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ABSTRACT

This study investigated the behavior of selective adsorption on the biomass of
Pseudomonas aeruginosa PU21 (Rip64) with solutions containing Pb, Cu, and Cd.
Experiments were designed to quantitatively justify the biosorption preference of the
biomass for the three metals. The multimetal adsorption equilibria were described
by three models, two of which originated from single-component Langmuir isotherm,
and the third one was established empirically. The multimetal adsorption results show
that lead and copper significantly inhibited the adsorption of cadmium, while the
effects of Cd on the adsorption of Cu and Pb were limited. Lead was found to exhibit
a slightly higher inhibition effect on Cu when the two adsorbate coexisted. The data
obtained from the ion-exchange systems indicate that Pb and Cu appreciably replaced
the preadsorbed Cd ions from the biosorbent, but the competition of Pb and Cu for
the adsorption sites was comparative. For three-metal biosorption with equal initial
molar concentrations, the relative surface coverage of Pb, Cu, and Cd on the biomass
was approximately 55, 40, and 5%, respectively. A modified Langmuir-type model
(Model 2), which took account of the heterogeneity and specificity of the adsorption
sites, described the experimental results better than the traditional Langmuir isotherm
(Model 1) did. Of the three models examined, the empirical one (Model 3) showed
the best fits for the two-metal adsorption data, whereas Model 2 had better prediction
for the ternary adsorption results. In Model 3 the parameters determined from binary
systems can be extrapolated to predict the adsorption equilibria of three-metal adsorp-
tion systems satisfactorily.

* To whom correspondence should be addressed.
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INTRODUCTION

Since Ruchloft (1) found that uranium ions in radioactive wastes can be im-
mobilized by microorganisms in an activated sludge process, adsorption or ac-
cumulation of heavy metals by a biomass of algae, fungi, and bacteria has re-
ceived much attention recently due to its potential use in waste treatment
processes involving removal of heavy-metal pollutants from a contaminated
environment (2). The research on so-called biosorption or bioaccumulation has
been performed with a variety of aspects as summarized in a recent review by
Volesky and Holan (3). The research on biosorption of heavy metals in the past
mainly investigated either the adsorption efficiencies and equilibria for differ-
ent biosorbent materials (4) or the development of batch or continuous biosorp-
tion processes (5—7). However, relatively less work has been contributed to elu-
cidate the details of the biosorption behavior in multimetal systems, which are
normally the composition of the industrial effluents (7). For more effective ap-
plications of metal biosorbents, more in-depth investigations are still required
to identify the selectivity of biosorbents for the coexisting metal ions, so that
the efficiency of the biosorption process can be estimated prior to the treatment
and the operation strategies can thereby be optimized.

Our previous report (8) showed that inactivated cells of Pseudomonas aeru-
ginosa PU21 (Rip64) was able to selectively adsorb Hg?* over Na* with maxi-
mal capacity of nearly 400 mg Hg/g dry cell. Resting cells of the strain were
also capable of adsorbing lead, copper, and cadmium effectively (9). In this
research we utilized the biosorbent to quantitatively reveal the co-ion effects
on the selective biosorption and to build up mathematical models for the de-
scription and prediction of adsorption equilibria of multicomponent systems.
The metals of interest were lead, copper, and cadmium, which are commonly
found in the industrial effluents in Taiwan. For a systematic evaluation of selec-
tive adsorption, two kinds of adsorption systems were conducted; one was co-
ion systems in which two or three metals coexisted, and the other was ion-
exchange systems in which the biomass was saturated with one metal prior to
exposure to the second metal. This research aimed to present a methodology
for the analysis of selective adsorption data to provide a clearer picture of how
coadsorbates compete for the adsorption sites, and to predict multicomponent
adsorption equilibria quantitatively based upon the initial metal compositions
in the solutions. This effort is expected to benefit and supplement further devel-
opment of practical biosorption processes for heavy-metal removal.

EXPERIMENTAL METHODS
Bacterial Strain and Cultivation

Pseudomonas aeruginosa PU21, an auxotrophic derivative of PAOI, was
isolated from clinical sewage by Jacoby (10). The strain harbors a 142.5 Kb
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plasmid Rip64 which encodes for the narrow-spectrum mercury resistance in
addition to resistance to various antibiotics (10). The strain was cultivated in
Luria-Bertani (LB) broth (Difco), which was amended with 25-50 mg Hg?*/L
to avoid contamination from other microorganisms. The bacterial cultures
were incubated aerobically at 37°C, and the liquid cultures were constantly
agitated at 220 rpm in glass flasks.

