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1 Introduction The removal and recovery of Cr(VI) from wastewater are of
great importance in protecting the environment and human
In recent years, the presence of heavy metals in aqueous health as well as in reducing heavy metal toxicity, a potential
streams from the discharge of untreated wastewater into natu- threat for aquatic animals and plants. Limits on the total Cr
ral water bodies has become an important environmental discharge in effluent vary widely between 0.05 and 10 mgL™
issue. The disposal of industrial effluents into freshwater for direct discharges into water bodies and 1-50mgL™ for
resources has caused the deterioration of several aquatic eco- indirect discharges into sewage systems [5].
systems due to the accumulation of metals in biota and flora Traditional treatment of Cr(VI)-contaminated industrial
[1,2]. effluents generally involves the chemical reduction to insoluble
Chromium (Cr) has been introduced into the environment Cr(IlI) compounds [3]. Conventional methods, such as pre-
as a result of different industrial activities, such as iron and cipitation, oxidation/reduction, ion exchange, filtration, mem-
steel manufacturing, Cr leather processing, Cr plating, wood branes and evaporation, are extremely expensive or inefficient
preservation and other anthropogenic sources [3]. The most for metal removal [6].
prevalent forms of Cr found in the environment are Cr(VI) Recently, biosorption of heavy metals by microbial cells has
and Cr(III). The toxicity of this contaminant is highly depen- been recognised as a potential alternative to the traditional
dent on its oxidation state. Cr(VI) is generally soluble and treatment technologies for waste streams and natural waters
toxic to many plants, animals and microorganisms in the [7, 8]. The ability of Cr(VI) anions to overcome the permeabil-
aquatic environment, and Cr(VI) is considered to be muta- ity barrier of a prokaryotic cell, such as a bacterium, can be at-
genic and carcinogenic. By contrast, Cr(III) is less toxic and tributed to the chemical similarity between CrO,* and SO,*
less soluble than Cr(VI) and is an essential micronutrient for ions [9]. The applicability of bacteria as biosorbents has some
most biota, including humans [4]. advantages due to these microbes’ small size, ubiquity, ability

to grow under controlled conditions and resilience to a wide
range of environmental conditions [10].
Correspondence: Dr. M. Pazos (mcurras@uvigo.es), Departamento de Getin et al. [11] reported that studies on Cr(VI)-bioaccu-
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(i) binding of Cr(VI) to cell surfaces, (ii) translocation of
Cr(VI) into the cell and (iii) reduction of Cr(VI) to Cr(III).
The intracellular reduction of Cr(VI) to Cr(III) is known to be
the main detoxification mechanism. A wide range of microor-
ganisms, including Arthrobacter viscosus, reduce the ion Cr(VI)
by chromate reductase activity [12-15].

A. viscosus is a non-pathogenic soil bacterium that produces
a high amount of viscous extracellular polysaccharides
[16,17]. This characteristic favours its adhesion to different
support structures and increases its ability to remove heavy
metals from liquid streams [18,19]. Until now, publications
have demonstrated that pH is one of the most important vari-
ables in Cr(VI) bioremoval. Bldzquez et al. [20] reported that
the removal rate was enhanced by very acidic pH conditions
(pH lower than 3).

Inversely, removal of heavy metals from industrial waste
streams by the use of natural zeolites has been applied to medi-
um- and large-scale treatment facilities, with variable success
[21]. Zeolites are aluminosilicate minerals containing ex-
changeable alkali or alkaline-earth metal cations (usually Na,
K, Ca and Mg) and water in their structural framework. Their
physical structure is porous, and alkali or alkaline-earth cat-
ions reversibly fixed in the cavities can easily be exchanged by
surrounding positive ions. Zeolites have little affinity for an-
ions and non-polar organic molecules [22] and can be changed
by surface pre-treatment or surface coverage by a specific bio-
film [23].

Figueiredo et al. [24] reported an innovative process that
combines the use of a zeolite and an A. viscosus biofilm to
remove Cr(VI) in solution. They found that the A.viscosus
bacteria supported on the zeolite reduce Cr(VI) to Cr(III), and
the Cr(III) is retained in the zeolite by ion exchange. Further-
more, these authors demonstrated that the resulting metal-
zeolite can be applied as catalyst in the oxidation of persistent
organic compounds.

