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A heavy-metal resistant bacterial consortium was obtained from a contaminated river in

S~ao Paulo, Brazil and utilized for the design of a fixed-bed column for the removal of

copper. Prior to the design of the fixed-bed bioreactor, the copper removal capacity by the

live consortium and the effects of copper in the consortium biofilm formation were

investigated. The Langmuir model indicated that the sorption capacity of the consortium

for copper was 450.0 mg/g dry cells. The biosorption of copper into the microbial biomass

was attributed to carboxyl and hydroxyl groups present in the microbial biomass. The

effect of copper in planktonic cells to form biofilm under copper rich conditions was

investigated with confocal microscopy. The results revealed that biofilm formed after 72 h

exposure to copper presented a reduced thickness by 57% when compared to the control;

however 84% of the total cells were still alive. The fixed-bed bioreactor was set up by

growing the consortium biofilm on granular activated carbon (GAC) and analyzed for

copper removal. The biofilm-GAC (BGAC) column retained 45% of the copper mass present

in the influent, as opposed to 17% in the control column that contained GAC only. These

findings suggest that native microbial communities in sites contaminated with heavy

metals can be immobilized in fixed-bed bioreactors and used to treat metal contaminated

water.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metal contaminated water is a growing concern

because heavy metals accumulate in biological systems and
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can lead to severe poisoning (Kunhikrishnan et al., 2012).

Several industries, such as mining, electroplating, aerospace,

energy and fuel production, and catalysis produce effluents

containing various heavy metals. Most of the traditional

techniques used for removal of heavy metals from aqueous
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systems require expensive equipment, costly reagents and

energy, and can generate large amounts of sludge that require

disposal (Chen et al., 2009; Baig et al., 2009; Bessbousse et al.,

2008). Some of these technologies also need a long contact

time and are more efficient when the metals are present in

concentrations higher than 100 ppm (Kratochvil and Volesky,

1998).

Biosorbents, such as yeasts, algae, and bacteria are po-

tential alternatives for the removal of heavy metals in

aqueous systems (Monteiro et al., 2011; Romera et al.,

2008,Lezcano et al., 2010; Moon and Peacock, 2011). Also, bio-

sorbents are at least one order of magnitude (1/10) cheaper

than traditional technologies, and minimize the volume of

chemical and/or biological sludge to be disposed (Davis et al.,

2003; Volesky, 2007). These properties make biosorbents a

very promising solution to treat metal contaminated water.

Bacteria can be economic and eco-friendly biosorbents for

water and wastewater treatment processes due to their small

size and short generation time, which facilitate rapid adapta-

tion to a wide range of environmental conditions (Wang and

Chen, 2009). Such properties are important for engineered

systems, where biosorption could be implemented in

conjunctionwith coagulation, clarification, and disinfection to

improve the overall efficiency of the treatment process

(Rodrigues, 2011). In biological wastewater treatment, micro-

bial consortia are commonly employed, sincepure cultures are

difficult tomaintain in large-scale units and becausemicrobial

communities can easily adapt to environmental changes.

In this study, we investigate the use of a metal-resistant

microbial consortium immobilized in a fixed-bed column.

Prior to the immobilization of the consortium in a fixed-bed

column, we analyzed the survival and the mechanisms of

copper removal by this microbial community in batch cul-

tures. We also investigate whether the planktonic microbial

community can form biofilm and persist in the presence of a

metal-rich environment. Then, we investigated the con-

sortium biofilm immobilization onto granular activated car-

bon (GAC) and its performance for copper removal in a fixed-

bed column for future application in water treatment units.
2. Experimental methods

2.1. Sample collection and isolation of the ‘Pirapora’
microbial consortium

The consortium used in the present study was collected from

sediment of a dam located in the Metropolitan Region of S~ao

Paulo, Brazil at 23�23031.8100S and 46�59047.6700W. The copper

concentration in the dam sediment was determined to be

90.8 ppm by using Inductively Coupled Plasma Atomic Emis-

sion Spectrometry (ICP-OES Optima 7000DV, Perkin Elmer)

after acid digestion as described in the USEPA Method 3050B

(USEPA, 1996). The pH of the dam sediment andwater were 6.8

and 7.2, respectively. The water total phosphorous, inorganic

phosphorous, total kjeldahl nitrogen (TKN), and total organic

carbon (TOC) were determined as described elsewhere

(Bowman and Delfino, 1982) (Table S1).

The consortium was obtained from the dam sediment by

incubating 1 g of the sediment at 30 �C under constant stirring
(125 rpm) for 24 h with 40 mL of a growth medium prepared

with the river water and the sediment extract ('P medium').
After pre-incubating the inoculum, an aliquot of the solution

was transferred to fresh P medium and incubated again at

30 �C under constant agitation (125 rpm) for 48 h. Four trans-

fers to fresh media were performed during subsequent days.

Microbial consortium stocks with 25% sterile glycerol were

stored at �80 �C.