Preparation of Biosorbents

Cells of P. aeruginosa PU21 were harvested by centrifugation (15,000 g,
8 minutes) from early-stationary cultures with a cell density of approximately
1-2 g/L. After being rinsed twice with deionized, reverse osmotically treated
(RO) water, the cells were resuspended in designated heavy metal solutions
also prepared with deionized RO water for the biosorption experiments. All
the glassware used in the biosorption operations was treated with concentrated
HNO; solution prior to each experiment to avoid possible adsorption of heavy
metals on the glass surface.

Measurement of Heavy Metals

The heavy metal adsorbates used in this study were Pb(NOs),,
CuCl,-2H,0, and CdCl,, which were obtained from Riedel-de Haen, Inc.
Heavy metal contents in solutions were measured with a Polarized Zeeman
Atomic Absorption Spectrometer (Hitachi Model-Z-6100).

Procedures of Selective Biosorption Experiments
Adsorption Isotherms

Biomass of P. aeruginosa PU21 (1-2 g/L) were suspended in solutions
amended with one of the three metal ions (Pb*, Cu?*, Cd?*) in the 0-2000
1M concentration range. The cell suspensions were also added into binary
and ternary mixtures of the three metals to determine adsorption isotherms
for the multimetal systems. In all cases the adsorption solutions were gently
agitated at 37°C, and pH values of the solutions were adjusted to 5.0 initially.
The pH value of 5.0 was chosen to prevent possible metal precipitation as
hydroxides. As the adsorption reached equilibrium, samples were taken from
the solution, and centrifuged to separate the biomass and metal solutions, and
the metal concentrations in the supernatant were measured.

Co-lon Systems

~ The biosorbent with a concentration of 1-2 g cell/L was suspended in
binary or ternary mixtures of Pb?*, Cu?*, and Cd?* in the 0-2000 pM concen-
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tration range. The adsorption solutions were gently agitated at 37°C, and the
initial pH was adjusted to 5.0. Samples were taken from the solution at desired
time intervals, and the heavy metal concentration in the supernatant was deter-
mined.

lon-Exchange Systems

The biosorbent (1-2 g cell/L) was mixed with one of the three metal ions
until saturation was reached. The metal-laden biosorbent was harvested and
resuspended in solutions containing the second metal ions in the 0-3000 pM
concentration range. The biosorption was carried out at pH 5.0 and 37°C.
Procedures of sampling and metal measurement were identical to those de-
scribed for co-ion systems.

RESULTS AND DISCUSSION
Biosorption Isotherms in Single and Multimetal Systems

Figures 1 to 4 demonstrate the adsorption isotherms of Pb, Cu, and Cd in
single-metal, two-metal, and three-metal systems. The symbols in the figures
represent the experimental data, while the curves were generated by Langmuir
isotherm for single-component adsorption, and by three proposed models
(which will be discussed later) for multicomponent adsorption. Figures 1-3
demonstrate how the two coadsorbates affected each other on their adsorption
equilibria as compared with results from single-component adsorption. It was

“clearly observed that adsorption of Cd was significantly inhibited by coexist-

ing Pb and Cu (Figs. 2b and 3b), whereas the presence of Cd did not apprecia-
bly affect the adsorption of Cu and Pb (Figs. 2a and 3a). However, the compe-
tition between Cu and Pb ions for the adsorption sites was relatively
comparative (Figs. 1a and 1b). Figure 4 illustrates adsorption isotherms of
Pb?*, Cu?*, and Cd?* obtained from three-component adsorption. It shows
that when the three metals coexisted, the saturation capacities of all three
metals dropped significantly (Figs. 1-4, Table 1). It is worth noting that the
biomass had the highest saturation capacity for copper in the single-metal
system, followed by lead and cadmium (Table 1), whereas in three-metal
adsorption the maximal capacity of the metals decreased in the order of Pb
> Cu > Cd (Table 1). This observation seems to suggest that the biomass
inherently had the highest total capacity for copper, but in co-ions adsorption
lead was most favorable. More detailed comments on the capacity and prefer-
ence of the biomass for the three metals of interest will be discussed in suc-
ceeding sections.