This study focuses on the scale-up of a new technology de-
veloped by Figueiredo et al. [24] to remove low concentrations
of heavy metals from industrial effluents. To complete the
previous study, the bioreduction of Cr(VI) to Cr(IIl) using
A. viscosus combined with the Cr(III) removal using a specific
zeolite was conducted in bioreactors. A detailed study was ini-
tially carried out on a smaller scale in a laboratory to deter-
mine the influence of biomass concentration, pH and zeolite
pre-treatment on the efficiency of the process. Under the opti-
mised conditions, the scale-up of the process was performed
to explore the feasibility of a cost-effective process for indus-
trial application.

2  Materials and Methods

2.1 Microorganism and Growing

The bacterium used was A. viscosus (CECT 908), which was
obtained from the Spanish Type Culture Collection of the Uni-
versity of Valencia. The microorganism was grown on a basal
medium containing per litre: 10g glucose, 5g peptone, 3 g
malt extract and 3 g yeast extract. The culture was grown in
Erlenmeyer flasks (1000 mL) containing 250 mL of the basal
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medium, previously sterilised at 121 °C for 20 min. The flasks
were inoculated and incubated in an orbital shaker at 180 rpm,
28°C and capped with cotton stoppers that permitted passive
aeration. The growth of the bacterial community was evalu-
ated by optical density measurements at 620 nm (T60 UV Visi-
ble, PG Instruments).

2.2 Zeolite

Zeolite 13X supplied by Xiamen Zhongzhao Imp. & Exp. Co.
was used as the biosorbent support in the shape of spherical
pellets. This support has been conventionally produced using
mainly clay minerals as the binder for the pellets. The diameter
of the pellets was 5-8 mm, and the normal pore diameter was
13A.

Zeolite increases the pH in the medium to basic values [25].
Thus, different pre-treatments were used during 24h to im-
prove the zeolite efficiency: 0.1 M H,SO, and basal medium.
To determine the amount of Cr retained in the zeolite, an acid
digestion following the EPA 3010 protocol was performed at
the end of the industrial-scale assay.

2.3 Bioreactors
2.3.1 Laboratory-Scale Bioreactor

The experiments to optimise the operational conditions were
performed in a laboratory-scale bioreactor consisting of two
Plexiglas columns with 30 cm height and 4 cm internal dia-
meter (Fig. 1). Two-thirds of each column was filled with zeo-
lite 13X. The ratio between zeolite and treated solution was
0.14kgL™". The final working volume of each column was ap-
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Figure 1. Experimental set-up: (1) reservoir tank, (2) magnetic
stirrer, (3) peristaltic pump, and (4) Plexiglas columns.
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proximately 150 mL, and the total volume of metallic solution
treated was 2.5L per batch. A reservoir tank was used to take
samples and to control the pH. A peristaltic pump (3Lh™")
was used to avoid concentration gradients.

2.3.2 Industrial-Scale Bioreactor

The assays to evaluate a possible scale-up of the process were
performed in an industrial-scale bioreactor consisting of three
stainless-steel columns with 1.5m height and 30 cm internal
diameter [26]. Two-thirds of each column was filled with
zeolite 13X. The ratio between zeolite and treated solution
was 0.3kgL™. A reservoir tank was used to take samples
and to control the pH. The final working volume of the bio-
reactor was approximately 150L per batch. A membrane
pump (5Lh™") was used to avoid concentration gradients.

2.4 Biofilm Formation

The inoculum culture was transferred to the bioreactor when
the biomass concentration was 3 gL\, This medium was kept
static for 24 h. Afterward, fresh basal medium was pumped
through the bioreactor at a flow rate of 50 mLmin™" during
24 h. Following this, a diluted medium containing 3.3 g glu-
cose, 0.167 g peptone, 1 g malt extract and 1g yeast extract per
litre was pumped in over 72 h at the same flow rate to favour
the hydrodynamics of the biofilm [27]. Operating under stress
conditions with the diluted medium, the biofilm formation in-
creases the production of polysaccharides and this allows for
the formation of a coherent biofilm with a strong adhesion to
the support surface [23].

2.5 Experimental Procedure and Cr Removal

Once the biofilm formation was created, a solution of
100mgL™ Cr(VI) was pumped through the bioreactor. Al-
though this process was designed to remove trace amounts of
Cr(VI), the assays were performed with a 100-mgL™" solution
to validate the system in extreme conditions. Metal solutions
were prepared with K,CrO, provided by Riedel de Haén.
Different assays were carried out inside a laboratory-scale
bioreactor in order to optimise the operating variables and,
subsequently, the industrial-scale assay was realised under the
optimised conditions (Tab. 1). In each assay, new biofilm for-
mation was done and new zeolite was used. According to the

Table 1. Experimental conditions of assays E1-E4.

results obtained by Silva et al. [15], batch assays were per-
formed at fixed acid pH to assess the Cr removal efficiency.

