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Copper and zinc adsorption from bacterial biomass - possibility of low-cost
industrial wastewater treatment
Diego Armando Santos Alves, Amilton Barbosa Botelho Junior , Denise Crocce Romano Espinosa ,
Jorge Alberto Soares Tenório and Marcela dos Passos Galluzzi Baltazar

Department of Chemical Engineering, Polytechnic School, University of Sao Paulo, São Paulo, Brazil

ABSTRACT
The increasing interest of all stakeholders to achieve environmental protection with
socioeconomic development puts pressure on industrial processes for less negative impact on
the environment. The use of biomass for wastewater treatment has increased due to its low
costs and technical feasibility. The present study aimed the use of biomass from a waste of
known polluted area for the adsorption of Zn and Cu in a fixed-bed reactor. Samples were
collected in Cubatão (Brazil) and cultivated in LB medium. Resulting cultivable bacterial
communities were identified as Enterococcus faecalis and Pseudomonas aeruginosa. Adsorption
experiments were performed varying the metallic ion concentration and the amount of
biomass. Adsorption experiments showed efficiency rates up to 90%. As the concentration of
metallic ions increased, the adsorption efficiency decreased, indicating that the active sites were
saturated. Activated charcoal demonstrated lower adsorption rates than biomass. Elution
process showed that HNO3 had better efficiency than HCl. Zn adsorption fitted better for
Lineweaver–Burk model (Qmax = 200 mg/g of biomass), while Cu adsorption fitted better for
Langmuir model (Qmax= 164 mg/g of biomass). Results here demonstrated that the adsorption
of Zn and Cu simulating an industrial wastewater by the biomass from a contaminated area is
technically feasible.
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1. Introduction

The increase in environmental concerns and climate
changes put pressure on industries and their stake-
holders to develop a sustainable society. For this

reason, the United Nations launched in 2015 the 17 Sus-
tainable Development Goals (U.N. SDGs) to be achieved
in 2030. Guidelines for action on social inclusion,
environmental sustainability, and economic
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development were included – no poverty and hunger,
education, gender quality, sanitation, clean water and
energy, decent work related to economic growth and
inequalities reduction, industrial innovations, sustain-
able city and responsible consumption, life on land
and below water, justice and international partnership
[1–4].

Despite the several efforts, the pollution by metallic
species from industrial activities, such as mining and
electroplating, is still a crucial concern considering the
negative impacts on the environment and human
health [5–9]. Copper, zinc, cobalt, and nickel are a few
examples of metals widely used in our daily life, mainly
in electroplating industries [9,10]. Many techniques
have been applied for wastewater treatment to
remove/recover metallic ions, such as ion exchange
resins [11], precipitation [12], zeolites [9], nanomaterials
[13,14] and biosorbents [15,16].

In the case of biosorbents, biotechnology is focused
on microorganism abilities for metallic ions adsorption
from contaminated effluents. The literature has demon-
strated the high capacity of such material for wastewater
treatment compared to commercial sorbents [17]. Fur-
thermore, these microorganisms can be obtained from
different sources, such as mining [18].

Different biomass can be used, such as algae [19],
yeasts [20], microalgae [17], fungi [21], and bacteria
[10], and both dead or living cells are capable of adsorb-
ing metallic ions [15]. As a result, the wastewater treat-
ment using biomass saves energy and costs, minimizes
chemical sludge volumes, highly selective and efficient
rates, even in low concentrations. By the same token,
water can be reused after the removal of metallic ions,
declining its consumption and the pressure on the
environment [20,22]. After the adsorption process, it is
possible to obtain the metals from the biomass, allowing
obtaining two streams: water treated and metallic ions
with important value.

The present study has as a novelty the use of bacterial
biomass obtained from a contaminated area (Cubatão –
SP – BR) for metallic ions adsorption, demonstrating that
it is possible to have a low-cost material for industrial
wastewater treatment. The city is known by the variable
industries that historically impacted air, water, and soils
through industrial pollution from their activities and
environmental negligence. All these factors were impor-
tant to determine the local for sample withdrawal.

