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ABSTRACT

The toxic effects of diethylketone (DEK) in aqueous solution with different concentrations of AP,
Cd?*, Ni*" and Mn** were evaluated at lab-scale. It was established that Streptococcus equisimilis
is able to efficiently remove DEK with different concentrations with heavy metals. It was proved
that this joint-system has excellent capacity to biodegrade high concentrations of DEK in the
presence of APT, Cd**, Ni*" and Mn?". With the exception of AP, the uptake for all metals
increased as the initial concentration of each metal in the mixed solution increased. The
breakthrough curves are best described by the Adams and Bohart model for Cd**, by the Yoon
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and Nelson model for Ni** and by the Wolborska model for Mn**.

Introduction

One of the environment subjects of greatest importance
and concern relates to the pollution of aquatic and terres-
trial systems with heavy metals and volatile organic com-
pounds (VOCs) and its consequences on life and ecology
[1]. This is particularly problematic as, in addition to not
being biodegradable, metals tend to accumulate in living
organisms and in living tissues via food chain, triggering
numerous diseases and health disorders [2]. Heavy
metals can enhance and/or increase the toxic and
inhibitory effects on the microbial growth. Heavy metals
can enter the environment through aqueous effluents
from different industries such as electronic devices manu-
facturing, oil refining, printing, dyes, paints, pulp and
paper, fertilizers, pesticides, steels [1], jewelry, mining, tan-
neries, textile, batteries, petrochemical and fine chemistry,
chemicals production and health-care products [3]. Toxic
metals such as aluminum (AP, cadmium (Cd*"), nickel
(Ni**) and manganese (Mn?**) are among the most
common metal pollutants present in soil and water [4].
Although toxic when present in high concentrations,
metals such as nickel and manganese are required for
the functioning of several cellular enzymes (co-factors,
also known as essential metals or micro-nutrients) such
as urease and hydrogenase, manganese superoxide dismu-
tase, pyruvate carboxylase and for the activation of others
enzymes such as kinases, decarboxylases, transferases and
hydrolases. Ni release into the environment can occur from
biogenic sources such as windblown, dust and volcanic

eruptions. However, the majority of its release comes
from the burning of residual and fuel oils from metal refin-
ing, municipal incineration, steel production and coal pro-
duction [5]. Ni is considered a carcinogenic element, able to
cause several kinds of acute and chronic health disorders
such as skin dermatitis, chest pain, lungs and kidney
damage, nausea, pulmonary fibrosis, renal edema, cyanosis
and extreme weakness [6]. Manganese and manganese
compounds are employed mainly in the manufacture of
steel and iron alloys, batteries, glass and fireworks. They
are also used as oxidants for cleaning, bleaching and
disinfection purposes, livestock feeding supplements and
in fertilizers, varnish and fungicides [7]. Exposure to manga-
nese may occur either orally or by inhalation and can onset
serious toxic responses. Usually, the initial symptoms are
headache, disorientation, anxiety, insomnia, memory loss
and lethargy. With continued exposure, these symptoms
can develop and lead to motor disturbances, tremors
and difficulty in walking. Aluminum and cadmium, on the
other hand, do not present any biological activity or func-
tion (nonessential metals). Aluminum can be used in an
extensive variety of industries (aircraft, automotive and
construction, as a structural material), products (cooking
utensils, food packaging, metal alloys, pigments, paints,
heat resistant fibers, pharmaceutical and personal care
products) and compounds (food additives, antacids, anti-
perspirants) [8]. Exposure to aluminum may affect particu-
larly people with kidney disorders, since they have less
capacity to remove this metal from their body. Although
the health effects of aluminum on humans are not
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definitive and perceived, the Joint Food and Agriculture
Organization and the World Health Organization Expert
Committee on Food Additives lowered the allowable
intake of aluminum in 2006, from 7 mg/kg body weight
to 1mg/kg body weight per week [9]. Cadmium is
employed in six major classes: Ni-Cd batteries, cadmium
pigments, cadmium stabilizers, cadmium coatings,
cadmium alloys and cadmium electronic compounds
such as cadmium telluride (CdTe) [10]. Exposure to
cadmium may affect the action of enzymes, hampering res-
piration, photosynthesis, transpiration and chlorosis [11],
cause cancer, lead to infertility and promote severe
health problems in different organs. Cadmium presents
also high mobility in soil, high solubility in water and
extreme toxicity, even at low concentration [2].

