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a b s t r a c t

The efficacy of S. maltophilia in removing Pb2+, Cu2+, Zn2+ and Cd2+ from multi-metal solutions was 
determined by comparing against single-metal solutions. Results showed that the removal of the 
cations was higher in single than multi-metal solutions with mean uptake of 70 mg g–1 of metals 
removed compared to less than 10 mg g–1 metals, respectively. Biosorption of Pb2+ was the highest in 
both single (70.89 mg g–1) and multi-metal solutions (8.05 mg g–1). Metal removal by S. maltophilia in 
multi-metal solutions was influenced by different pH and adsorbent dosages used, in which pH 7 
and low adsorbent dosages  (0.10–0.50 g) led to higher amount of metals removed  (pH 7: 3.26 –12.28 
mg g–1; 0.10–0.50 g: 2.30–8.71 mg g–1). ATR-FTIR analysis revealed that metal-binding sites for S. 
maltophilia were attributed to functional groups such as hydroxyl (–OH), amine (–NH2) and carboxyl 
(–COOH). Biosorption by S. maltophilia was found to comply with pseudo-second order, suggesting 
that the biosorption process is chemically rate-limited. This study showed that the metal-tolerant S. 
maltophilia has good potential as biosorbent for removal of metals, with recommended dosage and 
pH at 0.10–0.50 g and pH 7, respectively.
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1. Introduction

Toxic metals such as lead (Pb2+), copper (Cu2+), zinc 
(Zn2+) and cadmium (Cd2+) are commonly found in the 
environment. Cu2+ and Zn2+ are essential metals with phys-
iological and biological functions while Cd2+ and Pb2+ are 
non-essential metals with no known functions [1]. Irre-
spective of their roles, excess of metals could have serious 
health implications. Cd2+ has devastating effects on kidney; 
Cu2+ hampers brain and liver functions; and Pb2+ interferes 
with memory and nervous system [2,3]. Traditionally, phys-
ico-chemical methods such as electrochemical precipitation, 
ion exchange, and reverse osmosis were used to remove 
toxic metals. However, these methods have several limita-

tions which include cost-ineffective and the by-production 
of toxic sludges. As an alternative, microorganisms such as 
bacteria and fungi are sought, and this approach has been 
found to be relatively cheap and environmentally sustain-
able [4]. In this study, metal removal by bacteria is explored. 
Bacteria rely on the peptidoglycan layer found in their cell 
wall for metal removal. Peptidoglycan, which is made up 
of N-acetylglucosamine (NAG) and N-acetylemuramic acid 
(NAM), has structures such as glycoproteins, teichoic acids 
and teichuronic acids in Gram-positive bacteria [5,6] and 
are rich in the following functional groups: amine (–NH2), 
carbonyl (C=O), carboxyl (–COOH) and hydroxyl (–OH) 
groups. Gram-negative bacteria have outer membranes 
consisting of lipopolysaccharide (LPS), phospholipids and 
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proteins [7] which are also rich with the various functional 
groups. These functional groups aid in the binding of pos-
itively-charged metal cations to bacteria surface, enabling 
the removal of metal cations from the environment [8]. Bac-
terial species known to be efficient in metal removal include 
Bacillus licheniformis, Bacillus megaterium, Pseudomonas aeru-
ginosa, Pseudomonas putida, Streptomyces rimosus and Staphy-
lococcus xylosus [9–14].

In this study, Stenotrophomonas maltophilia, a Gram nega-
tive, obligate aerobic bacterium was investigated for its metal 
removal potential in multi-metal solutions. As compared to 
other organisms, this bacterium is less conspicuous for metal 
removal activities. This isolate is ubiquitous in the environ-
ment and was isolated from a river sediment sample in Pen-
chala River, Malaysia. S. maltophilia has been found to tolerate 
and remove Cu2+, Pb2+ and Cd2+ in single metal solutions 
[15,16] therefore in this study, the efficacy of S. maltophilia 
in removing metals from multi-metal solutions was further 
investigated. This approach is more reliable as multi-metals 
are often present in natural environments instead of sin-
gle-metal. Furthermore, multi-metal solutions in this study 
mimic wastewaters and provide an insight on the biosorp-
tion efficacy of S. maltophilia in the presence of various met-
als. The influence of pH and adsorbent dosages were also 
determined to optimize metal removal in multi-metal solu-
tions. To ascertain the possible kinetic mechanism adopted 
by S. maltophilia in metal removal, kinetic modelling was also 
performed. The functional groups present on S. maltophilia 
were also identified via Attenuated Total Reflectance Fourier 
Transform Infrared (ATR-FTIR) spectroscopy analysis.