The bacteria presented in the sample were isolated
and identified by the MALDI-TOF technique. The micro-
organism was grown in LB culture medium and further
submitted to the lyophilization process. Adsorption
experiments were carried out on a fixed-bed column
using lyophilized biomass. It was evaluated the

adsorption capacity of zinc (Zn) and copper (Cu) simulat-
ing an industrial wastewater. Both contaminants are
widely presented in waste water of electroplating pro-
cesses [23–26]. Activated charcoal was tested to
compare with the lyophilized biomass. Adsorption iso-
therms were applied to determine the behaviour of
the adsorption phenomenon. At some degree, the
subject of the present study addressed here strongly lin-
kages with specifically targets 6.3, 8.4, 9.4 and 12.4 of the
SDGs [1]. To the best of our knowledge, no study in the
literature has correlated it with wastewater treatment
using microbial biomass from a contaminated area.

2. Materials and methods

2.1. Materials

2.1.1. Collecting soil samples
Samples were withdrawal from Cubatão city (São Paulo –
Brazil) in the area of the Environment Research Center
(CEPEMA – University of Sao Paulo) – 23°53’13”S 46°
26’15”W. Figure S1 shows the sample collection point.
Two samples were collected in March/2017; about 80 g
of soil was collected after digging 10 cm deep and
stored in a cold chamber at 4°C [27].

2.1.2. Biomass preparation
The microbial cultivation was carried out using 5 g of the
soil collected in 150 mL of Erlenmeyer flasks with 100 mL
of LB medium (Lysogeny Broth) composed of 10 g/L
peptone, 5 g/L yeast extract, and 10 g/L NaCl [10]. The
microorganisms were kept under constant agitation on
an orbital shaker at 180 pm, at 28 ± 2°C for 48 h for the
biological growth.

Then, a volume of 20 mL of culture sample was added
into 1L of Erlenmeyer flask with 700 mL of LB medium
for subculture, repeated until the amount of biomass
for the experiments. Samples were stored in Eppendorf
microtubes at −80̊C. After the growth phase, the
culture sample was collected and centrifuged at
10,000 rpm (HITACHI CR 22N – 16800 RCF) for 5 min.
The solid phase was washed with 0.9% NaCl solution
and further stored at −20̊C.

The resulting biomass was prepared following the
steps of lyophilization, comminution, and autoclaving.
First, the biomass was stored at −80̊C for 48 h, the
sample was exposed to the lyophilization process for
72 h (Liobrás LioTop – L101) at −60°C and <500mmHg.
After comminuting using mortar and pistil, the
biomass was autoclaved at 121°C for 20 min. Before
the fixed-bed experiments, the material was dried at
105̊C for 24 h.
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2.1.3. Characterization of biomass
The bacteria isolation was carried out using the samples
collected during the microorganism’s growth, as
described by Avanzi et al. [18]. To sum up, samples
were added in Petri dishes previously prepared with
agar autoclaved for 120 min at 121°C for incubation in
an oven for 48 h at 37°C. Using sterile plastic rods,
samples of these colonies were collected and deposited
in a new conical flask with culture medium for growth of
this target colony, for a new growth cycle at 180 rpm, 28°
C for 48 h. The procedure was repeated until achieving a
homogeneous colony [18].

So, samples were taken and transferred to the
polished steel target plates followed by the addition of
1μL of α-cyano-4-hydroxycinnamic acid in saturated sol-
ution with 50% acetonitrile and 2.5% trifluoroacetic acid
(TFA). The analyses were carried out in triplicate in
MALDI-TOF equipment (Bruker Daltonics, Microflex LT
model). The spectra were evaluated in Biotyper 3.0 soft-
ware compared with a reference database spectra from
FlexControl 3.0 software. The classification is based on
scores that express the reliability of identification that
ranges from 0 to 3, where values less than 1.55 are con-
sidered as low identification profile with the reference of
the spectrum library. Scores ranging from 1.55–1.9 indi-
cate compatibility with the genus. Values greater than
1.9 are considered reliable identification for the species.

SEM (Phenom equipment, proX model) analyses were
carried to evaluate the morphology of the biomass. FT-IR
(Bruker Tensor 27 IR equipment) analyses were carried to
identify the molecular bonds involved in the metallic
adsorption through the samples’ absorbance spectra
from the stage before and after adsorption/elution
experiments.

2.2. Methodology

2.2.1. Synthetic solutions
Monoelementary solutions were prepared using sulfate
salts of Zn (ZnSO4.7H2O) and Cu (CuSO4.5H2O) in ultra-
pure water. Solutions in different were prepared for
the experiments (10, 25, 50, 75, 100, 125, 150 mg/L e
175 mg/L). During the experiments, the pH was main-
tained at 5.4 using HCl or NaOH 1 mol/L, avoiding Zn
and Cu precipitation [28,29]. The experimental error
was calculated by repeating experiments, and the
values were lower than 5% [3,10,30].