Table 1 summarizes the maximal total and individual metal capacities of
the biomass for biosorption carried out with single and multiple adsorbates.
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FIG.1 Comparison of adsorption isotherms between single-metal and two-metal systems by
Pseudomonas aertuginosa PU21 (biomass concentration: 145 g/L). (a) The isotherm of Pb
with and without the presence of 2000 pM Cu; (b) the isotherm of Cu with and without the
presence of 2000 pM Pb. (Open symbols: experimental data from single metal adsorption.
Closed symbols: experimental data from binary adsorption. Dashed lines: simulation by Lang-
muir model. Solid lines: simulation by the proposed models. M1: Model 1; M2: Model 2; M3:

Model 3.)
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FIG.2 Comparison of adsorption isotherms between single-metal and binary systems by Pseu-
domonas aeruginosa PU21 (biomass concentration: 1.45 g/L). (a) The isotherm of Pb with and
without the presence of 2000 uM Cd; (b) the isotherm of Cd with and without the presence of
2000 M Pb. (Open symbols: experimental data from single metal adsorption. Closed symbols:
experimental data from binary adsorption. Dashed lines: simulation by Langmuir model. Solid
lines: simulation by the proposed models. M1: Model 1; M2: Model 2; M3: Model 3.)
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FIG.3 Comparison of adsorption isotherms between single-metal and binary systems by Pseu-
domonas aeruginosa PU21 (biomass concentration: 1.45 g/L). (a) The isotherm of Cu with and
without the presence of 2000 M Cd; (b) the isotherm of Cd with and without the presence of
2000 M Cu. (Open symbols: experimental data from single metal adsorption. Closed symbols:
experimental data from binary adsorption. Dashed lines: simulation by Langmuir model. Solid
lines: simulation by the proposed models. M1; Model 1; M2: Model 2; M3: Model 3.)
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FIG.4 Isotherms from three-metal adsorption of Pb, Cu, and Cd by Pseudomonas aeruginosa
PU21 (biomass concentration: 1.80 g/L). (Symbols: experimental data. Solid lines: simulation
by the proposed models. M1: Model 1; M2: Model 2; M3: Model 3.)

It indicates that the maximal total capacity resulting from single, binary, and
ternary systems was 600 pmol/g (for Cu alone), 642 pmol/g (for Cu + Pb),
and 615 pmol/g (for Cu + Pb 4+ Cd), respectively. As the saturation capacity
for Cu alone was essentially equivalent to the maximal capacities obtained

TABLE 1
Maximal Individual and Overall Capacities of the Biomass for Pb, Cu, and Cd in Single, Binary,
and Ternary Systems

Adsorption systems

Two-component adsorption

Single-component Three-component
adsorption Pb-Cu Pb-Cd Cu-Cd adsorption
Adsorbates Pb Cu Cd Pb Cu Pb Cd Cu Cd Pb Cu Cd
Capacity for each component 520 600 327 337 305 508 65 563 42 345 231 39
(pmol/g dry cell)
. Overall capacity - 642 573 605 615

(rmol/g dry cell)
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Cu sites : 632 pmol/dry cell
Pb sites : 520 pmol/g dry cell
Cd sites : 327 umol/g dry celi

*Common sites of Pb & Cd : 277
pmol/g dry cell

FIG. 5 Schematic description of proposed relative surface coverage distribution of Pb, Cu,
and Cd on the biomass of Pseudomonas aeruginosa PU21.

from two-metal and three-metal systems, it seems reasonable to assume that
the total number of copper adsorption sites on the biosorbent represented
roughly the total number of adsorption sites for the three metals together. On
the other hand, since the maximal capacity for the Pb + Cd system was
larger than that for a single system of Pb or Cd, the adsorption sites of Pb
and Cd were likely to be partially overlapped. Based upon the arguments
stated above, the distribution of surface adsorption sites of Cu, Pb, and Cd
on the biomass can be proposed as described schematically in Fig. 5. The
information provided in Fig. 5 apparently violates basic assumptions of the
Langmuir models (11) which propose that the entire adsorbent surface is
homogeneous and that there is no lateral interaction between adsorbate mole-
cules, and thus the affinity of each binding site for the adsorbate molecules
should be uniform. As a result, the adsorbent should have identical maximum
capacity for each adsorbate present. Therefore, Langmuir models simply can-
not account for the adsorption equilibrium when the adsorbent appears to
have specific binding sites and a distinct preference for each adsorbate.

Selective Adsorption of Lead, Copper, and Cadmium
in Co-lon Systems

The selectivity of biomass of P. aeruginosa PU21 for Pb, Cu, and Cd was
evaluated with binary or ternary mixtures of the three metals. In binary sys-
tems, one metal (metal A) at an initial concentration of 2000 pM was mixed
with elevated concentrations (from 0 to 2000 nM) of the other metal ions
(metal B) in order to observe the effects of metal B on the adsorption of metal
A. Adsorption preference was also observed in ternary systems consisting of
equal molar concentrations of each metal component. The results are de-
scribed and discussed as follows.