2. Materials and methods

2.1. Culture establishment and preparation of single and 
multi-metal solutions

The bacterium S. maltophilia was maintained on Nutrient 
Agar (NA, Merck) at 25 ± 2°C. To generate cell biomass, S. 
maltophilia was inoculated into 250 mL of Nutrient Broth (NB, 
Merck) and incubated (25 ± 2°C, for 3–5 d). The culture was 
then centrifuged (9000 rpm, 7 min), rinsed thrice with sterile 
distilled water and autoclaved (121°C, 20 min). The non-vi-
able cells were dried overnight in an oven (80°C ± 2°C) and 
powdered using pestle and mortar. The powdered S. malto-
philia was sieved using a fine sieve (mesh size of 0.08 cm) and 
was kept in sterile bottles (25 ± 2°C) until further use.

Stock solutions of metal salts (analytical grade of Pb(NO3)2 
(R&M Chemicals), Cu(NO3)2·3H2O (Sigma-Aldrich), 
Zn(NO3)2·6H2O (R&M Chemicals) and Cd(NO3)2·4H2O (Sig-
ma-Alrich)) were prepared separately by dissolving salts in 
Milli-Q water to obtain stock solutions with concentrations 
of 1000 mg L–1. Multi-metal solutions were prepared by mix-
ing each of the individual metal solutions together to give 
rise to mixed-solution with a final concentration of 100 mg 
L–1. The initial pH of metal solutions was adjusted to pH 5 
using 0.1 M HCl and 0.1 M NaOH.

2.2. Metal biosorption in multi-metal solutions

The non-viable S. maltophilia was weighed to 0.1 g and 
added into 15 mL of 100 mg L–1 multi-metal solutions as 

described in section 2.1. Controls were prepared using sin-
gle metal solutions of 100 mg L–1. The mixture was incubated 
(30 ± 2°C, 150 rpm) and sampling was performed at 15, 30, 
60, 120, 240, 360 and 480 min [17]. At each sampling time, 
the solutions were filtered and the collected filtrates were 
analysed using Atomic Absorption Spectroscopy (AAS) 
[Agilent Technologies 240 Series AA] with an air-acetylene 
flame. The current was pre-set at 15mA with wavelengths 
set as follows: 217.0 nm, 324.8 nm, 228.8 nm and 213.9 nm 
for Pb2+, Cu2+, Cd2+ and Zn2+, respectively. Calibration of 
AAS was performed using standard solutions for every set 
of analyses. Amount of metal removed per g of biosorbent 
(mg g–1) (Q) was calculated as follows:

Q C C V mi f= − ⋅[( ) ]/

where Ci: initial metal concentration (mg L–1); Cf: final metal 
concentration (mg L–1); V: total volume of solution (mL); M: 
mass of dried biosorbents (g). 

2.3. Kinetic modeling in single and multi-metal solutions

The biosorption mechanism by S. maltophilia was pre-
dicted using the common pseudo-first and pseudo-second 
kinetic orders.  Kinetic modelling predicts the rate-con-
trolling mechanisms by understanding the adsorption 
pathway. The kinetic models are as follows:

Pseudo-first order kinetics:

log( ) log ( / . )q q q k te t e− = − 1 2 303  (1)

where qe: metal adsorbed at equilibrium determined experi-
mentally (mg g–1); qt: metal adsorbed at particular time (mg 
g–1); k1: rate constant derived from slope; t: time;

Pseudo-second order kinetics:
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where t/qt: contact time divided with adsorption at par-
ticular time; k2: rate constant from y-intercept; qe: metal 
adsorbed at equilibrium determined experimentally from 
equation slope (mg g–1); qt: metal adsorbed at particular 
time (mg g–1) .

