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Abstract

Industrial wastewater needs to be treated because of the heavy metals presence and their effects on the environment. The
aim of this study was to remove heavy metals ions such as copper and zinc from aqueous solutions by using Escherichia
coli (E. coli) biofilm which was placed on zeolite. The paper was experimental. Synthetic and real samples were evaluated
in laboratory scale. To evaluate the removal efficiency, the effective parameters such as pH, copper and zinc concentrations,
and contact time were examined. Optimal conditions were obtained with experiments on the synthetic samples. To study the
adsorption isotherms, Langmuir and Freundlich isotherm models were investigated. The copper and zinc cations maximum
removal efficiency at 40 mg/L within 10 days was obtained as 54.61% and 57.35%, respectively. By using Langmuir isotherm,
the experimental data were fitted with correlation coefficients of 0.98 and 0.95 for copper(Il) and zinc(Il), respectively. The
results showed that the hybrid of zeolite and bacterial biofilm system has the best efficiency for removing the metal copper
and zinc cations.
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Introduction vomiting, nausea and anemia (Malakootian et al. 2015a, b;

Plaza et al. 2012; Diagomanolin et al. 2004; Ahmadi et al.

Heavy metals because of some properties such as non-bio-
degradability, toxicity, tendency to accumulate in photosyn-
thetic organism and eventually presence in the food chain
(even at low concentrations in the environment) cause pol-
lutants transfer to humans (Malakootian et al. 2008; Kam-
sonlian et al. 2011; Silva et al. 2012; Munoz et al. 2012).
Zinc is one of the essential elements for living organisms (Fu
and Wang 2011; Plaza et al. 2012), but in the higher concen-
trations, it is toxic and causes electrolytes imbalance, loss
of muscle coordination, stomach cramps, skin inflammation,
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2017).

Copper is necessary for human metabolism too, but intake
of extra copper causes vomiting, muscle cramps, convulsion
and even death (Fu and Wang 2011). According to the US
Environmental Protection Agency (US EPA) standard, the
maximum allowable levels for copper and zinc cations in
drinking water are 5 and 0.5 mg/L, respectively (Plaza et al.
2012).

Various methods including ion exchange, filtration,
coagulation, adsorption, and electrochemical deposition
have been used for treatment of effluents containing heavy
metals (Kamsonlian et al. 2011; Malakootian et al. 2015a,
b; Plaza et al. 2012; Rosales et al. 2011). Adsorption and ion
exchange are considered as typical (Figueiredo et al. 2010)
and economical methods with simple and effective operation
(Rosales et al. 2011).

Due to the need for environmentally friendly technolo-
gies, the use of microorganisms for heavy metals removal
has paid attention (Wang et al. 2012; Quintelas et al. 2013).
The microorganism’s cellular wall has polysaccharides, pro-
teins, fats and functional groups, which tend to react with
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metal ions (Silva et al. 2012; Munoz et al. 2012). Adsorbents
have some advantages such as inexpensiveness, abundance
and accessibility, low production of biological and chemical
sludge, recovery of the biosorbents and metals, not produc-
ing secondary contaminations and being environmentaly
friendly (Malakootian et al. 2012; Munoz et al. 2012; Wang
et al. 2013; Tavares et al. 2006). Among various microor-
ganisms, bacteria have a lot of characteristics such as high
surface-to-volume ratio, wide presence in various environ-
ments, capability in production of macromolecules called
extracellular polymeric substances (EPSs) which make them
reliable and applicable biosorbents (Quintelas et al. 2008,
2009a, b).

Suspended biofilms alone are not able to adsorb pollut-
ants constantly and also there is a possibility of their dis-
charge from the reactor which could cause reduction in
efficiencies and make operational problems. Hence, most
of the time fixed beds are used to preserve biofilms (Quin-
telas et al. 2009a, b; Lameiras et al. 2008). Materials with
adsorption properties for biofilms and contaminants as well
as porous structures are suitable options. Negative charge
due to the zeolite structure reaches equilibrium through
bonding between exchangeable cations (sodium, potassium,
calcium), so there is high tendency for metal cations trans-
ferring (Quintelas et al. 2009a, b; Lameiras et al. 2008).