11: 25 25 January 2011

Downl oaded At:

620 CHANG AND CHEN

110 no 130 ) 130
100 @t 400 120 - 120
] [ 1o o
s 2 £ 100 4 3 g
[© 5§ @ P b0 g
g 704 on 70 & g 80 80 B
g 8
2 o0 ; L 60 % g 1 L 70 %
£ % ’ t” 3 &% (23
a
2404 0 £ e 507 0 9
= 3 S 40 - -40 5
© 30 30 2 s 3
3 «  30- 30
20 A - 20
20 - ca [®
10 4 I 10 .10 - 10
o] T T T T T o 0 T T ¥ T =T o
[} 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Metal added (umoll) Metal added (umokt)
110 : 10
(=
100J @ - 100
=~ 901 Cu (90 =
= =
o] (25
2 70 4 - 70 -§
2 @ 3
3 ® e
g 40 40 2
3 5] L3 =
s &
20 4 | 20
10 Cd Lo
0 v — T T o
0 500 1000 1500 2000 2500
Metal added (:moll)

FIG. 6 Effect of metal B on the adsorption of metal A by Pseudomonas aeruginosa PU21
(biomass concentration: 1.45 g/L) from binary mixtures of Pb, Cu, and Cd. Initial concentration
of metal A was fixed at 2000 pM, and metal B concentration was increased from 0 to 2000
pM. Metal A/B = (a) @: Pb/Cu, H: Cuw/Pb; (b) @: Pb/Cd, B: Cd/Pb; (¢) @: Cw/Cd, M: Cd/Cu.
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Binary Systems

Figure 6(a) demonstrates the competition of biosorption for Pb and Cu
on the biosorbent. With the initial Pb concentration fixed at 2000 pM, the
adsorption capacity of Pb decreased as Cu concentrations were increased from
0 to 2000 pM (Fig. 6a). When initial concentrations of Pb and Cu were both
at 2000 pM, the adsorption of Pb decreased to 37% of its original capacity.
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In the reverse operation, addition of Pb also reduced the capacity of Cu adsorp-
tion with a similar trend (Fig. 6a), but Cu decreased to 46% of its original
capacity as the concentrations of Cu and Pb were both equal to 2000 pM. As
shown in Fig. 6(b), as 0-2000 pM of Cd was added into solutions originally
containing 2000 pM of lead, the Pb adsorption maintained over 90% of its
single-component adsorption capacity. However, with a fixed Cd concentra-
tion and increased Pb concentrations, the adsorption of Cd was significantly
decreased, and the biomass could barely adsorb Cd when both Pb and Cd
had the same initial concentration of 2000 pM (Fig. 6b). The competition of
Cu and Cd over the biosorbent is illustrated in Fig. 6(c). Similar to the results
observed for the Pb/Cd system, the Cu ions exhibited tremendous inhibition
effects on the biosorption of Cd, while Cu adsorption remained above 90%
of its original capacity despite the addition of a high concentration (2000
pM) of Cd (Fig. 6c). The results shown in Fig. 6 clearly indicate that the
biomass had a higher preference for Pb over Cu, and biosorption of Cd was
overwhelmed by the competition of Pb and Cu.

Ternary Systems

Figures 7(a) and 7(b) demonstrate the behavior of the selective adsorption
of Pb, Cu, and Cd when the biomass was exposed to equal molar concentra-
tions of the three metals. The experimental data are presented in terms of
the adsorption efficiency (%), and the relative coverage (0);%), whose

- definitions are as follows:

moles of metal M adsorbed
moles of metal M added

and

moles of metal M adsorbed
0% = moles of all three metals adsorbed < 100%

The values of Oy % and 0, % are indications of the relative adsorption prefer-
ence and distribution of each metal of interest on the biosorbent. According
to the results shown in Fig. 7(a), an increase in the initial metal concentration
led to a decrease in the adsorption efficiency (Qu%) of each metal. For all
initial concentrations detected, the adsorption efficiency of the three metals
was in the order Qpp% > Qcu% > Qcq%. It was also observed that the
decrease of Qcq% responding to the increase of initial concentration was
most significant. As the initial concentration of each metal was over 400 pM,
the Qcq% value dropped to below 10%, whereas the decline of Qp,% and
Qcy% was less steep (Fig. 7a). The rate and extent of the decrease in Oy %
shown in Fig. 7(a) imply that the adsorption preference of the biosorbent was
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TABLE 2
Correlation of Properties of Metals and Biosorbents with Metal Adsorption Preference
Hg Pb Cu Ni Cd Zn Biosorbent Reference
Standard reduction 0.851 -0.1263 03402 —023 -04026 -—0.7628 Bodner and Pardue
potentials (V) (16)
Electronegativity 2.00 2.33 1.90 191 1.69 1.65
[onic radii (nm) 0.110 0120 0072 0069 0097 0.074
Atomic weight 200.59 207.2 63.546  58.69 11241 65.38
Order of adsorption 1 2 3 4 5 6 Pseudomonas Nakajima and
preference saccharophilia  Sakaguchi (12)
1 2 3 5 4 6 Bacillus subtilis
_ —_ 1 _ 2 3 Ascophyllum DeCarvalho et al.
nodosum (13)
— 1 2 5 4 3 Streptomycetes  Mattuschka and
noursei Straube (14)°
— _ 1 —_ 2 3 Penicillum Pighi et al. (15)
chrysogemum
— 1 2 — 3 — Pseudomonas This study
aeruginosa

