
was affected mildly by the acidity of the solution. 

(4) The extended Langmuir model that describes 
the competition between the divalent metal ions and 
the monovalent hydrogen ions for the negatively- 
charged binding groups fit batch absorption data 
very well. 

(5) The parameters obtained by using the extended 
Langmuir model (density of binding groups and 
stability constants for copper and hydrogen ions) can 
be used to predict the copper absorption efficiency of 
alginate gels at any pH < 6. Theoretical predication 
indicated that at pH 2.0 only 9.7% of the carboxyl 
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groups were bound to copper and 85.1% were proto- 
nated. To treat acidic metal-containing solutions, 
synthetic polymers or  biopolymers with low PKHA 
and high metal-binding stability constant should be 
used. 
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