The aim of this study was to remove heavy metals ions
such as copper and zinc from aqueous solutions by using E.
coli biofilm which was placed on zeolite and investigation
of its aggravating effect with zeolite. To optimize the metal
ions removal efficiency by bacterial biofilm mixed with zeo-
lite, the effects of different parameters including the initial
concentration of copper and zinc, pH and contact time were
studied. Also, the adsorption equilibrium isotherms models
were evaluated. Furthermore, the efficiency of the bacteria-
zeolite system for treatment of raw wastewater and treated
industrial wastewater was evaluated.

Materials and methods

An experimental study was conducted on synthetic and real
samples in the Environmental Health Engineering Research
Center at Kerman University of Medical Sciences.

The real sample was taken from Bahonar Copper Com-
plex (Kerman, Iran). Zeolite was purchased from Research
Center of Jajarm Steel Complex. Before using zeolite, it was
heated at 500 °C for 8 h in the furnace. Deionized water (DI
water) was used for prepare solutions. X-Ray fraction (XRF)
and X-Ray diffraction (XRD) methods were used for chemi-
cal analysis and determination of the phases in the zeolite
sample. Cu(I) and Zn(II) stock solutions (1000 mg/L) were
prepared by dissolving the salts of copper chloride (CuCl,)
and zinc sulfate (ZnSO,) in the DI water.
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Microbial samples were taken from four points of input
neutralization, output neutralization, the regional soil (irrigated
by wastewater) and the output wastewater of the treatment
plant (used for irrigation purposes).

The microbial samples were collected in the sterilized glass
containers. Also, the soil samples were taken with gloves and
sterilized spatula from a depth of 0—20 cm. Then, the collected
samples were transferred to laboratory in the vicinity of ice
and kept in refrigerator at 4 °C.

At first, the real sample chemical quality was determined.
Atomic absorption device (YOUNCLIN AAS 8020) was used
to measure the copper and zinc concentrations at the wave-
lengths of 324.70 nm and 213.90 nm for copper and zinc,
respectively. All of the experiments were conducted accord-
ing to the Standard Methods of Water and Wastewater Experi-
ments, Edition 20 (APHA 1999).

In order to eliminate any possible disturbance, the calibra-
tion curves of various concentrations were plotted. To remove
other interfering metals, all of the glass containers which used
in this study were washed with nitric acid 10% and deionized
distilled water. Adsorption experiments were carried out to
determine the adsorption equilibrium time, optimal conditions
(pH, contact time and concentration of copper and zinc) and
study of the adsorption isotherm models. The pH values of the
samples were adjusted with H,SO, and NaOH 0.1 N. Measure-
ments of pH values were done with digital pH meter (Hanna
211). The removal efficiencies were evaluated at pH =3-9,
initial concentration of copper and zinc (10-60 mg/L) and con-
tact time of 10 days. The optimal conditions for each param-
eter were determined. All of the experiments were done in the
incubator shaker at 150 rpm and 28 °C. The copper and zinc
(g.) adsorption capacity is evaluated by Eq. (1):

C.-C)V
qe:g (1)

m
where g, is the mg/g of the adsorbent, C; represents the ini-
tial concentration of the metal in terms of mg/L, C, shows
the remaining concentration at the time of equilibrium in
terms of mg/L, V denotes the volume of the solution in terms
of L, and m is the amount of adsorbent in terms of g.

To characterize the adsorption isotherms of Cu>* and Zn**
by E. coli biofilm placed on zeolite, two common isotherm
models including Freundlich and Langmuir models were
used that their linear forms are presented as Egs. (2) and (3),
respectively:

1
Loggq, = Logk; + ;LogCc 2)

e 3
9e KiGnm Gm




Applied Water Science (2020) 10:167

Page3of8 167

where K and n are the Freundlich model constants indi-
cating adsorption capacity and intensity, respectively, C,
(mg/L) is the equilibrium concentration; g,, (mg/g) is the
maximum adsorption capacity; b (L/mg) is the Langmuir
constant as a function of the adsorption energy.