2.2.2. Biomass experiments
Adsorption experiments were carried out in fixed-bed
columns with 25 cm of high, 5 cm outside diameter,
and 2 cm inside diameter. In each experiment, the

columns were first loaded with 60 glass spheres of
4 mm in diameter so that there was greater porosity in
the passage bed and a better contact surface. Then,
the pre-defined quantity of biomass was loaded into
the column. Thereby, the solution was fed (20 mL) into
the column upflow using the peristaltic pump with a
constant flow of 2.5 mL/min at 25°C. Samples before
and after biomass adsorption were analyzed in ICP-OES
(Varian 720-ES model). Equation 1 was used to calculate
the percentage of metallic ions adsorbed, where %S is
the percentage of ions adsorbed and C0 and Ce are ion
concentration at the beginning and in the equilibrium
(mg/L), respectively [11].

%S = C0 − Ce
C0

× 100% (1)

In the present study, the column’s amount of biomass
was studied: 1, 0.8, and 0.5 g. The metallic ion concen-
tration was also evaluated, ranging from 10 mg/L to
175 mg/L for solutions containing Zn and from 10 mg/
L to 150 mg/L for solutions containing Cu, concen-
trations at which saturation was reached for metals.

After adsorption experiments, the elution step was
evaluated using an acid solution to recover Zn and Cu
adsorbed by the biomass at a constant 2.5 mL/min
flow. HCl 0.2M and HNO3 0.2M were studied for both
metallic ions. The solution during the elution process
was analyzed in ICP-OES.

2.2.3. Activated charcoal
Activated charcoal was used to compare biomass since it
is used for the industrial wastewater treatment, as most
usual and accessible commercial adsorbent. The
material used was of high purity without any chemical
or thermal treatment before the adsorption experiment.
The experiments were carried out as well as biomass
experiments. Samples were analyzed in ICP-OES.

2.3. Adsorption isotherms

Five different adsorption models were tested: Langmuir,
Freundlich, Lineweaver–Burk, Eadie-Hofstee, and Scatch-
ard. The isotherms and the linear equations are pre-
sented in Table S1. Langmuir isotherm was developed
to represent the chemisorption for a homogeneous
surface. As there is a limited number of sites, the adsorp-
tion rate increases proportionally with the solute con-
centration. It maintains a constant value when close to
the maximum number of available sites. The equilibrium
condition is reached where desorption and adsorption
rate in the system equalize and stabilize, andmonolayers
are formed [31].
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Lineweaver–Burk, Eadie-Hofstee, and Scatchard are
different linear equations of the Langmuir model.
These linear regressions result in different parameter
estimates depending on which of the linearized forms
the results are adjusted since each of these variations
changes the original error distribution order. Such
equations from the Langmuir isotherm are important
to describe the behaviour of the bonds [32–34].

The Freundlich model is an empirical equation that
assumes an almost infinite number of adsorption sites
due to a heterogeneous surface in terms of adsorptive
energies. In response to the numerous sites, it is
adopted in this model that the ions are infinitely accu-
mulated on the adsorbent’s surface, forming multilayers
of adsorption [35].

As presented in Table S1, KL is the Langmuir constant
(L/mg), Ce is ion concentration in the equilibrium (mg/L)
as presented in Equation 1, qe is the amount of solute
adsorbed in equilibrium (mg/g) calculated as expressed
in Equation 2, Qmax is the maximum capacity of ions
adsorbed per mass of adsorbent (mg/g), and KF is the
Freundlich constant (L/mg) [11].

qe = (Ce − C0). V
mr

(2)

3. Results and discussion

3.1. Biomass identification from an area polluted
by industrial activity

The isolated strain from the area known for pollution
caused by industrial activities was identified by MALDI-
TOF mass spectrometry using the Biotyper 3.0 software.
Two different bacteria were isolated (Figure S2), and the
analyzes indicated the presence of the following micro-
organism: Enterococcus faecalis (Figure S2A) e Pseudo-
monas aeruginosa (Figure S2B).