Samples of Cr solution were taken from the bioreactor dur-
ing the treatment and centrifuged at 5000 rpm for 15 min. The
supernatant was analysed for pH and metal concentration. The
Cr concentrations were determined by the 1,5-diphenylcarba-
zide method using a spectrophotometer (T60 UV Visible, PG
Instruments) at 540 nm [28]. In the experimental conditions,
the colorimetric determination is a selective method that dis-
tinguishes between Cr(VI) and total Cr in the solution. The
applicable concentration limits are 100-1000ugL™ using
this diphenylcarbazide method. The reaction is very sensitive,
with the molar absorptivity based on Cr being about
40000Lg'cm™ at 540 nm. The reaction with diphenylcarba-
zide is nearly specific to Cr.

3  Results and Discussion

3.1 Optimisation of Operating Conditions

Fig.2 shows the profiles of the normalised concentration of
Cr(VI) and Cr(IIl) in solution during the batch assay (E1).
After 10 days of treatment, a reduction of 50 mg of Cr(VI) was
reached (Tab. 2). The concentration of Cr(III) in solution was
negligible during the first 4 days, although at the end of the
treatment around 16 % of the reduced Cr(VI) was in solution
as Cr(III). This outcome demonstrated that most of the Cr(VI)
reduced by the biofilm was retained by the system biomass/ze-
olite. The results are in accordance with those reported by Fig-
ueiredo et al. [24]. These authors reported that a biofilm of
A. viscosus supported on Y and X zeolites was able to remove
chromium from dilute solutions (50-250 mg Cr(VI) per litre)
with a maximum removal efficiency of 20 %. Although the pH
was maintained at an acidic level, the obtained removal
amount was low. The limiting factor in this system would be
the low amount of biomass present in the bioreactor. Cr(VI)
must be reduced by the bacteria biofilm to be retained by
zeolite. Therefore, it is necessary to increase the biomass con-
centration in the system so that the Cr(VI) removal can be effi-
cient.

A second assay (E2) was performed with the intention of
increasing the biomass concentration inside the bioreactor. A
similar biofilm formation protocol as used in the previous
assay was conducted, with the exception that the amount of
biomass in the inoculum culture was increased from 3 to 5g
biomass per litre in the system. Greater concentrations were
not used because greater biomass concentrations in the system

Assay Scale Volume [L] Zeolite pre-teatment Inoculum [gL™] pH Batch
El laboratory 2.5 0.1 M H,SO, 3 3 1
E2 laboratory 2.5 0.1M H,SO, 5 3/5 2
E3 laboratory 2.5 basal medium 3 4-4.5 2
E4 industrial 150 0.1 M H,SO, 5 3/5 1
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12 Fig. 3, the Cr(III) concentration decreased. At the end
—e— Cr(Vl) of the assay, 27 % of the Cr(III) were kept in solution
—0— cr(ll and a negligible amount of Cr(VI) was detected. These
{‘} 104 results are in accordance with Chojnacka [30] and Yan
o and Viraraghavan [31]. These two research groups re-
g 08 4 ported that a pH of 5 is the optimum pH to increase
b Cr(III) retention by a biomass system. The assay dem-
‘% onstrated a clear relationship between the pH of the
e 081 system and the biomass behaviour in metal removal.
8 To investigate the possible use of the bioreactor in
E — continuous mode, a fresh feeding of Cr(VI) at
S 100 mg L' was conducted, and the results are dis-
g played in Fig.3 (Batch2). Initially, the pH of the sys-
Z 02 tem was controlled at a value of 3, and when the
Cr(III) concentration reached a constant value, the pH
. 5 B 1 _Pr_,,_.ozo‘—-o—‘—_o was changed to 5. Although the removal was lower
i 2 4 . o 40 than the values observed during the first feeding, a

Time (d)

Figure 2. Cr concentration evolution during the laboratory-scale batch assay

at pH 3 (E1).

Table 2. Chromium distribution for the different assays.

higher elimination was obtained. A total of 85%
Cr(VI) removal was reached at the end of the treat-
ment. Although a slight reduction of the Cr(III) con-
centration was detected when the bioreactor pH was
raised to 5, the Cr(III) concentration remained nearly
constant (30 %) throughout the experiment.