2.4. Influence of pH on metal biosorption in multi-metal  
solutions

The influence of pH was tested in multi-metal solutions 
to establish the effect on the metal removal efficacy by S. 
maltophilia. The biomass (0.10 g) of S. maltophilia was added 
into 15 mL of 100 mg L–1 multi-metal solutions and the ini-
tial pH values were adjusted to pH 3, 4, 5, 6 and 7 using 0.1 
M HCl and 0.1 M NaOH. The mixture was then incubated 
(30 ± 2°C, 150 rpm). Sampling was performed for 480 min, 
in which the metal solutions were collected and analysed as 
described in section 2.2.
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2.5. Influence of adsorbent dosages on metal biosorption in 
multi-metal solutions

The biomass of S. maltophilia was prepared according to 
the desired biosorbent dosages of 0.10, 0.50, 1.00 and 1.50 
g. The biosorbent was subsequently added into 15 mL of 
100 mg L–1 multi-metal solutions and incubated (30 ± 2°C, 
150 rpm) [18]. Sampling was performed for 480 min, in 
which the metal solutions were collected and analysed as 
described in section 2.2.  

2.6. ATR-FTIR analysis

S. maltophilia was first oven-dried at 50°C over night. 
The samples were then ground to powder and analyzed 
with FTIR (Thermo Scientific Nicolet 1810) under ambi-
ent condition. The single reflection ATR (Attenuated Total 
Reflection, diamond crystal) spectra (within 4000–400 cm–1) 
were acquired using the FTIR. A total of 16 scans were col-
lected, averaged and the resolution determined (4 cm–1). 
Data were collected within the range of 4000–700 cm–1 to 
eliminate interference. The functional groups indicated by 
the peaks in the spectra were then identified.

2.7. Statistical analysis

All assessments were performed in triplicates and 
repeated once. Data collected were analysed with ANOVA 
and means compared using Tukey’s Standardized Range 
Test at p < 0.05. Analysis was performed using the Statistical 
Package for the Social Sciences (SPSS) version 20.0.

3. Results and Ddiscussion

3.1. Metal biosorption in multi-metal solutions

The efficacy of metal biosorption by S. maltophilia was 
lower in multi-metal solutions compared to single-metal 
solutions. In multi-metal solutions, 8.05, 5.60, 1.61, 1.27 mg 
g–1 was removed for Pb2+, Cu2+, Cd2+ and Zn2+, respectively 
(Fig. 1). These were significantly lower than the amount 
removed in single-metal solutions, which were 70.89, 27.04, 
17.01 and 7.85 mg g–1 for Pb2+, Cu2+, Cd2+ and Zn2+, respec-
tively (Fig. 1). In both the single- and multi-metal solutions, 
the most preferred metal uptake was Pb2+, followed by Cu2+. 
There was however, no clear preference for Cd2+ or Zn2+ in 
multi-metal solutions, despite the higher uptake of Cd2+ 
than Zn2+ in single-metal solutions.

The biosorption efficacy by S. maltophilia in multi-metal 
solutions was clearly inferior to biosorption in single-metal 
solutions. This may be due to the interference and competi-
tion among the metal cations to bind to S. maltophilia. Poorer 
removals of metals in multi-metal solutions have also been 
reported with other biosorbents such as fungus, algae as 
well as perennial plants [19–21]. Although the biosorption 
in multi-metal solutions was inferior to single-metal solu-
tions, the metal uptake trend was rather similar with Pb2+ > 
Cu2+ and followed by either Cd2+ or Zn2+. Other biosorbents 
such as seeds, algae, cyanobacteria and seeds also showed 
such trend of preferred cationic removal [22,23]. This is 
attributed to the inherent nature of the cations. Ionic radius, 

one of the cationic properties, affects the ease of cations to 
bind to functional groups [24]. Pb2+ which was the most 
easily adsorbed (and in large amount) ion in this study has 
larger size (1.19Å) than Cu2+ and Cd2+ (0.73Å and 0.97Å, 
respectively). This suggests a correlation between ionic size 
and the tendency of adsorption. In addition, adsorption 
also depends on the mass of cations and their electroneg-
ativity [25]. Smaller cations are easily displaced by larger 
ions due to their lighter weight [26,27]. In this study, the 
highest removal in single- and multi-metal solutions was 
for Pb2+ which is the heaviest, with 207.20 atomic mass per 
unit (a.m.u.). This was followed by Cu2+ and Cd2+ with 63.55 
and 112.41 a.m.u., respectively. The inherent nature of the 
cations therefore contributes to the biosorption trend, with 
higher uptake of Pb2+ and Cu2+ than Zn2+ and Cd2+.