VOCs such as ketones are usually released into the
atmosphere by biogenic and anthropogenic sources.
Diethylketone (DEK), also known as 3-pentanone, is a
simple symmetrical dialkyl ketone that is naturally pro-
duced and released into nature by plants, fruits [12,13]
and produced industrially to be used as solvent or
polymer precursor [14], as an intermediate in the syn-
thesis of pharmaceuticals, cosmetics, flavors and pesti-
cides [15]. Besides reacting with OH radicals promoting
the formation of ozone and other components of the
photochemical smog in urban areas [14], DEK is persist-
ent in water, soil and air and presents high mobility
[16] and ability to form toxic and phototoxic intermedi-
ates [17]. Exposure to DEK may cause, according to the
Occupational Safety and Health Hazards (OSHA) of
United States Department Labor, skin and eyes irritation,
coughing and sneezing. Prolonged exposure may cause
shortness of breath, tachycardia, faintness, nausea, coma
and even death. There are countless studies on heavy
metal and organic solvents removal from wastewater.
Techniques such as chemical precipitation, reverse
osmosis, ion exchange, adsorption on granular activated
carbon, condensation, thermal degradation, oxidation
and incineration [18] present several disadvantages
[19]. Studies conducted by numerous authors over the
last few years have demonstrated that biological pro-
cesses present several advantages over the traditional
methods mentioned above. The biological processes
present reduced maintenance and operation costs,
high efficiency and eco-friendly character since they do
not produce solid wastes and nitrogen oxides, which
would require a secondary treatment [17,20].

Since some contaminated systems can contain simul-
taneously heavy metals and VOCs [3], the studies concern-
ing the decontamination of this kind of systems and its
subsequent optimization become of major importance
and relevance not only for environment rehabilitation,
but also aiming its economics sustainability.

In this study, a joint-system was used that combines
the properties of clays and microorganisms to enhance
the removal of different kind of pollutants from
aqueous solutions. This joint-system combines the sorp-
tion capacity of the clay, providing excellent physical and
chemical stability, large specific surface area, high cation
exchange capacity [15] with the ability of the microor-
ganisms to degrade, fix and/or entrap pollutants, due
of the presence of several functional groups on the
biomass surface [17]. The main goal of this work is the
development of an environment-friendly technology
able to treat multicomponent systems, containing DEK,
aluminum, cadmium, nickel and manganese. Although
these two types of pollutants (metals and ketones)
appear together in the wastewater of different industries
such as metal refining [21] and paint manufacturing [22],
the knowledge regarding simultaneous treatment of
water containing these pollutants is rather scarce.

The theoretical models used in the present work are
described below.

Sorption kinetic models

The phenomena involved in biodegradation and/or bio-
sorption processes are of utmost importance because
they provide an understanding of the time dynamics of
sorption processes and how they determine the chemi-
cal reaction, as well as the mass transfer and diffusion
processes. These phenomena can differ significantly
from open, semi-closed and closed systems, even when
all the remaining conditions are kept equal. For a
better understanding of DEK, A**, Cd**, Ni** and Mn**
removal kinetics by Streptococcus equisimilis (lab-scale
experiments) and by S. equisimilis biofilm supported on
vermiculite (pilot-scale experiments), the experimental
results were fitted by the pseudo-first-order and
pseudo-second models reported in the literature [23-25].

Breakthrough curves modeling

One of the prerequisites for a successful design of a
fixed-bed column system for the removal of organic
compounds and/or heavy metals in aqueous solution is
the prediction of the concentration — time profile or
breakthrough curve. In this study, the Adams-Bohart,
Wolborska and Yoon and Nelson models were used to
describe the breakthrough curves [26-30].

Experimental
Bacteria strain and vermiculite

Streptococcus equisimilis was obtained from the Spanish
Type Culture Collection, at the University of Valencia,



with the following reference CECT 926. The vermiculite
was purchased from Sigma-Aldrich and presents a
Brunauer-Emmet and Teller surface area of 39 m?/g,
an average particle diameter of 8.45 mm and a porosity
of 10%. In the present study, the bacterial biofilm was
developed and established on the vermiculite.

Culture and chemicals properties

Streptococcus equisimilis was grown in sterilized Brain
Heart Infusion (Oxoid CM1135) culture medium at 37°C,
150 rpm, for several days. DEK was purchased from
Acros Organics (98% pure) and diluted in sterilized dis-
tilled water. Individual stock solutions of 1 g/L of alumi-
num (Al(OH)s, Merck), 1 g/L of nickel (NiCl,-6H,0, Carlo
Erba Reagents), 1g/L of cadmium (CdSO,-8/3H,0,
Riedel-de-Haén) and 1 g/L of manganese (MnSO,4-H,0,
Panreac) were prepared by dissolving an accurately
weighed amount of metal compound in sterilized dis-
tilled and deionized water. The multi-element inductively
coupled plasma (ICP) quality control standard solution
was purchased from CHEM Lab (QCS-03) (15E). The
range of concentrations of each ion, A**, Cd**, Ni**
and Mn?*, was obtained by dilution of the respective
stock solution and varied between 5 and 100 mg/L.