2.2. Growth conditions and medium preparation for
enrichment of the ‘Pirapora’ microbial community: “P
medium”

The growth medium (P medium) was prepared using the

sediment and the water collected from the dam. First, 100 g of

sediment were mixed with 1.4 L of the dam water, autoclaved

for 15min at 121 �C and 15 psi, and centrifuged at 4000 rpm for

15 min. A volume of 500 mL of the supernatant was mixed

with 500 mL of deionized water, 1 g of glucose, 0.5 g of yeast

extract and 0.5 g of K2HPO4 (Rodrigues et al., 2012). The solu-

tion was autoclaved for 15 min at 121 �C and 15 psi.

The metal concentration in the final P medium was

analyzed with ICP-OES after digestion using the USEPA

Method 3010A (USEPA, 1992). No Cu2þ ions were detected in

the final P medium, however, the final medium presented

4.6 ppm of Pb2þ and 2.8 ppm of Zn2þ and other minor metal

ions (Table S1). The final pH of the medium was adjusted to 5

to prevent metal precipitation. The total phosphorous, TKN,

and TOC concentrations of themediumwere 6.31 ± 0.06mg/L,

1.91 ± 0.80 mg/L, and 428.2 ± 40.3 mg/L, respectively.

For all experiments, 5 mL of cells grown in the broth P

mediumwere grown overnight at 30 �C from a frozen stock at

�80 �C. The grown bacterial culture was centrifuged at

4000 rpm for 30 min, and the pellet was washed three times

with phosphate buffered saline solution (PBS) and resus-

pended in P medium to an optical density (OD) of 0.5 at

600 nm, which corresponds to a concentration of 108 colony

forming units per milliliters (CFU/mL) (Mejias Carpio et al.,

2012). The concentration was determined based on plate

counts using P medium agar, which consisted of 1 L of P me-

dium with 15 g of agar at pH value of 5.

2.3. Determination of Minimum Inhibitory
Concentration (MIC) for the Pirapora consortium

The MIC of copper for the consortium was determined by

exposing the consortium to different copper concentrations. A

1000 ppm solution of Cu2þ was prepared by dissolving the

hydrolyzed salt CuSO4$5H2O in sterile de-ionized water at

pH ¼ 5, filtered with 0.2 mm syringe filter, and mixed with

sterile P medium at pH ¼ 5. Further dilution in the P medium

was done to obtain metal-rich media with different copper

concentrations (0 ppm, 6 ppm, 17 ppm, 23 ppm, 45 ppm,

68 ppm, and 90 ppm).

After growing overnight the consortium in P medium

without metals, as described in the Section 2.2, aliquots of

500 mL of this pre-inoculum at OD600nm ¼ 0.5 were transferred

under aseptic conditions into tubes containing 4.5 ml of P

medium with different metal concentrations. The MIC was

determined through absorbance readings at OD600nm taken at
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different time periods (0 h, 7 h, 24 h, 48 h, 72 h, and 6 d). The lag

phase duration of the consortium exposed to each copper

concentration was determined as the initial phase prior to the

log phase (Table S2). Each lag phase duration was analyzed

with a post hoc pairwise LSD test using STATISTICA 8.0.

The MIC, the bacteriostatic, and bactericidal effect of cop-

per were determined after the consortium was grown for 45 h

in different concentrations of copper (23 ppm, 45 ppm,

68 ppm, and 90 ppm) (Fig. S1). Plate counts of the cultures

exposed to copper were determined on metal-free P medium

agar at 30 �C. A control consortium grown in liquid P medium

withoutmetalswas also plated. The CFU/mL of each condition

was determined in triplicates. Averages and standard de-

viations were calculated from the triplicates.

2.4. Mechanisms of copper removal by the ‘Pirapora’
microbial consortium

The Fourier transform infrared spectroscopy (FT-IR) was used

to determine the heavy metal binding sites in the biomass.

Aliquots of 10 mL of the consortium in P medium at

OD600nm ¼ 0.5 were transferred into flasks containing 90 mL of

P medium at pH ¼ 5 with a concentration of 23 ppm of copper.

The solutions were incubated at 30 �C under constant agita-

tion (125 rpm) for 72 h. The samples were then centrifuged at

4000 rpm for 30min and the pellets were collected. The pellets

were freeze-dried with a lyophilizer Labconco (Triad, Catalog

No. 7400040 Missouri) overnight. The ATR-FTIR spectra were

collected on a Bomem MB100 equipped with a DTGS detector

from 6500 cm�1 to 350 cm�1 wavenumbers. All spectra were

taken with a nominal spectral resolution of 4 cm�1 in absor-

bance mode. The measurements of the lyophilized cells were

obtained under standard temperature and pressure (STP) and

dry conditions.