Separation of E. coli

In order to isolate E. coli, the real wastewater samples and
soil samples suspension were cultured on MacConkey agar
(MAC) using the streak plate method. Then the plates were
incubated at 36 +5 °C for 24 h. After the growth of the colo-
nies, detection test was carried out to detect E. coli. To study
biosorption, Mueller—Hinton Broth culture was prepared and
poured into an Erlenmeyer flask 500 mL volume. After fol-
lowing sterilization at 121 °C for 20 min, E. coli colonies
were inoculated into it and placed inside shaker-equipped
incubator at 30 °C for 24 h at 150 rpm. To examine the bac-
terial colonies growth, optimal density (OD) was determined
at the wavelength of 620 nm using a spectrophotometer.

Biosorption studies

15 mL of the culture medium containing E. coli was added
to 1 g of zeolite in an Erlenmeyer flask with 250 mL vol-
ume after that, 150 mL of different concentrations of cop-
per and zinc (between 10 and 60 mg/L) were added to this
suspension. The solutions pH were measured. The flasks
were stirred at 28 °C with a slow mixing rate (150 rpm) for
10 days (the time required for reaching equilibrium accord-
ing to studies). Then, 5 mL of the sample was centrifuged
for 5 min at 4000 rpm and the concentration of the residual
metals was measured. The experiments were conducted with
the real sample in the optimal conditions and the adsorption
capacity was calculated. In order to control the absorption
of biofilm and zeolite together, the adsorption experiments
were also carried out for 40 mg/L of metal cations with zeo-
lite alone.

Results
Physical and chemical properties of wastewater

The obtained results from measurement of temperature, pH
and chemical parameters of the raw wastewater samples
entering the neutralization unit and the output wastewater
leaving the treatment plant of Bahonar Copper Complex are
shown in Table 1.

Characterization of zeolite

The results of chemical analysis of the zeolite used in this
study with XRF indicated that the percentages of the metal
oxides constituting zeolite including Al,05, Si0,, SO;, CaO,
Cl, Na,0, K,0, L.O.I were 68.11, 30.17, 0.20, 0.08, 0.16,
19.54, 0.14 and 21.61%, respectively. Furthermore, the
results of XRD analysis are demonstrated in Fig. 1.

XRD spectrum resulting from zeolite indicated that
clinoptilolite, quartz and cristobalite were the major min-
erals, while calcite and Montmorillonite are secondary
minerals.

The effect of pH

The pH values of the metal solutions were changed after
mixing zeolite and the culture medium containing bacteria.
The pH values of copper and zinc solutions were in the range
of 5.4-6.1 and 5.7-5.3, respectively. After adding the culture
medium containing E. coli, the concentration of copper and
zinc decreased to 9.09, 18.18, 27.27, 36.36, 45.45 and 54.54
due to alteration of volume.

The obtained results from comparison of the amounts
of copper and zinc cations biosorption in a batch medium
with mixture of E. coli and zeolite, copper and zinc con-
centration of 36.36 mg/L, incubator temperature of 28 °C,
shaker rate of 150 rpm and incubation duration of 10 days
indicated that the removal efficiencies of copper and zinc
were 54.98 and 57.32%, respectively. The adsorption

Table 1 The results of qualitative analysis of the input raw wastewater into the neutralization unit and the output wastewater leaving the treat-

ment plant of Bahonar copper complex

Wastewater Heavy metals Range of changes in Range of changes ~ Range of changes in Range of changes in Ranges of
concentration (mg/L) in TSS (mg/L) COD (mg/L) BOD (mg/L) changes in
pH

The input raw Cu 533+48 299.6+16.3 998.6+41.6 725.4+56.2 33+04
wastewater into 7, 614457
neutralization
unit

The output Cu 0.79+1.2 190.4+16.4 7.9+0.77 6.2+0.3
wastewater of the 7, 23405

treatment plant
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Fig. 1 XRD spectrum resulting i
from the utilized zeolite sample
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capacity of copper and zinc was obtained as 3.29 and
3.43 mg/g, respectively.