The MALDI-TOF spectra acquired from the strain
obtained a score of 2.24 for Enterococcus faecalis and
2.17 for Pseudomonas aeruginosa from the database,
indicating reliability in determining the species analyzed
according to the manufacturer. Figure S3b shows the
morphology of the biomass after lyophilization and
comminution used in the adsorption experiments. It is
possible to see the irregular and porous surface (high-
lighted in the SEM images) as well as regular surfaces.
This fact is important for adsorption experiments, since
the porous surface increases the contact surface and,
consequently, the adsorption capacity [31].

Enterococcus faecalis is a gram-positive bacterium
present in rainwater, soil, and mammals’ intestines. It is
pathogenic and causes infections and diarrhea in a

weakened organism. In water bodies, these species are
considered indicator bacteria for the level of contami-
nation and E. coli and are resistant to environmental vari-
ations and some drugs [36]. Pseudomonas aeruginosa, on
the other hand, is a gram-negative bacterium present
mainly in soils. It is an opportunistic microorganism
that causes infections in the respiratory system and is
the main cause of ear infection [37].

Both bacteria are abundant in the environment, easily
adapt and have the characteristic of producing biofilm
and were used in studies of adsorption of metals. The
presence of peptidoglycans in the cell membrane
makes the metallic ions recovery possible [37].

3.2. Adsorption and elution experiments

3.2.1. Adsorption efficiency
Experiments were performed at 25°C and pH 5.4 in fixed-
bed columns with 25 cm of high, 5 cm outside diameter,
and 2 cm inside diameter. A volume of 20 mL of the sol-
ution with metallic ions was fed into the column at 2.5
mL/min. The concentration of metallic ions was
studied from 10 ppm to 150 ppm (Cu) and 175 ppm
(Zn). Figure 1 shows Zn adsorption’s efficiency by the
biomass and its capacity varying the metallic ions con-
centration for each amount of biomass.

Figure 1. (a) adsorption efficiency and (b) adsorption capacity
varying the initial Zn concentration for each amount of
biomass (0.5, 0.8, and 1.0 g).
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As the Zn concentration increases, the adsorption
efficiency decreased independent of the amount of
biomass, suggesting that the amount of available
active sites is being occupied and the supply of these
sites does not keep up with the increased demand for
free ions in the solution [38]. Between 10 – 75 mg/L,
the adsorption efficiency remained over 82%, indicating
the maximum Zn adsorption by the biomass. The
biomass was capable to remove up to 80% of Zn ions
until 100 mg/L, and then declined due to saturation of
active sites. Experiments carried out at 175 mg/L
(Figure 1a) demonstrated that the Zn adsorption was
higher for 1 g of biomass than 0.5 g or 0.8g.

As observed in Figure 1b, the adsorption follows the
availability of sites for the occupation of the solution
ions, and the adsorption capacity increased until it
reaches the plateau around 125 – 175 mg/L, demon-
strating the active sites were saturated. Since the
amount of metal in the solution increases, the
number of active sites remains unchanged, giving evi-
dence of the adsorption process’s behaviour with
finite sites.

Bhattacharya et al. [39] reported such behaviour,
where different adsorbent materials – as rice husk ash,
activated alumina, and clarified sludge – were tested
for Zn removal varying concentration from 3 to 50 mg/
L. The authors claimed that the increase in the ratio
between the initial metallic concentration and the
amount of adsorbent causes the energetic sites to satu-
rate, leaving low attraction energy sites resulting in a
decrease in the removal efficiency [39].

The data for Cu adsorption is presented in Figure 2.
The adsorption efficiency of Cu was lower than Zn,
were achieved 83%, 75%, and 71% in experiments
carried out at 10 mg/L using 1, 0.8, and 0.5 g of
biomass (Figure 2a), and decreased as the Cu concen-
tration increases. As observed in Zn experiments, the
use of 1 g of biomass resulted in higher metallic ions
adsorption. Figure 2b showed that the increase in met-
allic ions concentration increased the adsorption
capacity, as the number of activity sites increased, and
reached the plateau in Cu concentration of 125 mg/L,
indicating the activity sites were saturated. According
to the literature, it occurs due to a possible dissimulative
effect that resembles the affinity between adsorbent/
adsorbate, but which is caused by the variation in con-
centration (diffusion gradient) [40,41].

The adsorption efficiency in the experiment per-
formed with 25 mg/L of Cu and 1 g of biomass was
81%, and the adsorption capacity was 20 mg Cu/g
biomass. However, when at an initial concentration of
125 mg/L and the same mass of adsorbent, the values
of metallic ions removal and adsorption capacity were

65% and 81 mg of Cu/g biomass, respectively, due to
the diffusion gradient effect as aforementioned [40,41].