2.5. Effects of exposure time, pH, and copper
concentration on copper removal by the consortium

The effects of exposure time, pH, and copper concentration on

the ability of the consortium to remove copper was deter-

mined in batch cultures. Briefly, after inoculating the con-

sortium in P medium as described in the Section 2.2, the

harvested cells were rinsed 3 times with 0.1 M NaCl solutions

and suspended in 0.1 M NaCl solutions with 15 ppm copper at

OD600nm¼ 0.5 and pH¼ 4 (Takenaka et al., 2007). To determine

the consortium's copper sorption equilibrium, the copper

concentration in the supernatant was measured every 15 min

for 120 min by collecting the supernatant through centrifu-

gation at 4000 rpm for 30 min. The influence of pH on the

removal of Cu2þ by the consortium was examined by varying

the pH from 2 to 7 of a 15 ppm copper solution with 0.1 M HCl

or 0.1MNaOH. The pH of the aqueous solutionswasmeasured

using a pH meter (Orion 720A, Hexis). ANOVA statistical

analysis with STATISTICA 8.0 was done with the removal

percentages at different pH values. The effect of initial Cu2þ

concentrations was investigated by varying the amount of

metal in the solution (0, 5, 15, 30, 50, 75, 100 ppm) under the

optimum conditions (pH ¼ 4 and 100 min sorption equilib-

rium). All samples were centrifuged at 4000 rpm for 30 min,

and the supernatant was digested to mineralize any organic
constituents according to the USEPA method 3010A prior to

ICP-OES analysis (USEPA, 1992).
2.6. Effects of copper on the consortium biofilm
formation

Confocal microscopy was used to assess biofilm formation,

thickness andmortality in the presence of copper. Two assays

were performed, one assaywas performedwith biofilm grown

with 20 ppm of copper and the other consisted in growing the

biofilm in metal-free medium and exposing afterwards to

copper for different time periods to determine biofilm

detachment. To investigate biofilm formation in the presence

of copper, the planktonic cells grown in P medium were

washed once with PBS, and resuspended at OD600nm ¼ 0.5 in

fresh P medium supplemented with 20 ppm Cu2þ. The biofilm

was allowed to grow for 72 h at 30 �C in the presence ofmetals.

The effect of copper exposure on the detachment of fully

mature biofilm grown in P medium without metals was also

determined for different exposure times. Briefly, in this assay

10 mL of PBS-washed planktonic cells, grown overnight in P

mediumwithout copper, were transferred to petri dishes with

metal-free media containing coverslips as a biofilm substrate.

The consortiumwas then incubated under static condition for

72 h at 30 �C to allow the biofilm to grow. After incubation, the

supernatant was removed and the biofilm was washed three

times with PBS. Following the washes, the biofilms were then

exposed to 0.1 M NaCl solution with 30 ppm of copper for 2 h,

3 h, and 4 h to observe microbial detachment in the presence

of copper. The laser scanning confocal microscope used for

these analyses was LSM 510 (Zeiss; Jena, Germany) with argon

(458 nm, 488 nm, and 514 nm) and helium-neon (543 nm and

633 nm) lasers. The confocal microscopy analysis and image

acquisition of the biofilms were carried out using the Zeiss

LSM 5 Image software. This procedure, along with the proce-

dure for Live/Dead staining, is described in the supporting

information.
2.7. Preparation of fixed bed reactor with the consortium
biofilm on granular activated carbon (BGAC)

The biofilmwas grown on GAC as a support medium to obtain

a biofilm-covered GAC (BGAC) fixed bed reactor. The GAC,

purchased from Calgon Carbon Co. (Pittsburgh, PA, charac-

terization found in SI), was sieved using 0.6mm (ASTM10) and

2 mm-diameter (ASTM 30) sieves (Bertel Industria Metalurgica

Ltda. S~ao Paulo). The carbon was washed with deionized

water, sterilized in an oven at 120 �C for 24 h, and placed in a

150 mL Erlenmeyer flask connected to a vacuum pump con-

taining sterile water to release the air inside the pores. Two

glass columns (21 cm in height and internal diameter of

2.5 cm) were filled with 51 g of GAC, to obtain an empty bed

hydraulic residence time (HRT) of 20min. One columnwas set

up as control (GAC only) and the other was used for biofilm

growth (BGAC). The BGAC column had 9 L of P medium with

the consortia at an OD600nm¼ 0.5 pumped through the column

at a flow rate of 5 mL/min for 4 d to allow the biofilm growth.

The control had deionized water pumped through the column

at the same flow rate for 4 d. Finally, CuSO4$5H2O with a

http://dx.doi.org/10.1016/j.watres.2014.05.043
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concentration of 15 ppm Cu2þ (C0) was prepared with deion-

ized water.

2.8. Breakthrough of BGAC fixed bed bioreactor

Themetal solution of 15 ppmCu2þ (C0) in deionizedwater was

passed through the BGAC column at a flow rate of 5 mL/min

for 24 d. Effluent concentrations of Cu2þ ions (C) from the

column were analyzed every day using ICP-OES. The experi-

mental ratio of the effluent copper concentration to the

influent copper concentration (C/C0) was plotted as a function

of the number of bed volumes eluted. The number of bed

volumes eluted is defined as:

No: of bed volumes eluted ¼ Volume of solution treated
Volume of carbon bed

(1)

The total mass of Cu2þ ions passed through the column is

given by:

min ¼ QC0ttotal
1000

(2)