¢ Single-component adsorption

Pb > Cu > Cd. The trend that Q% decreased with the increase of initial
metal concentration seems reasonable since the relative number of binding
sites available to each metal would reduce as the concentrations of the three
metals were increased simultaneously, especially when the biomass was
nearly saturated at high initial concentrations.

The selective adsorption in the ternary system was also evaluated in terms
of relative coverage (0p%) of each metal as demonstrated in Fig. 7(b). It
shows that Pb owned the highest relative coverage (0p,%) of 40-55% over
the range of the initial concentrations used. The relative coverage of Cu
(0cu %) was slightly lower with a value of 35-40%, while the value of 0c4%
was the lowest among the three metals, and dropped to below 10% when the
initial concentration of each metal was greater than 400 pM. In contrast to
significant deviations of Oy % over the metal concentration range used, the
relative coverage of the three metals did not vary considerably at all concentra-
tions detected (Fig. 7b), especially when the initial concentration was above
400 pM. In this range 0p, %, 0c,%, and 0cq% exhibited a nearly constant
ratio of 55:40:5. Therefore, the relative coverage data make it more apparent
that the dominance of selective biosorption was in the order Pb > Cu > Cd.

Factors that affect the adsorption preference of a biosorbent for metal adsor-
bates may be related to the characteristics of the binding sites (e.g., functional
groups, structure, etc.) and the properties of the metal adsorbates (e.g., ionic
size, atomic weight, or reduction potential of the metal). Table 2 summarizes
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the correlation between the chemical and physical properties of the metal and
the selective adsorption of the metals by a variety of biosorbents. It appears
complicated to find a common rule from Table 2 to identify how metal proper-
ties affect the selective adsorption. This is because the observed behavior
may result from a combination of all the above factors. Nevertheless, there
is a general trend, which is that an increase in the reduction potential, electro-
negativity, and atomic weight leads to a higher adsorption preference by the
biosorbent. The effects of ionic radius are, however, relatively unclear. This
trend seems acceptable because metals with a higher reduction potential or
electronegativity tend to exhibit a stronger ionic interaction with an electron-
rich surface of biosorbents. The movement of metals with a higher atomic

~ weight can generate higher momentum energy, which may facilitate the ad-

sorption of the metal by increasing the probability of effective collision be-
tween the metal and the surface. It is evident from Table 2 that the order of
metal adsorption preference does not necessarily follow the general trends

. described above. This inconsistency most likely originates from variations in

composition and structure of the biosorbent surface, since the trend was de-
duced primarily on the basis of the properties of metals without consideration
for the effects of the characteristics of biosorbent materials. As indicated in
Table 2, our finding on the order of adsorption preference of Pb, Cu, and Cd
is essentially consistent with those observed on different biosorbent materials
with only one exception (12—14). However, none of the previous investiga-
tions provided quantitative details of selective adsorption, such as the extent
of selectivity or the relative surface coverage of each coadsorbate during
selective biosorption. This information can be obtained from this study as
discussed above.

Selective Adsorption of Lead, Copper, and Cadmium
in lon-Exchange Systems

As the coexisting ions not only compete for the vacant sites on the biosor-
bent but also for the occupied sites, it is likely that ion exchange would occur
between metal ions in the liquid phase and in the solid (adsorbed) phase.
Experiments were thus designed to observe the phenomena of ion exchange
by the addition of metal B into the biomass that was already saturated with
metal A. The behavior of ion exchange between metals A and B was then
monitored as a function of the added metal B concentrations. The experimen-
tal results were analyzed quantitatively by the relative total adsorption capac-
ity Oa g and the replacement efficiency Ra g. The parameter Oa p represents
the ratio of combined adsorption capacity of metal A and metal B versus the
saturation capacity of metal B, and thus is a reflection of the change of total
surface capacity relative to the saturation coverage of metal B during the ion-
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TABLE 3
Average Ra g and Qa g Values for Different Binary
Combinations of Metals A and B
in the lon-Exchange Processes