The results obtained from the effect of pH on the
adsorption capacity with the mixture of E. coli and zeolite
biofilm at copper and zinc concentrations of 36.36 mg/L,
incubation duration of 10 days, incubation temperature of
28 °C, and shaker rate of 150 rpm indicated that the maxi-
mum removal efficiencies were obtained in pH values of
4.8-5.7 and 4.5-5.5 for copper and zinc, respectively. For
both metals, the removal efficiency increased with eleva-
tion of pH up to 6, which could be due to the appearance
of negative charged ligands on the biofilm surface and
adsorption of more metal cations. In pH values more than
6, the removal efficiencies decreased.

Fig.2 The effect of contact 70 7
time on the biosorption of

Cu and Zn by E. coli biofilm

on zeolite (metal concentra-
tion: 36.36 mg/L, incubation
temperature: 28 °C, shaker rate:
150 rpm)
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The effect of the initial concentration

The obtained results from the effect of contact time and
initial concentration of copper and zinc metal ions on the
adsorption capacities with the E. coli biofilm placed on the
zeolite in the metal concentration of 36.36 mg/L, incubation
temperature of 28 °C and shaker rate of 150 rpm are shown
in Fig. 2.

In all of the experiments, metal ions removal was rapid
within the initial hours, but it became slower and gradual in
the next days. The equilibrium times in adsorption of cop-
per and zinc were obtained after 5 and 4 days, respectively.

Investigation of the initial concentration effect on the
copper and zinc biosorption with E. coli biofilm placed
on the zeolite at incubation duration of 10 days, at 28 °C,
shaker rate of 150 rpm revealed that for both metals, with
the increase in the initial concentration from 10 to 60 mg/L,

Adsorption capacity (mg/g)

72 96 120 144 168 192 216 240
Time (hour)

Cu capacity mg/g  ====Zn capacity mg/g
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removal efficiency decreased from 71.40 to 35.91 and 67.86
to 37.07, respectively.

Adsorption isotherms

The experimental data have been analyzed by the Langmuir
and Freundlich adsorption isotherms. The results indicated
that removal of metal cations of copper and zinc with E. coli
biofilm placed on the zeolite was fitted with Langmuir and
Freundlich adsorption isotherm with correlation coefficients

Fig.3 Langmuir adsorption 12
isotherm model (metal initial
concentrations of 10, 20, 30, 10

40, 50 and 60 mg/L, incubation
duration of 10 days, incuba-

of 0.98 and 0.95, respectively. Figures 3 and 4 indicate Fre-
undlich and Langmuir adsorption isotherms at the initial
concentrations of 10, 20, 30, 40, 50 and 60 mg/L of the
metals, incubation duration of 10 days, at 28 °C, and shaker
rate of 150 rpm.

The parameters obtained from the adsorption isotherm
models are shown in Table 2.

The results indicated that in the synthetic sample, with
40 mg/L concentration at the equilibrium time, the removal
efficiencies for the bacteria-free sample and bacterial sample

y=0.220x+ 2.066
R?=0.956

tion temperature of 28 °C, and 8
shaker rate of 150 rpm) =
._70 6
hd y=0.258x + 1.368
4 R?=0.983
N -
0 5 10 15 20 25 30 35 40
C,
¢ Cu(ll)y ®m Zn(ll) —— Linear (Cu(ll)) —— Linear (Zn(11})
Fig.4 Freundlich adsorption 0.7
isotherm model (metal initial y=0.533% - 0.206
concentrations of 10, 20, 30, 0.6 - R2=0.906
40, 50 and 60 mg/L, incubation o
duration of 10 days, incuba- 0.5 4 \ 4
tion temperature of 28 °C, and
shaker rate of 150 rpm) = 0.4 -
g[_.
= 0.3 y =0.481x - 0.193
R?=0.902
0.2 -
0.1
0.0 - °s
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
LogC,
¢ Cu(ll) m Zn(ll) —— Linear (Cu(ll)) —— Linear (Zn(11))
Table 2 .The parametefs of Isotherm model Parameter Parameter
Langmuir and Freundlich
isotherms of adsorption of Cu(II( Zn(II)
copper and zinc on E. coli
biofilm and zeolite Langmuir isotherm dm ky, R qm ky, R
3.87 0.18 0.98 4.54 0.10 0.95
Freundlich isotherm N kg R? n k¢ R?
2.08 0.82 0.90 1.87 0.18 0.90
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were obtained 41.52 and 54.61% for copper and 39.73 and
57.35 for zinc, respectively.