The mass of Cu2þ ions sorbed to the column, msorbed (mg),

for a fixed initial copper concentration and flow rate, is ob-

tained by integrating the area above the plot (Fig. 7) as a

function of time. Therefore, the mass balance is given by:

msorbed ¼ min � Q
1000

Zt¼ttotal

t¼0

Cdt (3)

where Q, C0, C, and ttotal are the volumetric flow rate (mL/min),

the initial copper concentration (ppm), the copper effluent

concentration measured (ppm), and the total flow time (min),

respectively. So, the removal percent of copper is the ratio of

the mass sorbed (msorbed) to the mass input into the column,

and is given by:

Removal% ¼ msorbed

mtotal
(4)
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Fig. 1 e ‘Pirapora’ microbial community growth curves

after exposure to CuSO4·5H2O at different concentrations:

6 ppm, 17 ppm, 23 ppm, 45 ppm, 68 ppm, 90 ppm in P

medium.
3. Results and discussion

3.1. Environmental consortium resilience in copper-rich
conditions

The use of microorganisms to treat heavy metal-

contaminated water requires the assessment of the effect of

different metal concentrations on cell growth. The ability of

the ‘Pirapora’ microbial community to grow and survive in

increasing concentrations of copper was investigated in

planktonic cells. The results show that the ‘Pirapora’microbial

community was able to grow in copper concentrations up to

68 ppm, which was determined to be the MIC for this con-

sortium (Fig. 1). Previous studies have found copper MIC

values of 125 ppm (Ozdemir et al., 2003), 190 ppm (Monchy

et al., 2007), and 127 ppm (Teitzel and Parsek, 2003) for pure

cultures of Ochrobactrum anthropi, Cupriavidus metallidurans,

and Pseudomonas aeruginosa, respectively. Although these

copper MIC values exceeded the MIC of the consortium used

in this work, these pure cultures were grown in rich media

containing salts and other components that are known to

complex with metal cations, which would result in higher

MICs (Teitzel and Parsek, 2003). Conversely, the ‘Pirapora’

consortium was grown in a minimum medium prepared with

water and sediment from the contaminated dam to simulate

removal of heavy metals under similar water chemistries to

the contaminated site.

The ability of the consortium to grow after exposure to

68 ppm copper or higher concentrations was investigated by

plating on metal-free agar medium. The results show that

cells exposed to 68 ppm presented about one log growth

removal compared to the control (Fig. S1). On the other hand,

no growth on metal-free agar was observed after exposure to

90 ppm copper in “P” broth. This lack of growth in broth

containing heavy metal, but high number of live cells after

removing the heavy metal and plating in metal-free agar

media could be attributed to a bacteriostatic or inactivation

effect of copper to some more sensitive species in the con-

sortium (Teitzel and Parsek, 2003).

The concentration ofmetal also impacted the consortium's
lag phase. Microbial growth undergoes several phases: lag,

exponential, stationary, and death phase (Fig. S2). The lag

phase involves slow growth and a period of acclimation in

which the bacteria is adjusting to a new condition in order to

successfully grow (Rolfe et al., 2012). The duration of the lag

phase of the ‘Pirapora’ community increased with higher

metal concentrations (Pearson's correlation r¼ 0.97; p < 0.001),

with an increase in its lag phase for copper concentrations

equal to or above 6 ppm (post hoc pairwise LSD tests, p < 0.001

in all cases, Table S2). This result suggests that the community

can grow with heavy metal; however, it may require a longer

adaptation period as the metal concentration increases.

After investigating the resistance of the planktonic mi-

crobial community to different concentrations of copper, we

investigated the ability of these planktonic cells to form bio-

film under copper-rich conditions (biofilm attachment) and

also the resilience of fully mature biofilms grown without

heavy metal followed by exposure to copper-rich solutions

(biofilm detachment), as shown in Table 1. Both of these

http://dx.doi.org/10.1016/j.watres.2014.05.043
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Fig. 2 e Biofilm Detachment Analysis by Confocal Microscopy. a) 3D composition of biofilm grown for 72 h and b) Top layer of

biofilm grown for 72 h c) 3D composition of biofilm grown for 72 h after exposure to 30 ppm Cu2þ ions for 4 h and d) Top

layer of biofilm grown for 72 h after exposure to 30 ppm Cu2þ ions for 4 h.
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investigations were done by quantifying the biofilm viability

and thickness.

The results of the biofilm detachment assays are shown in

Fig. 2a (control) and Fig. 2c (biofilm grown in metal-free solu-

tion and then exposed to 30 ppm Cu2þ ions for 4 h). These

results show an increased percentage of dead cells (stained

red) on the surface (t-test, p ¼ 0.001) (Fig. 2b and d), and in the

inner layers (t-test, p ¼ 0.003) when compared to the control

biofilms. The biofilm inner and outer layers had a 10.1% and

2.6% increase in the percentage of dead cells in the metal-rich

environment, respectively (Table 1). However, the thickness of
Fig. 3 e pH dependency of a) Cu2þ sorption by ‘Pirapora’

microbial consortium in 0.1 M NaCl solution at different pH

values (2e7). Error bars represent standard deviation

values. Since copper precipitates as Cu(OH)2(s) at or above

pH ¼ 6, a pH ¼ 4 was chosen for further sorption studies.
the biofilms exposed to copper was only significantly affected

after 4 h ofmetal exposure. Our results indicate that themetal

content in the medium induced up to 16.1 ± 4.4% and

16.2 ± 1.1% death of inner and outer cell layers, respectively.