Metal A Metal B Ran Oas

(added) (pre-adsorbed) (%) (%)
Pb Cu 32 106
Cu Pb 27 160
Pb Cd 55 150
Cd Pb 10 105
Cu Cd 45 170
Cd Cu 26 103

exchange operation. The other parameter R, g represents the percentage of
the preadsorbed metal B replaced by ion exchange of added metal A ions.
So, R, p directly indicates the strength of ion exchange of metal A over metal
B. It was a general trend that after an initial increase with increased metal A
concentration, the values of Q4 g and R, p were essentially invariant as metal
A concentration was over 1000 pmol/L until the experiment was terminated
at 3000 pmol/L. Therefore, the average Qap and Rap values during that

[invariant range for different binary combinations of metal A and B are demon-

strated in Table 3 to provide simplified quantitative views of the ion-exchange
processes. Table 3 shows that Rpy, ¢y and Rey, py, values were similar at 32% and
27%, respectively, suggesting that lead and copper ions exhibited comparable
strength in replacing each other from the biomass. However, since Rp, ¢4 and
Rcuca values were 2-5-fold greater than Rcyc, and Regpp (Table 3), it is
clear that Pb and Cu both dominated Cd ions during the ion-exchange process.
It is also observed from Table 3 that Qpy, cy, Ocapy, and Qcgcu Values were
approximately equal to 100%, whereas Qcy pb, Opb,cd, and Ocy cq Values were
way above 100%. A 100% Qa g value means that after the addition of metal
A onto the metal B-saturated biomass, the total capacity of the biomass for
metals A and B together is equal to the previous saturation capacity of metal
B. That is, the amount of metal A adsorbed is equal to the amount of metal
B replaced. In contrast, when Q4 p values exceed 100% there may be a possi-
bility of insertion of metal A on the surface sites beyond the saturation cover-
age of metal B. Therefore, the results tend to show that there was no vacant
site available for Pb and Cd on the surface saturated by copper, so adsorption
of Pb and Cd on that surface was mainly due to ion exchange, which was
also the major driving force triggering Cd adsorption on Pb-covered surface.
It can also be justified from the Qcy pt, (160%) and Qcy,cq (170%) values that
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a considerable part of Cu adsorption on Pb- and Cd-covered biomass was
probably due to the insertion onto the surface sites which are not the inherent
adsorption sites for Pb and Cd. Likewise, the insertion of Pb on vacant sites
of the Cd-saturated surface may also take place, resulting in a Opy, cq value
of 150%. This seems to suggest that the biomass had more adsorption sites
for Cu than for Pb and Cd, and that adsorption sites for Pb and Cd on the
biomass were included in those for Cu, which is also in accord with the
proposed surface coverage distribution model presented in Fig. 5. Moreover,
since the saturation capacity of the biomass for Cu was about 15% higher
than that for Pb (Table 1), it is not surprising to observe that Q¢ p, values
exceeded 100%. The Qcy cq and Opy, cq values were as high as 170 and 150%
respectively, which may be correlated to the ratio of the single-metal satura-
tion capacity of the biomass (Table 1) between Cu and Cd (193%) and that
between Pb and Cd (159%).

Models for Selective Biosorption Equilibria
in Multimetal Systems

Model 1

This model is a multicomponent version of the traditional Langmuir iso-
therm. The major assumption of Model 1 is that the surface sites are uniform,
so that the adsorbates (Pb, Cu, and Cd) compete for the same surface sites.
The final expression of Model 1 can be described as follows (17):

= dmaxKiCe; )
% = 1+ KCe; + K;Ce; + KiCe,

where g;: fraction of surface sites covered by adsorbate i (jumol i/g dry cell)
gmax: Maximum capacity of the biosorbent for adsorbate (pmol i/g dry
cell) ’
Ce;: concentration of adsorbate { in liquid phase (pumol/L)
K = ky; _ _ adsorption rate constant of adsorbate i (h™')
! ™ kg;  desorption rate constant of adsorbate i (mol i/h/L)

It should be noted that in this model the maximal capacity gpma, is universal
so that all three metals obey the fundamental hypothesis of the Langmuir
model. To examine the validity of Model 1 for multicomponent adsorption
systems, the experimental data shown in Figs. 1-4 were simulated numeri-
cally according to Eq. (1). Two parameters associated with Model 1, K; and
Gmax, Were estimated by utilizing MATLAB version 4.0. The optimal param-
eters estimated for Model 1 are listed in Table 4.
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TABLE 4
Kinetic Parameters of Single and Multicomponent
Adsorption Isotherms Estimated from Model 1

i (adsorbate) Gmax (pmol/g) K; (IL/ppmol)
Cu 632 Key = 0.0423
cd 327 Kca = 0.0242
Cu-Pb 630 Kco = 0.0154
. Kpb = 0.0114