In these experiments, it was postulated that biomass

Assay Initial Cr in solution [mg]  Final Cr in solution [mg]  Final Crin retained in the support is one of the most important
zeolite [mg] parameters in the bioremoval of Cr(VI). Thus, these
Cr(VI) Cr(II) Cr(VI) Cr(III) tests were carried out in an assay (E3) with the inten-
El 250 0 200 8.25 nm. tion of enhancing the biofilm formation on the zeolite
_— 250 0 0 675 m 13X. Furthermore, tl}is outcome would fe}vour 'the
' o contact between zeolite and biofilm, thus increasing
E3? 250 0 65 0 n.m. the retention of Cr(III) inside the zeolite. A similar
4 15000 0 507 3646.5 10861 biofilm formation protoc.ol as used in the E1 assay was
conducted, although a different pre-treatment of zeo-
a) Reported data correspond to first batch. lite was performed. The zeolite was pre-treated by
n.m., Not measured. immersion in the basal medium for 24 h to increase
biofilm formation on the overall zeolite surface.
provoke operational problems, such as clogging of the
bioreactor. Furthermore, the diluted medium was sub- 1.2 i _
. . . pH3:pHS5 pH3:pHS5
stituted by a fresh basal medium. These changes in- —e— Cr(VI)
creased the biofilm formation on the zeolite surface. —O— Cr(llh)

As seen in Tab. 2, the metal removed from this batch
(E2) was greater than in the previous assay (E1). Ap-
proximately 80 % of the Cr(VI) was removed over the
same period of time (10days) (Fig.3). This outcome
confirmed the effectiveness of this enhanced proce-
dure. Thus, the Cr(III) concentration increased over
time at a value of approximately 50 %, which was
nearly constant, probably as a result of the low pH of
the system. Another improvement was discovered giv-
en that the aim of the bioreactor was the metal
removal from the liquid stream, independently of its
ionic form. In fact, Uluozlu et al. [29] reported that
one of the most important factors affecting biosorp-
tion of metal cations is the surface charge of the sor-
bent. Their results showed that maximum biosorption
was found to be at 95 % for Cr(IIl) ions at a pH of 5.
Thus, after 10days of treatment, the pH in the bio-
reactor was increased to a value of 5. As is shown in
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Figure 3. Cr concentration evolution during the laboratory-scale batch assay
at pH 3 and 5 with biomass concentrations of 5g L™ in the two batches (E2).
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The experimental data of this batch (E3) are shown in Fig. 4.
In the bioreactor, no pH control was conducted, and the pH
was stable between 4 and 4.5. At the beginning of the experi-
ment, high reduction of Cr(VI) was obtained as a result of the
high amount of biomass in the system. This removal was
maintained over time, reaching 75 % after 14 days of the assay.
A similar value was obtained in the previous assay (E2) at the
same treatment time; however, the amount of Cr(III) retained
in the system was higher in the E3 assay (Tab. 2).

A fresh feeding was added to evaluate the continuous opera-
tion of the bioreactor. The evolution of Cr over time is dis-
played in Fig.4 (Batch2). In this second batch, the Cr(VI) re-
moval was lower compared to that obtained in the E2 assay.
Initially, a decrease of Cr(VI) was observed, and after this, the
amount of Cr(VI) in solution was constant over time. These
results indicate that, although the amount of biofilm in the
system is a limiting factor, pH control should be performed to
favour the Cr(VI) reduction and Cr(III) retention.

3.2 Kinetic Studies

The Cr(VI) concentration profiles allow evaluation of the kinetic
behaviour of the reduction reaction of Cr(VI) to Cr(III). In the
assays with the higher Cr removals (E2 and E3), the reaction ki-
netics were evaluated during the first batch, and the regression
coefficients for the zero-, first- and second-order reactions were
calculated. The rate constants were determined using the Sigma
Plot 8.00 software. The Sigma Plot curve fitter uses an iterative
procedure based on the Marquardt-Levenberg algorithm that
determines the values of the parameters that minimise the sum
of the squared differences between the observed and the pre-
dicted values of the dependent variable. The results indicated
that the reduction of Cr(VI) to Cr(III) in the bioreactor system
could be quantitatively described by a second-order kinetic
equation (Eq. 1) with respect to the Cr(VI) concentration:

=k 1)

where C is the concentration of Cr(VI) (mg/L), t is the reac-
tion time (days) and k is the kinetic coefficient for the second-
order reaction (L mg 'day™).