Sorption equilibrium was achieved for most metals 
after 360 min (Fig. 2). Increase in metal adsorbed thereafter 
(at 480 min) was not significantly different, as observed for 
Pb2+ and Cu2+ in multi-metal solutions, and Pb2+ and Zn2+ 
in single-metal solutions. On the contrary, the removal of 
Zn2+ continued to increase in multi-metal solutions, as well 
as the biosorption of Cu2+ in single-metal solutions. Bio-
sorption of Cd2+ continued to increase and did not achieve 
equilibrium in both single and multi-metal solutions (at 480 
min) (Fig. 2). 

3.2. Kinetic modelling in single and multi-metal solutions

Kinetic modelling was performed to assess the biosorp-
tion mechanism by S. maltophilia for metals which achieved 
equilibrium: Pb2+ and Cu2+ in multi-metal solutions, and 
Pb2+ and Zn2+ in single metal solutions. Comparing the R2 of 
pseudo-first and pseudo-second orders, pseudo-first orders 
generated lower values (0.83–0.97) than pseudo-second 
orders (0.89–1.00) (Table 1) hence revealing that biosorption 
performed by S. maltophilia complied with  pseudo-second 
order. This was consistently calculated in both metal solu-
tions with R2 = 0.98 for both biosorption of Pb2+ and Cu2+ 

in multi-metal solutions. In single-metal solutions, the R2 

Fig. 1. Means of metal removed by S. maltophilia in single and 
multi-metal solutions. Means with the same letters within the 
same type of metal are not significantly different (p <0.05).
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value was higher for the removal of Pb2+ (R2 =1.00) com-
pared to Zn2+ (R2 = 0.89) (Table 1). The compliance to pseu-
do-second order was further validated when the amount 
of metal cations removed experimentally (qeqex) was sim-
ilar to the amount estimated from pseudo-second order 
kinetic (qeq) (Table 1). On the contrary, the amount of metal 
estimated from pseudo-first order varies greatly from the 
experimental readings. A difference of 6-fold was obtained 
using pseudo-first order hence the non-suitability of this 
kinetic model for the biosorption of S. maltophilia. Compar-

atively, only 1-fold difference between the qeqex and qeq was 
obtained using pseudo-second order. These further con-
firmed the biosorption compliant to pseudo-second order 
model. In terms of speed, the adsorption process was rapid 
with the calculated rate constant, k, of pseudo-second order 
kinetic model ranging from 0.03–13.12 g mg–1 min–1 (Table 
1). The adsorption process was however affected in multi-
metal solution as observed for Pb2+, with the lower rate con-
stant of 0.05 g mg–1 min–1 in multi-metal solution than the 
13.12 g mg–1 min–1 in single metal solution. 

Compliance to pseudo-second order kinetic by S. malto-
philia in Cu2+ and Pb2+ has also been reported by [16] and 
[28]. This suggests that S. maltophilia adsorbed metal cations 
via chemisorptions. In the rate-limiting process, sharing 
and exchanging of electrons occurs [17,29]. On the con-
trary, pseudo-first order kinetic suggests a resisting external 
force occurring in the beginning of biosorption [29]. Com-
paring the two common pseudo-first and pseudo-second 
order, compliance to pseudo-second order is more typical 
for microbial biosorbents hence the expected compliance of 
S. maltophilia to pseudo-second order in single- and multi-
metal solutions.

3.3. Influence of pH on metal biosorption in multi-metal  
solutions

The influence of pH on metal biosorption in multi-metal 
solutions was not as expected, as the curve obtained was 
not a typical normal distribution “bell-curve” plot. Under 
the influence of acidic conditions (pH 3–6), biosorption 
activities were weak compared to pH 7 (Fig. 3). In fact, in 
solutions with the neutral pH 7, a significant increase in 
biosorption for all metals was observed, ranging from 3.26 
mg g–1 to 12.28 mg g–1 (Fig. 3). It is concluded that pH 3 neg-
atively influences the biosorption activities by S. maltophilia 
as the removal of Pb2+, Cu2+, Cd2+ and Zn2+ was the lowest 
with 5.68, 3.74, 1.07 and 0.77 mg g–1, respectively (Fig. 3). At 
pH 4, significant improvements in metal biosorption were 
observed (Fig. 3). The different pH conditions however did 
not influence metal preference as the trend of metal uptake 
preference remains the same with Pb2+ > Cu2+ > Cd2+ = Zn2+.