3.2.2. Elution experiments
The desorption of metallic ions was performed using
HNO3 and HCl 0.2M. Figure S4 shows the elution
efficiency from the biomass after adsorption of Zn (a)
and Cu (b) by HCl and HNO3. The highest desorption
rates were obtained by HNO3 – up to 95% for Zn and
83% for Cu.

Moreover, the difference between HCl and HNO3 is
clearly observed for Zn concentrations above 50 mg/L.
HNO3 elution achieved the plateau at 100 mg/L of Zn
for all biomass amounts, while HCl elution kept declining
as the metallic ion concentration increased, achieving
efficiencies lower than 53%. It corroborates with FT-IR
analysis data.

HNO3 acid solution acts in the electromagnetism of
the active sites releasing H+ ions in the solution, weaken-
ing the attraction force between metal and the biomass
as the competition for active sites increases to causing
oxidation of the molecules available on the surface of
the adsorbent material. These aspects help to remove
the metal adsorbed on the biomaterial [32].

Also, the elution experiment carried out using HCl for
1 g of biomass achieved similar rates of HNO3 in compari-
son with 0.8 and 0.5 g, in experiments performed using
10-50 mg/L of Zn and in all Cu concentrations. It occurs
because the highest amount of adsorbent increases the
number of activity sites, resulting in metals’ greater

Figure 2. (a) adsorption efficiency and (b) adsorption capacity
varying the initial Cu concentration for each amount of
biomass (0.5, 0.8, and 1.0 g).
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adsorption. However, in Zn concentrations above 50 mg/
L, HCl achieved lower efficiencies than HNO3.

3.2.3. FT-IR analysis of the biomass in adsorption
The FT-IR spectra of biomass before and after Zn and Cu
adsorption and elution by 0.2M HCl and HNO3 identified
the peaks: 500cm−1, 1080cm−1, 1250cm−1, 1350cm−1,
1400cm−1, 1540cm−1, 1640cm−1, and 3300cm−1. The
associated absorption band frequencies and functional
groups are presented in the Supporting Material.

There are amines, carboxylic acids, and phosphates in
the biomass, compounds that are part of the compo-
sition of proteins and polysaccharides [42]. Peaks in
the 500cm−1 region indicate the presence of sulfur mol-
ecules and a trace of the polysaccharides’ CH2 vibration,
whereas the peaks of 1080cm−1 and 3300cm−1 suggest
the vibration of species with hydroxyls present in alco-
hols and acids carboxylic acids [43]. Usual in vibrations
of functional groups such as ketones and carboxylic
acids are detectable in the peaks located in 1250cm−1

and 1640cm−1 present in the sample spectrum, already
peaks in regions of 1500-1600cm−1 indicate amines (pro-
teins and peptides) [42].

The FT-IR data for Zn adsorption showed that the
polysaccharides and phosphates (500cm−1), carbon-
chain (1350cm−1), amines (1540cm−1 and 3300cm−1),
the carboxylic acid (1640cm−1), and alcohol
(3300cm−1) might be the main chemical species
involved in the metal adsorption phenomenon. For Cu
adsorption, it was also observed the involvement of
phosphodiesters (1400cm−1) in ions adsorption.

The presence of polysaccharides and vibrations of
hydrocarbons, in addition to the formation of the
characteristic peaks of hydroxyls, carbonyls, amines,
and carboxyls, correspond to those present in biopoly-
mers, which are part of cell walls, such as saccharides
and peptides (cellulose, lignin, and pectin) [44]. It is poss-
ible to notice that there are indications of higher
vibrations of these species before adsorption than the
spectrum after the adsorptive activity.

The elution data suggest that the metallic ions eluted
and that the molecular vibrations at the active sites have
returned to the initial state [42]. After elution in Zn
adsorption, the FT-IR spectra show the same peaks of
raw biomass for HNO3, while biomass after HCl elution
indicates changes in absorbance in the range of
1080cm−1 to 1640cm−1. For FT-IR spectra after elution
in Cu adsorption, it was observed a difference in absor-
bance at 1350cm−1 using HNO3 and at 500cm−1 and
3300cm−1 using both acids.