In the case of the biofilm formed in the presence of copper,

we observed that the thickness of the biofilms (attachment

assay) was not statistically different from the control (t-test,

p ¼ 0.42), but had an increased percent of cell mortality in the

inner layers (77.7 ± 15.6%), whereas the fully formed biofilms

in heavy metal-free medium followed by a 4 h exposure to

metal (detachment assay) were significantly thinner than the

control (p¼ 0.025), but the percentmortality of the inner layers

was only 16.1 ± 4.4%. These results suggest that biofilms

formed without the presence of heavy metals are more robust

and resistant to copper, i.e. less cells are inactivated, than

biofilms formed in the presence of metals. The resistance of

the fully mature biofilm exposed to the heavy metal,

compared to the biofilmbeing formed in the presence of heavy

metal, may potentially be attributed to the EPS already formed

in the fully mature biofilm that works as a diffusion barrier

that slows down the infiltration of metal ions (Stewart and

Costerton, 2001; Hentzer et al., 2003).

The EPS contains diverse high molecular weight organic

macromolecules, e.g. polysaccharides, proteins, nucleic acids,

phospholipids, as well as other low molecular weight non-

polymeric components. These molecules can be located at

the surface (insoluble EPS) of the microbial cell or secreted to

the environment (soluble EPS). The insoluble EPS usually

forms a gelatinous matrix that functions to support aggrega-

tion between cells, initial attachment of cells to surface, pro-

tection from desiccation, and resistance to toxic exogenous

http://dx.doi.org/10.1016/j.watres.2014.05.043
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Fig. 4 e FT-IR spectra of ‘Pirapora’ bacterial community exposed or not to 23 ppm of copper. Black line corresponds to the

control (no heavy metal). The red line corresponds to the community exposed to 23 ppm Cu2þ for 4 d. Bands in the range of

1070 cm¡1 are attributed to the CeOH of the carboxyl stretching vibration. The consortium with adsorbed copper ions

presented the same vibration with two peaks (1038 and 1080 cm¡1), which suggests that only a portion of the carboxyl

groups have bonded to the copper ions. The peaks at 4306 and 669 cm¡1 correspond to OH vibrations, and were also

responsible for the copper binding.
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constituents, such as metals (Pal and Paul, 2008; Laspidou and

Rittmann, 2002). Previous research has shown that high con-

tent (up to 38%) of uronic acids in the EPS are responsible for

metal binding due to the presence of carbonyl, carboxylic acid,

and hydroxyl functional groups (Salehizadeh and

Shojaosadati, 2003; Morillo P�erez et al., 2008). Other studies

also found that proteins, with negatively charged amino acids

such as aspartic and glutamic acids, also constitute a signifi-

cant portion of the EPS and can effectively bind to positively

charged metal ions (Laspidou and Rittmann, 2002).
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Fig. 5 e Sorption isotherm of Cu2þ removal at pH ¼ 4 by

‘Pirapora’ microbial community grown in P medium. The

‘Pirapora’ microbial community has a sorption capacity for

Cu2þ ions estimated at 450.0 mg/g. The : symbol

represents the fixed-bed column equilibrium point.
These findings and the better understanding of the

behavior and sensitivity of the Pirapora microbial consortium

in the presence of copper are essential to determine the op-

timum conditions needed to form a robust biofilm on the GAC

surface for a better set up of the fixed-bed bioreactors.

3.2. Ability of the Pirapora microbial consortium to
remove copper under different pH values

In the previous section,we showed that the Piraporamicrobial

community is very resistant to heavy metals and can suc-

cessfully form biofilms that are resistant to high concentra-

tions of copper. The second step was to determine whether

this community is able to remove copper fromwater, so that it

can be used in fixed-bed bioreactors for copper water treat-

ment. Therefore, we used batch dynamic experiments for the

present investigation. Batch experiments are critical for bio-

sorption investigation because they provide insights into the

mechanisms of sorption reactions and the reaction pathways.

The availability of metals, as well as the adsorption ca-

pacity of an adsorbent, is directly dependent on the pH of the

solution. The pH plays an essential role in the sorption of

metal ions since it affects the sorbent surface charge, the

degree of protonation of the surface functional groups, and

the precipitation of metal ions in the solution (Peters, 1999;

Blais et al., 2008). In microbial biomasses, metal sorption de-

pends on the extent of protonation of the carboxyl groups in

the cell walls, given that an increase in pH reduces the

competition between Hþ and metal ions (Baig et al., 2009)

(Fig. 3). It is critical to highlight that 15 ppm copper starts to

precipitate at pH values above 6; hence sorption at lower pH

values indicate microbial sorption effects (Lewis, 2010). The

ANOVA showed that overall the removal percentages are in-

dependent of pH from pH ¼ 1 to pH ¼ 5 (F(3,7) ¼ 2.9654,

p ¼ 0.107). In the present study, the pH ¼ 4 had an average

http://dx.doi.org/10.1016/j.watres.2014.05.043
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Fig. 6 e SEM imaging of a) BGAC before biofilm growth at 2 K magnification, b) BGAC after biofilm growth at 4 K

magnification.
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percent removal of 57% (Fig. 3). This pH was chosen for sub-

sequent studies of copper removal, even though the percent

removal at this pH was not statistically different than those

observed at other pH values lower than 5.
3.3. Mechanisms of copper removal by the Pirapora
consortium