To study the copper and zinc metal cations removal in
the real condition, the Bahonar Copper Complex wastewater
was examined.

Usage of the input raw wastewater into the treatment plant
as the real solution in the biosorption process indicated that
the E. coli biofilm placed on the zeolite removed copper and
zinc cations with removal efficiencies of 51.28 and 48.25%,
respectively. However, use of the output wastewater from the
treatment plant as the real solution in the biosorption process
showed that the hybrid system removed the copper and zinc
cations with efficiencies of 94.75 and 92.96%, respectively.

Discussion

The results showed that the copper and zinc adsorption
capacities had a slight difference. Several factors affect the
adsorption of the metal cations including the zeolite surface
negative charge in water (Quintelas et al. 2009a, b) and bac-
teria, metal valence, electronegativity, atomic weight and
the metal ionic radius (Quintelas et al. 2008). Copper and
zinc are two transition elements, which have similar atomic
radius to some extent and are mostly presented in the form
of bivalent ions (Huse et al. 2012). Therefore, the adsorp-
tion capacities for both metals were almost the same. Quin-
telas et al. (2009a, b) examined biosorption of chromium,
cadmium, iron and nickel with E. coli biofilm placed on
zeolite NaY in Portugal. They expressed difference in the
adsorption capacities of metals from the chemical properties
of each metal including the valence and atomic weight of
metals and also biomass properties including the structure,
functional groups and surface area (Quintelas et al. 2009a,
b). Also, Quintelas et al. (2011) used E. coli placed on NaY
zeolite and optimized the biofilm of Artherobacter Viscose
bacteria fixed on Zeolite 13x for removal of heavy metals
(Quintelas et al. 2009a, b, 2011). The results indicated that
by increasing the metal ions concentration, the adsorption
capacity increased, while the efficiency decreased. Basak
et al. (2014) used yeast fixed on gravel for zinc ions removal
and obtained similar results. They stated that in the adsorp-
tion process, the initial concentration of the adsorbate metal
ions plays a key role in the solution and with the increase
in the initial concentration of zinc ion, the driving force
required for overcoming the resistance of mass transfer of
metal ions between the aqueous and solid phases grows
(Basak et al. 2014). The results of these studies are in con-
sistent with the results of this study.

Buasri et al. (2012) in Thailand used Water Hyacinth
for removal of bivalent copper and zinc cations. At con-
centrations above 1000 and 750 ppm for copper and zinc,
respectively, they did not show a significant increase. In
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their opinion, at higher concentrations, active sites available
on the biosorbent, increase in contact time and the avail-
able metal ions, the efficiency did not have a considerable
increase (Buasri et al. 2012).

Availability of groups with negative charges on the
surface of the biosorbent is essential in removal of heavy
metals. Thus, pH is one of the most influential factors in
biosorption (Deng et al. 2007).

Adsorption of metals with changes in pH depends on
the chemistry of metals in the solution and ionic state of
the functional groups of the adsorbent on available hybrid
positions (Adeli et al. 2012). The low removal efficiency in
acidic pH values is due to competition between H* ions and
metal cations of Cu?™ and Zn** for the adsorbent’s active
sites.

The removal efficiency decreased significantly at pH=8.5
for both metals. Quintelas et al. (2009a, b) in Portugal
used E. coli biofilm placed on NaY zeolite for removal of
nickel(I), iron(IIT), cadmium(IT) and chromium(VI). At the
optimal pH of 6, the maximum removal efficiencies were
obtained for nickel and cadmium 82.5 and 65%, respec-
tively, at concentrations of 10-100 mg/L, which approved
our results (Quintelas et al. 2009a, b).

Mishra et al. (2013) in India used sludge of wastewater
for removal of zinc ion. The results indicated that in pH
values in range of 2-5.3 the removal efficiency showed an
ascending trend, and at pH=15.2, the maximum efficiency
was obtained for the concentration of 20 mg/L. They attrib-
uted the low removal percentage in pH values below 5 to
dominance of repulsion force between the adsorbent and
adsorbate. Furthermore, the reason of removal percentage
in pH values more than 6 was attributed to the possibility
of deposition of zinc ions on the adsorbent surface (Mishra
et al. 2013).