These results confirm that the reduction rate is favoured
when the Cr(VI) concentration in the bioreactor is high. The
rate constant values and the statistical correlation parameters
are shown in Tab. 3. The constant reduction rate of Cr(VI) in
the E2 assay is more than two-fold that obtained in E3. Based
on these results, it was determined that there is no linear de-
pendency between the kinetic coefficients and the inoculated
biomass concentration. Thus, in this system, the behaviour of
the pseudo-second-order reaction was defined and the kinetic
equation for the system can be rewritten as:
dc

il (on 2)

where C is the concentration of Cr(VI) (mg L), t is the reac-
tion time (days) and k* is the kinetic coefficient for the pseu-
do-second-order reaction (L mg 'day™)

K =kG, (3)

where Gy, is the concentration of biomass inoculated (mg Lh
and k is the kinetic coefficient (L*mg >day™).

Table 3. Kinetic coefficients for a pseudo-second-order reduction
reaction of Cr(VI), Eq. (2), obtained for the different assays.

Assay k* [Lmg'day™]  k[L’mg2day] R?
E2 0.0048 0.00096 0.982
E3 0.0020 0.00066 0.987
E4 0.0034 0.00068 0.991

14 Consequently, a moderate amount of biomass and
L — &= Cr(\Ml) pH control in the bioreactor are necessary to conduct
1.2 Rl an effective treatment. Based on these results, it can be
concluded that the operating conditions applied dur-
10 € ing the E2 assay are the most appropriate to use in an
industrial-scale bioreactor.
0.8 1

Batch 2
0.4

Normalized Concentration (C/C,)

0.0 C/MO‘?_C\L T T

- W%W

L
i \M—F‘% 3.3 Industrial-Scale Bioreactor

Based on the previous results, a new assay was carried
out in the industrial-scale bioreactor of 150 L. The bio-
reactor configuration was described in the Materials
and Methods section and the experimental procedure
to create the biofilm formation was the same as that
used in the E2 assay. Similar to the E2 assay, pH control

0 5 10 15 20
Time (d)

Figure 4. Cr concentration evolution during the laboratory-scale batch with
previous treatment of the support by immersion in the basal medium for

24h (E3).
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was performed during the experiment. Initially, the pH
was fixed at a value of 3, and when the Cr(III) concen-
tration reached a constant value, the pH was changed
to 5. The results obtained (Fig.5) indicate that the
scale-up had been successful. The Cr(VI) removal pro-
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file was similar to that obtained in the E2 experiment. Compar-
able kinetic behaviours were observed at the laboratory and the
industrial scale. The pseudo-second-order kinetics fit well to
the reduction reaction of Cr(VI) (Tab. 3). Similar to the E2 as-
say, the removal rate was influenced by the pH and the total
Cr(VI) removal that can be achieved. The Cr(III) concentration
in solution was nearly constant throughout the treatment, and
a slight reduction was observed when the pH was changed to 5.
In comparison with experiment E2, high retention of Cr(III)
was shown. This fact can be due to the scale up of the process
because the amount of zeolite utilized in the E4 assay per vol-
ume of Cr solution is almost double (0.3kgL™ in E4 and
0.14kg L™ in E2).

The Cr retention on the sorbent was evaluated after the
assay (Tab. 2). Acid digestion of the zeolite determined that the
Cr removed from the liquid phase was stored in the zeolite.
The uptake was 0.24 mg Cr per gzeolite 13X. After the assay,
the microorganisms stayed alive without the addition of any
kind of nutrients. According to Quintelas et al. [32], it is pos-
tulated that the bacteria incorporated chromium in their me-
tabolism, and this is probably the reason why the bacteria were
metabolically active after several months without nutritional
supplements. It is a remarkable finding that the system devel-
oped in this study was able to operate at a large scale without
incurring operational problems while successfully removing
metal. To our knowledge, no previous research is available re-
garding the use of industrial-scale bioreactors for the removal
of Cr(VI) in solution. The outcomes discussed indicate the rel-
evance and novelty of the results obtained in the present work.

4 Conclusions

According to the results obtained in this work, this new tech-
nology is adequate for the treatment of liquid streams with

low Cr(VI) concentration. These assays confirmed that the de-
signed bioreactor containing a biofilm supported on zeolite
13X can be effectively used in Cr removal. The key variables
for metal removal were the biomass concentration and the pH
of the system. This study demonstrated that a very acidic pH
increased the Cr(VI) removal. However, the acidic pH also de-
creased the Cr(III) retention. Under the optimised conditions,
approximately 100 % Cr(VI) removal was obtained. The assay
conducted in the industrial-scale bioreactor showed a similar
behaviour to the laboratory-scale assay. Furthermore, a great
amount of reduced Cr(VI) was retained in the bioreactor, sug-
gesting that this bioreactor has the potential of application in
the treatment of liquid streams with low Cr(VI) concentra-
tions.
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