Microbial sorbents first interact with ions dissolved in

aqueous phase through surface complexation (Warren and

Haack, 2001). Functional groups present on bacterial cell sur-

faces can become negatively charged to buffer the surround-

ing environment by donating protons (Warren and Haack,

2001). For instance, teichoic acids give the negative charge to

the Gram-positive bacteria; while in the Gram-negative the

lipopolysaccharide and phospholipids provide the primary

sites for metal interaction (Wang and Chen, 2009). Thus,

deprotonated functional groups on bacterial surfaces can

effectively bind metals.

Through the FT-IR spectrum of the ‘Pirapora’ community

grown inmetal-freemedia (control) and inmedia with 23 ppm

of copper (red), we identified the functional groups
Fig. 7 e Breakthrough curves for copper on a

2.5 cm £ 22 cm GAC (black) and BGAC (red) column.
responsible for the metal sorption. In Fig. 4, the control

showed a peak at around 1070 cm�1 which corresponds to the

CeOH stretching vibration of carboxyl groups (Smith et al.,

2014). These functional groups are commonly found in

different biomacromolecules in bacteria, such as peptido-

glycan, teichoic acids, proteins, and lipoproteins (Wang and

Chen, 2009). When the community was exposed to Cu2þ

ions, another peak at 1038 cm�1, which was also related to the

CeOH of carboxyl groups appeared, suggesting that the

counter ions associated with the carboxyl group had changed

due to Cu2þ ions uptake (Cayllahua and Torem, 2010). These

two peaks indicate that only a portion of the CeOH of the

carboxyl groups are binding to the Cu2þ ions, since only one

peak at 1038 cm�1 would be shown if all CeOH were bound to

Cu2þ. Similar stretching vibrations were found in previous

biomass surface characterization studies along with amine,

hydroxyl, and phosphate groups which are also responsible

for copper sorption into Pseudomonas stutzeri biomass

(Pistorius et al., 2009; Oh et al., 2009).

The peak at 3406 cm�1 in the control represents the normal

polymeric OH stretch, whereas the peak at 1400 cm�1 denotes

a possible tertiary alcohol (Coates, 2000; Schmitt and

Flemming, 1998). The peak at 669 cm�1 may also been attrib-

uted to an OH vibration (Coates, 2000). These three peaks were

slightly shifted after the metal sorption to the biomass, indi-

cating complexation of Cu2þ to OH groups. Besides the

biomass, carboxyl, and hydroxyl groups are also found in

uronic acids present in the EPS, which can complexwithmetal

ions (Salehizadeh and Shojaosadati, 2003,Morillo P�erez et al.,

2008).

Additionally, secondary and tertiary amine groups are

indicated at 1650 cm�1 and 1238 cm�1 in the control, respec-

tively, and were also changed after the metal sorption. The

minor change in such peaks corresponds to the binding of the

NeH and CeN groups with copper. Finally, the peak at

1541 cm�1 may relate to aliphatic or aromatic nitro com-

pounds (Coates, 2000). The EPS, which contains negatively

charged amino acids such as aspartic and glutamic acids,

holds amino and hydroxyl groups that can bind metals

(Laspidou and Rittmann, 2002).

Our results suggest that the carboxyl, hydroxyl, and amine

groups of peptide chains provided a negative charge to the

bacterial cell wall. However, among all the functional groups

http://dx.doi.org/10.1016/j.watres.2014.05.043
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Table 1 e Confocal Microscopy Data of Biofilm Grown for 72 h in P medium with and without Copper. The attachment
analyses represent the biofilm grown with copper for 72 h, while the detachment assay represents fully mature biofilm
grown without copper with subsequent exposure to copper for 4 h. Statistically significant differences with respect to the
control of p < 0.05 and p < 0.005 is represented by* and by**, respectively.

Analysis Parameter Control
(Avg ± Std Dev.)

Exposed to Cu2þ

(Avg ± Std Dev.)
[Cu2þ]
(ppm)

Exposure
time

Attachment Biofilm thickness (mm) 109.7 ± 27.3 94.4 ± 11.2 20 72 h

Attachment Percent mortality (%)-inner layers 40.4 ± 7.5 77.7 ± 15.6** 20 72 h

Attachment Percent mortality (%)-outer layers 42.1 ± 5.8 82.2 ± 13.1** 20 72 h

Attachment Cell density (cells/mm2) 26.3 ± 3.1 56.1±*2.6** 20 72 h

Detachment Biofilm thickness (mm) 89.4 ± 8.5 58.3 ± 7.4* 30 2 h

Detachment Biofilm thickness (mm) 76.1 ± 26.7 32.5 ± 3.3 30 3 h

Detachment Biofilm thickness (mm) 120.1 ± 28.2 40.3 ± 7.42* 30 4 h

Detachment Percent mortality (%)-inner layers 6.0 ± 3.2 16.1 ± 4.4** 30 4 h

Detachment Percent mortality (%)-outer layers 13.6 ± 3.3 16.2 ± 1.1** 30 4 h

Detachment Cell density (cells/mm2) 0.14 ± 0.01 0.13 ± 0.02 30 4 h
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identified in the consortium, carboxyl and hydroxyl groups

were the main functional groups responsible for the metal

sorption process in the Pirapora microbial consortium.