The optimum pH for S. maltophilia to perform biosorp-
tion was at pH 7, suitable for most biosorbents especially 
bacteria and fungi [30,31]. pH plays an important role in bio-
sorption as it determines the amount of hydrogen ions pres-
ent, which influences metal solubility and surface charges 
of biosorbent [32]. Hydrogen ions are naturally bound to 

Fig. 2. Metal biosorption by S. maltophilia in (A) single and (B) 
multi-metal solutions. Means with the same letters are not sig-
nificantly different (p < 0.05).

Table 1
Pseudo-first and pseudo-second order kinetics for the removal of Pb2+, Zn2+ and Cu2+ by S. maltophilia, for metals with biosorption 
processes which reached equilibrium in single and multi-metal solutions (after 480 min)

Metal 
cations

Experimental  
qeqex (mg g–1)

Pseudo-first order Pseudo-second order

k1 (min–1) qeq (mg g–1) R2 k2 (g mg–1 min–1) qeq (mg g–1) R2

Single metal 
solutions

Pb2+ 11.37 0.01 6.02 0.92 13.12 11.33 1.00
Zn2+ 1.73 0.04 10.20 0.86 0.04 2.39 0.89

Multi-metal 
solutions

Pb2+ 1.80 0.02 2.93 0.97 0.05 2.24 0.98
Cu2+ 1.20 0.03 1.62 0.83 0.03 1.32 0.98
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functional groups but become displaced and replaced 
by metal cations in the presence of those metals. pH also 
affects the solubility of metals in terms of metal speciation. 
With the increase in pH, the solubility of metals decreases 
resulting in the precipitation of hydroxides [33]. Despite the 
observed precipitation of metals in this study, particularly 
at pH 7, it was negligible. This suggests the effect of the 
complex environment towards metals in real wastewater. 
Additionally, pH also has an effect on the ionization state 
of functional groups. With an increase in pH, deprotona-
tion occurs, resulting in more negatively-charged surface of 
S. maltophilia. This further encourages the binding of metal 
cations. Carboxyl (–COOH), for example, becomes depro-
tonated at pH higher than 4, heightening cationic attraction 
while simultaneously repelling negatively-charged anions 
[34].

3.4. Influence of adsorbent dosages on metal biosorption in 
multi-metal solutions

Adsorbent dosages appeared to have no specific influ-
ence on the biosorption efficacy of S. maltophilia towards the 
various metals tested, although the biosorption trend sug-
gested slightly higher metal removal when lower adsorbent 

dosages (0.10–0.50 g) were used. Pb2+ (8.71 mg g–1 by 0.10 g 
biosorbent), Cu2+ (5.09 mg g–1 by 0.10 g biosorbent) and Zn2+ 
(2.30 mg g–1 by 0.50 g biosorbent) removal was effectively 
achieved with the use of 0.10–0.50 g biosorbent (Table 2). On 
the contrary, Cd2+ removal (8.04 mg g–1) was the most effi-
cient with 1.50 g of biosorbent. The various adsorbent dos-
ages used also resulted in various trends of metal uptake. 
With 0.10 g biosorbent, the metal preference uptake trend 
was Pb2+ > Cu2+ > Cd2+ > Zn2+. Usage of S. maltophilia at 0.50 
and 1.50 g showed differing metal preference uptake trend 
with Cd2+ > Pb2+ > Zn2+ > Cu2+; and with 1.00 g S. maltophilia 
used, the trend was Cd2+ > Zn2+ > Pb2+ > Cu2+ (Table 2).

The non-specific influence towards biosorption in terms 
of adsorbent dosages could be attributed to the aggregation 
of biosorbents observed, similarly reported by [35] and [36]. 
Aggregation or “lump-formation” largely relies on the size 
of the biosorbents [37]. The finer the biosorbents (powder 
form in this study), the higher the possibility of aggregation. 
The aggregation caused the surface area of S. maltophilia to 
become either more adequate or limited for the binding of a 
particular metal in the multi-metal solutions. This indirectly 
affects the diffusional path length [37]. Taking 0.10 g of S. 
maltophilia for example (uptake trend of Pb2+ > Cu2+ > Cd2+ 

> Zn2+), it was possible that more Pb2+ binding sites were 
exposed while the binding sites for Cd2+ were covered. The 
diffusional path length decreased for Pb2+ while increased 
for Cd2+ hence the higher removal of Pb2+ than Cd2+. How-
ever, the uptake preference reversed when 0.50 and 1.50 g of 
S. maltophilia were used instead (uptake trend of Cd2+ > Pb2+ 

> Zn2+ > Cu2+). This was attributed to possibly more binding 
sites for Cd2+ which subsequently decreased the diffusional 
path length. The non-specific removal trend revealed in this 
study had proven that multi-metal solutions are more com-
plex than single-metal solutions in terms of adsorbent dos-
ages, depending on the metal cations and their interaction 
with the type of biosorbents used.  