As a result, FT-IR analysis concludes that HNO3 is the
best eluting agent compared to HCl for Zn and Cu
removal from the biomass. The data shows that, after

the desorption of Cu and Zn ions, the active sites’ struc-
ture and properties remained stable, even suggesting
reuse of biosorbent in an effective new adsorption
phase. It will help the economic aspect of commercial
application [12]. Zhang and Wang found similar behav-
iour (2015) regenerating an adsorbent material (lignocel-
lulose) using HNO3 0.2M for nickel removal, where the
sorption capacity remained after five sorption-deso-
rption cycles [45]. The same was observed by Perez
et al. (2020) using commercial material [12].

The biomass after HNO3 elution remained the same
peaks of raw biomass, mainly 1540cm−1 and 1640cm−1,
unlike HCl experiments. It shows that the HCl solution
could not elute Zn ions from amines and carboxylic
acid functional groups, indicating a strong link
between these ions and the functional groups. Compar-
ing to the Cu experiments, the opposite was observed.
Both HNO3 and HCl did not elute Cu ions from the phos-
phorus and sulfur (500cm−1) and alcohol/amines
(3300cm−1) functional groups. For this reason, the
elution efficiency rates were pretty much similar.

3.2.4. Comparison of biomass and activated
charcoal on Zn and Cu adsorption
The comparison between biomass and activated char-
coal for Zn and Cu adsorption was carried out to
compare the material here studied with a material
widely used in industrial applications. Figure 3 shows
the adsorption capacity of activated charcoal and
biomass. As the metallic ion concentration increased,
the adsorption capacity also increased.

The biomass achieved better results for Zn adsorption
than charcoal – for the experiment performed using
175 mg/L, the removal rates were 42% and 66% for acti-
vated charcoal and biomass, respectively. In the same
experiment, the final solution after charcoal treatment
had 100 mg/L of Zn, while after biomass treatment, the
concentration was 60 mg/L. It shows that the biomass
is more efficient and sustainable than one of the most

Figure 3. Comparison of activated charcoal and biomass on Zn
and Cu adsorption varying the metallic ion concentration using
1 g of sorbent.
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commercial sorbents for industrial treatment. After
75 mg/L of Zn, the formation of a plateau is observed
for charcoal, formed after 150 mg/L using biomass.

According to Ramos et al. (2002), who achieved a
removal rate of 50 mg of Zn/g of activated carbon at
pH below 7, there is the creation of a repulsion condition
between the coal and the Zn ions, because, with the pH
below from the isoelectric point (equilibrium point of
positive and negative charges between the species
involved in the interaction), it is possible that the cases
of ion retention occurred due to chemical attraction
and not electrostatic attraction [46].

In the case of Cu, activated charcoal achieved better
results than the biomass. For the experiment performed
using 150 mg/L, the removal rates were 68% and 47% for
activated charcoal and biomass, respectively – 48 and
70 mg/L of Cu in the solution treated by these adsor-
bents. The difference between Zn and Cu adsorption
might be explained due to the affinity of activated char-
coal by Cu ions by the functional groups present on the
surface formed during the activation of the material [47].

According to the comparison between biomass from
an area polluted by industrial activity and the commer-
cial sorbent (activated charcoal), it is possible to state
that the biomass may be used for treatment of waste-
water contaminated with metallic ions (Zn and Cu).
Although the adsorption efficiency for Cu was lower
than activated charcoal, the biomass experiments’
results were substantial. Moreover, sustainable rel-
evance would make the biomass even more attractive.

3.3. Isotherms for Zn and Cu adsorption

Langmuir, Lineweaver–Burk, Eadie-Hofstee, Scatchard,
and Freundlich isotherms were studied to comprehend
the adsorption of Zn and Cu onto biomass. The

equations are presented in Table S1. The metallic ion
concentration was varied, and the amount of biomass
was 1 g. Isotherms were plotted and are presented in
Supplementary material.

Results for Zn adsorption indicated that Lineweaver–
Burk isotherm (r² = 0.9955) fits better than Freundlich (r²
= 0.9270). The comparison of isothermal models in a
non-linearized form with empirical data is presented in
Figure S7, where it is clearly demonstrated that the
best fit to the Lineweaver–Burk model and indicating a
possible phenomenon occurring in a monolayer,
where the sites are equally energetic and do not inter-
fere with the neighbouring site. Lin and Lai [48] obtained
similar achievements for Pseudomonas aeruginosa bac-
teria applied for Pb adsorption and regenerated with
0.1M HCl [48]. By the same token, Bhattacharya et al.
[39] found similar results for Zn adsorption using waste
materials where clarified sludge achieved best results
[39]. A few examples from the literature is presented in
Table 1.