Further evidence of metal sorption by the Pirapora micro-

bial community was revealed through SEM imaging. Fig. S4

presents a cell from the consortium before (a) and after

exposure to 25 ppm copper (b). Fig. S4b shows spots deposited

on the cell wall surface and increased cell size, when

compared to the control (Fig. S4a). Earlier studies presented

similar results for Mesorhizobium amorphae CCNWGS0123

(Mohamad et al., 2012), suggesting that copper uptakewas due

to both cell-surface binding and intra-cellular accumulation of

Cu2þ. Chen et al. (2000) confirmed the presence of copper on

cell mass and changes in cell morphology after copper bio-

sorption by Desulfovibrio desulfuricans (Chen et al., 2000),

attributing the changes to secretion of EPS during the sorption

process. Additional indication of copper sorption to microbial

cells is presented by the EDS analysis (Table 2, Fig. S5a and b),

which presents direct detection ofmetals on the biomass. The

results showed 32.43 wt% Cu2þ on the biomass that was

exposed to copper as opposed to the control that presented

only 2.07 wt% Cu2þ. Therefore the Pirapora microbial com-

munity is able to bind heavy metal through adsorption.
Table 2 e Energy Dispersive Spectroscopy (EDS) analysis
of consortia exposed to copper.

Element Control: bacteria Bacteria þ25 ppm Cu2þ

Mass% Atom% Mass% Atom%

C* 97.13 99.45 67.57 91.68

Cu* 2.07 0.4 32.43 8.32

Zn* 0.8 0.15 e e

Total 100 100 100 100
3.4. Pirapora consortium copper sorption kinetics and
isotherm

The design of a large-scale sorption treatment unit requires

prior knowledge on the metal removal kinetics and sorption

capacity of the adsorbent to achieve maximum metal removal.

In thepresent study,weused thepseudo-secondordermodel to

describe the kinetics of copper removal by the ‘Pirapora’micro-

bial community (Ho andMcKay, 1999). Thismodel is often used

to describe the kinetics of biosorption (Lu et al., 2006, Mudhoo

et al., 2012). Correlation parameters were derived from the

linearmodel in Eq. (S1) (Kumar and Sivanesan, 2006) by plotting

t/qt vs t (Fig. S7), and are shown in Table 3. The model (Fig. S8,

Table 3) depicted an R2 of 0.91, which indicates that the model

explainsmost variance. Copper equilibriumuptake rate, qe, was

achieved after 100min at a pH¼ 4,which is also consistentwith

previous bacterial sorption studies. Lu et al., for example,

modeled the sorption of copper by live cells of Enterobacter sp J1,
attaining an equilibrium metal uptake rate after 100 min at a

pH¼ 5 (Lu et al., 2006). Although similar equilibrium timeswere

attained by Enterobacter sp. J1 and the Pirapora community, the

metal uptake rate obtained during 100 min was higher for the

Pirapora community, 303.03 mg/g, than for Enterobacter sp J1,

12.3 mg/g. The results suggest that the consortium used in this

study may have a higher metal affinity than pure microbial

cultures. This key finding implies that the use of bacterial

communities isolated from environmental sites might be more

efficient to remove heavy metals from water, than the use of

pure microbial cultures.

Equilibrium isotherm models describe the solideliquid

equilibrium between the metal concentration bound on the

bacteria and the metal concentration in the liquid phase. The

equilibrium sorption behavior is important because the

quality of any sorbent is determined by howmuchmetal (mg)

can be retained per gram of sorbent, or the metal uptake (mg

metal/g dry biomass) (Volesky, 2007). We fitted the experi-

mental data of the biosorption of copper by the log-phase

‘Pirapora’ consortium into the most common models that

describe single metal systems, the Langmuir and the

Freundlich models (Wang and Chen, 2009) (Fig. 5). The corre-

lation parameters of these two models are listed in Table 4.

The results show that the Langmuir model is able to

explain most of the variance (R2 ¼ 0.9) and presented a higher

explanatory power than the Freundlich model (R2 ¼ 0.7) based

on the R2 value. The Langmuir model indicates that the

sorption capacity for copper was 450.0 mg/g. Previous studies

have shown sorption capacities for Cu2þ ions by live, Thio-

bacillus thiooxidans, Mesorhizobium amorphae CCNWGS0123, P.

aeruginosa PU21, and P. stutzeri of 39.8 mg/g, 169.7 mg/g,

23.1 mg/g, and 22.9 mg/g, respectively (Mohamad et al., 2012;

http://dx.doi.org/10.1016/j.watres.2014.05.043
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Table 3 e Pseudo-Second Order Kinetics of Cu2þ uptake by Pirapora microbial community.