Cu-Cd 500 Keo = 00115
KCd = 0.00170

Pb-Cd 510 Kpp, = 0.0274
Kca = 0.00180

Pb-Cu-Cd 610 Kpp = 0.0213
Keu = 0.0122
KCd = 0.00133

Model 2

For the model proposed in Fig. 5, the biomass of P. aeruginosa PU21
contained different maximal capacities for Pb, Cu, and Cd during their coex-
istence. This tends to suggest that the surface sites of the biosorbent were
somehow nonhomogeneous, and some of the sites may be specific to certain
adsorbates. The phenomenon is apparently inconsistent with the assumption
of the conventional Langmuir model which is the basis for the derivation of
Model 1. In order to describe the experimental results more correctly, the
Langmuir model was modified by assuming different maximal adsorption
capacities (gmax) for the adsorbates Pb, Cu, and Cd. Thus, as equilibrium is
reached, the counterbalance of adsorption and desorption rates gives:

ki cuCe.culgmax.cu — dcu — dpb — gcd) = kacudcu )
kapbCe po(dmaxps — Pcupbdcu — gpb — Pcapodca) = Kappgen  (3)

kacaCe.cd(@max,ca — Pcucadcu — Prb.cades — qdca) = kicadca @)

where gpax; represents the maximal adsorption capacity of adsorbate i, k7 ;
(g dry cell/pmol i/h) and kg; (g dry cell/h/L) are rate constants for adsorption
and desorption of adsorbate #; and the parameter p; ; represents the probability
that metal i adsorbs on the binding sites for metal j. Thus,
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__ common adsorption sites for metal i and j on the biosorbent
pPij = total adsorption sites for metal i on the biosorbent

According to the proposed adsorption-site distribution for Cu, Pb, and Cd
shown in Fig. 5, we can calculate the values of pcypb, Pcarbs Pcucd, and
Deb.ca as 0.823, 0.847, 0.517, and 0.533, respectively.

By rearranging Eqs. (2), (3), and (4) individually, we are able to derive
the expressions for gcy, gpy, and gcq as follows:

_ KeuCecu(gmaxcu — gpo — gca)

dea = 1 + KeuCecu ©)

_ KppCepp(Gmax,pb — Pcupbdcs — Pcapbdca) ©)
qeo 1+ Kébcepb

_ KeaCeca(@max.ca — Pcucddcu — Prb.cadrb) @
qca 1 + K&dceCd

where K] (Langmuir constant) = kj /kg ;.

For given Cec,, Cepy, and Cecq values, the corresponding gcy, gpp, and
gcq values can be obtained by solving Egs. (5), (6) and (7) simultaneously.
Model 2 was used to describe the isotherms obtained from two-metal and
three-metal adsorption, as illustrated in Figs. 1-4, and the corresponding
optimal parameters are presented in Table 5.

Model 3

The major idea of this model originated from comparing the results of
adsorption isotherms between single-metal and multimetal systems (Figs.

TABLE §
Kinetic-Parameters of Multicomponent Adsorption
Isotherms Estimated from Model 2

i (adsorbate) Gmaxi K;
Cu—Pb Gmacce = 634 Kby = 0.00237
Graen = 521 Kby = 0.0462
Cu-Cd Goaxcu = 529 Koo = 00111
Pb-Cd Graps = 520 Kby = 0.0747
Goca = 320 Kby = 0.00463
Cu-Pb-Cd Gmax.cu = 668 K¢y = 0.00492
Goaere = 601 Kby = 0.0122
Gmaxca = 339 Kea = 0.00124
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1-3). It was observed that the adsorption equilibrium in single-metal systems
was easily described by the conventional Langmuir-type isotherm, whereas
the adsorption isotherms in multimetal systems deviated considerably from
the single-metal isotherms due to the effect of the coexisting metals. Model
3 utilized the single-component Langmuir model as the starting structure,
which was then combined with a logistic term to compensate for the deviation
between single- and multicomponent isotherms. Therefore, the adsorption
isotherm for a multicomponent system becomes

- qmax.iKicei ‘ _
% = TR ca I ~ PO ®

where F;(C) represents the fractional deviation of the multicomponent adsorp-
tion isotherm from the single-component Langmuir isotherm for adsorbate i.
Note that the term [I — F;(C)]; is assumed to be specific for each g;. The
F(C) was expressed as a logistic formNas

Ki;Ci;
=1

J

F(C) = x )]

where Ci; represents the initial concentration of adsorbate j, and Ki; is a

 modification coefficient for adsorbate j.