3.5. ATR-FTIR analysis

ATR-FTIR spectra showed eight prominent peaks at 
wavenumbers 3265.88, 2924.87, 1633.36, 1519.94, 1455.20, 
1393.04, 1223.66 and 1065.54 cm–1 (Table 3, Fig. 4). This 
affirms the heterogeniety of the surface of S. maltophilia. The 
presence of hydroxyl (–OH) and amine (–NH2) functional 
groups were concluded based on the detection of peaks at 
3265.88 cm–1. Hydroxyl (–OH) and amine (–NH2) groups are 
commonly associated with alcohols, phenols and proteins, 

Fig. 3. Biosorption capacities of S. maltophilia in removing Pb2+, 
Cu2+, Zn2+, Cd2+ in multi-metal solutions at different initial pH 
conditions. Values are means of triplicates. Error bars indicate 
standard deviations of means. Means with the same letters are 
not significantly different (p < 0.05).

Table 2
Influence of adsorbent dosages of S. maltophilia on metal removal in multi-metal solutions. Values are means of triplicates (±standard 
deviations). Means with the same letters for each within the tested metal are not significantly different (probability values set at 
<0.05)

Adsorbent  
dosages (g)

Biosorption (mg g–1)

Pb Cu Cd Zn

0.10 8.712 ± 0.701a 5.086 ± 0.011a 1.486 ± 0.002c 1.182 ± 0.045c

0.50 2.328 ± 0.027c 2.016 ± 0.052b 2.507 ± 0.015b 2.301 ± 0.060a

1.00 1.111 ±0.018d 0.702 ± 0.000c 1.246 ± 0.007d 1.175 ± 0.021c

1.50 6.492 ± 0.130b 1.883 ± 0.093b 8.040 ± 0.000a 2.146± 0.000b
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which are abundant in the cell wall structure of a typical 
bacterium. Alkene (–C=C–) and carbonyl (C=O) groups, 
attributed to aldehydes or ketones, respectively in the bac-
terium, were also from visible peaks at 1633.36 cm–1. In 
addition, detection of peaks at 2924.87, 1393.04 and 1455.20 
cm–1 suggested presence of methyl (–CH3) groups from ali-
phatic acids, while peaks at 1519.94 cm–1 revealed the exis-
tence of aromatic carbon (C=C) and nitro (NO2). Another 
key functional group, carboxyl (–COOH), was also found 
in S. maltophilia with peaks detected at 1223.66 and 1065.54 
cm–1, which may be contributed by alcohols, ethers, carbox-
ylic acids and esters in the bacterium (Table 3, Fig. 4).

The identification of functional groups present on S. 
maltophilia sheds light on their involvement in binding of 
metals to cell surface. Most functional groups identified 

are oxygen rich radicals such as hydroxyl (–OH) and car-
bonyl (C=O). Apart from oxygen, nitrogen-rich functional 
groups were also identified. These functional groups are 
usually regarded as the primary metal binding sites for 
metal cations including Cu2+, Cd2+, Pb2+, Zn2+. These func-
tional groups may have regulated the sorption mechanism, 
complying with pseudo-second order kinetic compared to 
pseudo-first order.

4. Conclusion

This study demonstrated that firstly, the bacterium 
S. maltophilia as a biosorbent, was able to remove metals 
from both single- and multi-metal solutions. The biosorp-
tion of metal cations by S. maltophilia in single and multi-
metal solutions was promising despite its lower efficacy 
in multi-metal solutions. In both the single and multi-
metal solutions, the trend of metal removed was Pb2+ > 
Cu2+ followed by either Cd2+ or Zn2+. In terms of pH and 
adsorbent dosages, the optimization of these factors is 
important. This study, vastly differing from single-metal 
studies, have shown that pH 7 with no specific trend of 
adsorbent dosages (recommended dosage at 0.10–0.50 g) 
were the optimum conditions for biosorption in multi-
metal solutions.
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