Intercept Slope vo ¼ kqe
2 qe k R2

mg g�1 min�1 mg g�1 g mg�1 min�1

Cu 0.0442 0.0033 22.62 303.03 0.000246 0.91

Table 4 e Parameters of Langmuir and Freundlich
equilibriummodels for the sorption of Cu2þ onto Pirapora
community.

Metal Langmuir Freundlich

qmax (mg/g dry cells) KL R2 KF n R2

Cu2þ 450.0 0.07 0.93 41.2 1.53 0.70
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Liu et al., 2004; Chang et al., 1997; Nakajima and Ueda, 2008).

Although dead or inactivated pure cultures of bacteria typi-

cally have higher metal sorption capacities than live cells

(Wang and Chen, 2009), our study indicates that the Pirapora

microbial community has higher copper sorption capacities

than dead cells of pure cultures, as depicted in Table S5.
3.5. Copper removal by the Pirapora consortium biofilm
in fixed-bed GAC

Biosorption of heavy metals by biofilms can be optimized

using a support medium for the microorganisms, which can

serve as a process unit packing material with the right size,

mechanical strength, rigidity, and porosity necessary for use

in practical processes (Wang and Chen, 2009). Immobilization

of microorganisms on fixed beds is a common procedure in

some treatment systems, e.g. nitrifications systems using

ammonia-oxidizing bacteria or anaerobic wastewater treat-

ment processes (Haseborg et al., 2010; Cresson et al., 2008). We

used a GAC bed as support matrix for the immobilization of

microorganisms, and analyzed the GAC surface before and

after biofilm formation to determine the amount of time

needed for the biofilm to form on this surface (Fig. 6). This

image is an example of a series of images taken from various

locations of the GAC particle to confirm the presence of

biofilm.

The GAC, with the immobilized consortium biofilm, was

used as a packing material for a fixed bed column to treat

heavy metal contaminated water. The Fig. 7 shows the

breakthrough curves for copper sorption onto GAC and BGAC

beds. The BGAC curve exhibits a broader leading edge than the

GAC curve, which appears to have a greater sharpness,

particularly during the initial number of bed volumes eluted.
Table 5 e Column Performance based on Cu2þ removal.

Column Copper
removal%

Initial Cu2þ

concentration
(ppm)

Flow rate
(mL min�1)

GAC 17 15 5.3

BGAC 45 15 5.2
The BGAC curve also shows a broader trailing edge than the

GAC curve. Potentially, the BGAC column presents slower

intra-particle diffusion within the surface pores before

reaching the entire biomass attached to the surface, as pre-

viously suggested (Chu, 2004).

The GAC bed exhibited complete breakthrough after 990

bed volumes. The BGAC approximate breakthrough occurred

after 1429 bed volumes, but its C/C0 never reached a value of 1

during sample collection. This longer saturation time exhibi-

ted by the BGAC can be attributed to the biofilm immobilized

on the carbon's surface. The confirmation of the presence of

the biofilm on the GAC after exposure to the metal solution

can be found in the supporting information (Fig. S12).

For an initial copper concentration of 15 ppm and a flow

rate of 5mL/min, the BGAC column retained 45% of the copper

mass added at t¼ 0 h to the column, whereas the GAC column

only removed 17% (Table 5). The BGAC was also modeled

using the batch Langmuir uptake rate at 15 ppm. The model

showed a sorption capacity of 256.3 mg/g, which corresponds

to 28% of the copper mass at t ¼ 0 (data point from the Lang-

muir curve shown in Fig. 5). The differences between the

theoretical and experimental uptake rates may be attributed

to the curve-fit errors of themodel and analytical errors in the

biomass weight calculation. The experimental breakthrough

curve for BGAC column indicated that the C/C0 does not reach

a value of 1, which shows a prolonged metal sorption over

time, when compared to the GAC column due to actively

growing microbial community.
4. Conclusion

The microbial community isolated from a heavy-metal-

contaminated site in S~ao Paulo, exhibited a two to three-fold

higher uptake capacity for copper ions compared to previous

studies with pure cultures. This is the first study utilizing a

complex microbial community obtained from the environ-

ment for the removal of copper fromwater using a BGAC fixed

bed column. Batch sorption studies with planktonic cells were

developed first to understand the biomass-metal sorption

process, and we found that equilibrium was achieved within

100 min with cells in exponential phase at pH value of 4. The

biomass maximum sorption capacity for copper was deter-

mined to be 450.0 mg/g-dry-cells and the metal binding was

attributed mainly to the carboxyl and hydroxyl functional

groups present in the biomass. Prior to the development of the

BGAC, we analyzed the biofilm formation and detachment in a

metal-rich environment, in which 89% of the cells remained

alive after the biosorption. The BGAC column showed a longer

saturation time than the control; and retained 45% of the

initial copper mass added to the column as opposed to the

GAC column that removed only 17%. This study indicates that

http://dx.doi.org/10.1016/j.watres.2014.05.043
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microbial communities isolated from heavily contaminated

environmental sites have a strong potential as metal bio-

sorbents for water treatment processes, and that environ-

mental consortia can offer away to enhance current biological

filter systems in water and wastewater treatment plants in

developing countries.
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