According to Egs. (8) and (9), the ternary form of Model 3 can be expressed
as

_ ImaxpKenCepp _1 _ KicyCicy + KicaCica
9eo 1+ Kprepb | Klprlpb + KiCuCiCu + KiCdCiCd_pb
(10
_ ImaxcukcuCecu _1 _ Kip, Cipy, + KicaCica ]
9ct = "1 + KeuCeca || KimCip + KicuCica + KicaCica g,
an
_ 9maxcaKcaCecq | — Kipy Cipy, + KicuCicu
94 = "1 + KcaCeca KigsCipy + KicuCicu + KicaCica |
(12)

It is preferable to describe Egs. (10) to (12) in terms of initial concentrations
of the adsorbates (Ci;), so the equilibrium concentration Ce; in the equations
was replaced by (Ci; — g; X Wcen), where Weey is the total cell dry weight
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TABLE 6
Kinetic Parameters of Two-Component Adsorption Isotherms Estimated from Model 3
i (adsorbate) Gmaxi K; K, K, K,
Pb 520 0.0904 0.699 0.400 0.0806
Cu 632 0.0417 0.374 0.281 0.120
Cd 327 0.0245 0.404 0.607 0.0792

in the adsorption mixture of interest. The parameters ¢ ;, and K; in Egs.
(10)-(12) were obtained from the single-metal adsorption isotherms, while
Ki; values were estimated from numerical simulations of two-metal adsorption
data. The optimal parameters are presented in Table 6. It should be noted
that there were three sets of Kipy, Kicy, and Kicq values associated with gpy,
gcu, and gcq, respectively, since Eqgs. (10)-(12) were simulated independently
to determine each set of Ki;. In order to avoid redundant parameter estimation
procedures and to reduce the number of parameters required, prediction of
three-component adsorption results by Model 3 was accomplished by using
the parameters Ki; estimated from binary systems. Comparison of the simu-
lated results with the corresponding experimental data is shown in Figs. 1-4.

Justification of the Proposed Models

The variance between experimental data and the model prediction (Figs.
1-4) is summarized in Table 7, which shows that the prediction by Model
3 was most accurate for binary adsorption while Model 2 gave the best de-
scription for ternary adsorption results. Model 1 had the largest variance in
both cases. As Model 2 described the experimental results more precisely
than Model 1, the modification over traditional Langmuir kinetics turned out
to improve the feasibility of the model. Generally speaking, all three models
had better description (lower variance) for the data from Cu-Cd and Pb-Cu
systems. However, the model had larger deviations on interpreting binary
adsorption of Pb and Cd, probably because the inhibition effect of Pb on the
adsorption of Cd was most significant in all binary systems. In contrast to
the prediction for binary systems, the models generally showed better fits to
the data from ternary systems. One of the reason for this phenomena may be
ascribed to a higher degree of freedom for the ternary systems.

The Langmuir constants (K;, K7) associated with Models 1 and 2 are charac-
teristic of the affinity of the metal ions to the biomass. Tables 4 and 5 indicate
that the magnitude of those constants essentially followed a trend of Pb >
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TABLE 7
The Variance between Experimental Data and Model
Prediction
Mean square Number of

System of residuals® experimental data
Pb-Cu:

Model 1 6487.3 8

Model 2 841.6 8

Modetl 3 598.2 8
Pb-Cd:

Model 1 32269 8

Model 2 2940.2 8

Model 3 1129.7 8
Cu-Cd:

Model 1 1591.6 8

Model 2 294.0 8

Model 3 145.0 8
Cu-Pb-Cd:

Model 1 567.0 27

Model 2 183.9 27

Model 3% 556.5 27

% Mean square of residuals
_ X(model prediction — experimental data)?
- number of experimental data
& Using the parameters determined from binary systems to
predict the adsorption equilibria from three-metal adsorption
systems.

Cu > Cd, except for the Cu~Pb system in Model 1. These results further
confirm that adsorption of Pb was most favored by the biomass, but which
had the least preference for Cd. Similar conclusions can be drawn from Model
3 by comparing the value of Ki;. From the definition of F;(C) indicated in
Egs. (8) and (9), the parameter Ki; is considered as a weighting factor of -
adsorbate j for its strength to cause the deviation of the adsorption of coadsor-
bates from their single-metal adsorption isotherms. With this interpretation,
metals with higher Ki; values would exhibit stronger inhibition to the adsorp-
tion of other coexisting metals, and thus had higher adsorption dominance
(or preference) for the adsorption sites. Table 6 shows that in all cases Kicy
was the lowest among the three modification coefficients, and the Kip, was
greater than Kic, excluding the case of Cd adsorption in the presence of Pb
and Cu (Eq. 12). Therefore, the trend of Ki; values from Model 3 also supports
our findings on the order of metal affinity to the biomass.
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