The Qmax, according to the Lineweaver–Burk, is
200.3 mg of Zn per gram of biomass. The value of the
coefficient n calculated in the Freundlich model indi-
cates the process’s spontaneity, where this constant
greater than 1 indicates that the process is spontaneous
[49]. The data for Zn adsorption demonstrated that the
process is thermodynamic feasible and, the higher the
initial metallic concentration, the tendency for an irre-
versible process to occur also increases.

This behaviour is due to the intraparticular diffusion
force of ions in the pores of the biosorbent that is pro-
portional to the increase in the concentration of ions
in the solution, forced by the diffusion gradient, a
force resulting from the differential of the concentration
of metal ions in the solution and within the adsorbent.
The force of attraction and desorption is influencing

Table 1. A comparative for Cu and Zn adsorption by different materials/techniques compared with the present study.

Adsorbent material Functional group Time pH
Mass of
material Temperature Isotherm Kinetic model References

Biomass (Cu and Zn) (see Table 2 in
Supporting
material)

Continuous
process

5.4 1.0g 25°C Zn - Lineweaver-
Burk model

Cu – Langmuir
model

– Present
study

Rice husk ash, clarified
sludge, neem bark and
activated alumina (Zn)

Biomass 60min 5.0 1.0g 30°C Langmuir and
Freundlich

First-order
Lagergren

rate

[39]

Biomass (Zn) Pseudomonas
aeruginosa

60min 7.7 10 mL of cell
suspensions

26–30°C Langmuir – [51]

Biomass (Cu) Rhodococcus
erythropolis

20min 6.0 1.0 g/L – Langmuir [10]

Dowex XUS 43605 (Cu) HPPA 120min 1.5 1.0g 25-35°C Langmuir Pseudo-
second order

[52]

Dowex M4195 (Cu) Bispicolylamine 410min 1.3 2.0g – Langmuir Pseudo-
second order

[53]

Lewatit TP 207 (Cu) Iminodiacetate 180min 2.0 1.17g 25°C Langmuir – [49]
Sodium dithionite (Cu) – 45min 0.5 – 25°C – – [12]
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the ions by the ‘biosorbent – solution’ system according
to the concentration of the metallic solution [50].

Their linearized form indicated a better fit of Cu
adsorption results in the Langmuir model (r² = 0.9908).
The data from the experiments are very congruent
with the curves of the Langmuir models. Pérez Silva
et al. [51] studied the microorganism Pseudomonas aer-
uginosa in the biosorption of Cu and Zn, where the
adsorption followed the Langmuir model (Table 1) [51].
The Qmax calculated for Cu adsorption was 164.16 mg
of Cu per gram of biomass. The value of the coefficient
n found in the Freundlich model also indicates the pro-
cess’s spontaneity, with a value of 1.5835.

4. Conclusion

The present study aimed to use biomass from an area
polluted by industrial activity for the adsorption of met-
allic ions in a fixed-bed reactor on a laboratory scale. The
cultivation of the microorganisms in LB medium and
further analysis in MALDI-TOF equipment showed Enter-
ococcus faecalis and Pseudomonas aeruginosa. It occurs
due to the known history of industrial contamination
in the region where the samples were taken. Adsorption
experiments of Zn and Cu metallic ions showed
efficiency rates above 50% and up to 90%. Comparing
with activated charcoal, biomass achieved higher
efficiency for Zn but slightly below for Cu. Despite
that, the results achieved were similar to different bio-
sorbents and commercial sorbents. Desorption exper-
iments using different acid solutions showed that
HNO3 reached better efficiency than HCl since HNO3

acid solution acts in the electromagnetism of the
active sites releasing H+ ions in the solution, increasing
the competition between such ions and metallic ions.
Zn adsorption fitted better for the Lineweaver–Burk
model, while Cu adsorption by the biomass fitted
better for Langmuir. The theoretical rates of maximum
removal were 200 mg/g of biomass for Zn and
164 mg/g of biomass for Cu. This contribution fits the
goals of the United Nations Sustainable Development
Goals (targets 6.3, 8.4, 9.4 and 12.4).
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