Sag and Kutsal (1996) in Turkey obtained the maximum
removal of copper at pH=4 with the initial concentration of
50 mg/L by R. arrhizus (Sag and Kutsal 1996).

Salehizadeh and Shojaosadati (2003) in Iran used poly-
saccharides produced from Bacillus Firmus bacteria for
copper and zinc removal. They attributed the increase in
adsorption of metals with the increase in the initial pH to
the reaction between cations, and negative charges of the
acidic polysaccharide functional groups and for reduction in
adsorption in alkaline range of pH to the start of formation
insoluble hydroxides (Salehizadeh and Shojaosadati 2003).

Figueiredo et al. (2008) in Portugal used zeolite in
biosorption. They stated that existence of large values of
Na,O in zeolite is responsible for the reduction of pH in
the solution, which pH plays essential role in biosorption
(Figueiredo et al. 2008).

Study of adsorption isotherms in biosorption is essen-
tial for industrial uses in order to compare different bio-
logical materials under different operational conditions
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(Quintelas et al. 2009a, b). In order to optimize the adsorp-
tion system design for removal of contaminants from real
wastewater, a rational relationship between equilibrium
curves should be obtained (Rosales et al. 2011). Based on
Figs. 3 and 4, the results indicated that the experimental
data of biosorption of copper and zinc cations revealed
better results with the Langmuir isotherm with correla-
tion coefficients of (R*>=0.968), when compared with the
Freundlich isotherm (R*=0.921). These results approved
with Abdel Salam et al., Figueiredo et al., as well as Quin-
telas et al. (2009a, b; Abdel Salam et al. 2011; Figueiredo
et al. 2008).

Based on Table 1, measurement of the levels of copper
and zinc in the input raw wastewater entering the treatment
plant with active sludge process and the output wastewa-
ter leaving the treatment plant indicated that the removal
efficiencies in the treatment plant were 92.84% and 95%
for copper and zinc, respectively. Usage of real samples
in the biosorption process had efficiencies of 51.28% and
48.25% for copper and zinc from the input raw wastewater
into the treatment plant and 94.75% and 92.96% for cop-
per and zinc from the treatment plant’s output wastewater.

The results indicated that the removal efficiency is
lower in real samples with the biosorption process in com-
parison with the synthetic sample and the time required
for reaching equilibrium is longer. Indeed, the removal
process of metals is disrupted with the presence of other
ions. Presence of several metals resulted in an interactive
effect, whereby there are three interfering effects; mixed
effects which are more than the effects of individual ions
(intensifying) or lower (reducing), or inert (without inter-
action) (Sag and Kutsal 1996).

Sag and Kutsal (1996) in Turkey investigated the effect
of selective biosorption of a mixture containing copper
and chromium ions. They found that concurrent removal of
these two ions reaches equilibrium within a longer period
of time, but chromium ions have an interfering effect on
the removal of copper ions, which is different with our
results. They stated that as the optimal pH and chemical
characteristics of metal ions differ from each other, their
concurrent adsorption in the compound mixture is non-
competitive (Sag and Kutsal 1996).

Salehizade et al. (2003) in Iran examined the effect of
presence of metal ions together in an aqueous solution on
the adsorption capacity by polysaccharides produced from
Bacillus Firmus. They found that the removal efficiency
of each metal is lower in the mixture containing the metal
ions of copper, zinc and lead, when compared with the
removal efficiency of each individual ion alone, and the
metals in the mixture have an interfering effect on biosorp-
tion. Moreover, Bacillus Firmus is a nonspecific bacterium
and has the same behavior with all metal ions (Salehizadeh
and Shojaosadati 2003).

Conclusion

The results showed that use of the hybrid system of E. coli
biofilm placed on the zeolite has a better efficiency for cop-
per and zinc cations removal in the wastewater with a low
concentration of these ions. Therefore, it is recommended
that in active sludge systems, if the output concentration of
the mentioned metals is not within the environmental stand-
ards, this method be used for lowering their concentration.
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