Lab-scale experiments — biosorption in batch
systems

Erlenmeyer flasks (1 L) containing 0.5L of sterilized
Brain Heart Infusion culture medium were inoculated
with a pure culture of S. equisimilis and left to grow
in an incubator for 24 h at 150 rpm and 37°C (Culture
X). After this period, 250 mL of Culture X was trans-
ferred to 1L of a new sterilized Brain Heart Infusion
culture medium and left to grow on an incubator for
48 h at 150 rpm and 37°C (Culture Y). The lab-scale
biosorption experiments were conducted in 0.250 L
Erlenmeyer flasks containing 0.125L of sterilized
Brain Heart Infusion culture medium, 4 g/L of DEK
and 5-100 mg/L of AP**, Cd**, Ni** and Mn?*. These
Erlenmeyer flasks were inoculated with 10 mL of the
culture Y and incubated under orbital shaking
(150 rpm) at 37°C for several days. At pre-establish
times intervals samples were collected and centrifuged
at 1300 rpm (Eppendorf MiniSpin 9056) for 10 min. The
supernatant was analyzed by ICP-optical emission
spectrometry (OES) and Gas chromatography-mass
spectrometry (GC-MS) in order to quantify respectively
the concentration of heavy metals and DEK. Two
blanks were used. One containing only DEK and bac-
teria, and other containing 4 g/L of DEK and 5 mg/L
of AP*, Cd**, Ni** and Mn?". The first blank was
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used to assess the growth of the bacteria, whereas
the second blank assessed the eventual interaction
between the different pollutants and the Erlenmeyer’s
walls. At the end of the experiments, samples were col-
lected and inoculated in Petri dishes in order to
confirm the metabolic activity of the bacteria. The pH
along the assays was also monitored.

Pilot-scale experiments — biosorption in open
systems

The pilot-scale experiments were conducted in a
compact polycarbonate acrylic bioreactor of 22.71L,
with an internal diameter of 17 cm and a total height
of 100 cm. One-third of the bioreactor was filled with
vermiculite (700 g). For the biofilm development, a
S. equisimilis culture was grown in an Erlenmeyer flask
(2L) containing 1L of Brain Heart Infusion culture
medium, previously sterilized at 121°C for 20 min. The
Erlenmeyer flask was inoculated with S. equisimilis, incu-
bated in orbital shaker for 24 h at 37°C and 150 rpm
and capped with cotton stoppers in order to allow a
passive aeration. The inoculum culture was transferred
to the bioreactor setup and recirculated upwards at a
flow rate of 250 mL/min during 5 days in order to
allow the biomass to attach to the vermiculite and
form a well-developed biofilm. Once the biofilm was
formed, the bed was washed out and a 40 L solution
containing 100 mg/L of each metal (A", Cd**, Ni**
and Mn?*) and 7.5 g/L of DEK (that acted as carbon
source) was continuously pumped upwards through
the bioreactor with a constant flow rate of 25 mL/
min. Periodically, DEK was added to the working sol-
ution in order to continuously supply a carbon source
to the biofilm and also to infer about its impact on
the metals sorption. At pre-established time intervals,
samples of the effluent were taken, centrifuged at
1300 rpm (Eppendorf MiniSpin 9056) for 10 min and
the aqueous phase was analyzed by GC-MS and by
ICP-OES in order to assess respectively the concen-
tration of DEK and heavy metals through time. At the
end, the bioreactor was washed out and samples of
the effluent and of the vermiculite were inoculated in
Petri dishes with Brain Heart Infusion culture medium,
in order to confirm the metabolic activity of the bac-
teria. The pH was also measured.

Analytical methods

Gas chromatography

A GC-MS Varian 4000, equipped with a flame ionization
detector, MS and a ZB-WAXplus column (30 mXx
053 mmx1.0um) was used to determine the
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concentration of DEK in distinct samples. The column
was initially held at a temperature 50°C, then heated at
a rate of 3°C/min until it reached 100°C, then held at
100°C for 4 min, heated again at a rate of 40°C/min to
150°C and finally held at 150°C for 2 min. The tempera-
ture of the injector and detector were kept at 250°C.
Nitrogen was used as the carrier gas at a flow rate of
4 mL/min and the injections were performed in the
split mode with a split ratio of 1:10. The concentration
of DEK was determined by comparing the areas of the
peak of the internal standard (2-methyl-1-butanol) to
the areas and retention time of the peaks appearing in
the samples taken during the experiments. The retention
time for DEK and for the internal standard was found to
be respectively 5.3 and 11.3 min.

Inductively coupled plasma optical emission
spectrometry

An ICP-OES (Optima 8000, PerkinElmer) was used to
measure the concentration of AI**, Cd?*, Ni** and Mn?*
through time for the lab and pilot-scale experiments.
The operating conditions were as follows: 1300 W of
radio frequency power, argon plasma flow of 8 L/min,
auxiliary gas flow of 0.2 L/min, nebulizer gas flow of
0.5 L/min, axial plasma view and wavelength of
309.271 nm for APP*, 228.802 nm for Cd**, 221.648 nm
for Ni** and 257.610 nm for Mn?*. All the calibration sol-
utions were prepared from a multi-element AP, Cd*,
Ni** and Mn?* stock solution with a concentration of
1 g/L for each metal. All the samples were acidified
with concentrated nitric acid (HNO3, 69%) and filtered
before being analyzed. The instrument response was
periodically checked with the multi-element ICP QC stan-
dard solution (CHEM LAB) and with a blank (HNOs, 5%).

Characterization of sorbents by Fourier transform
infrared spectrometer, X-ray diffraction and
scanning electron microscopy analysis
To identify the functional groups involved in the biosorp-
tion of DEK, AI**, Cd**, Ni** and Mn?" by the sorbents,
infrared spectra of the sorbents, with and without pre-
vious contact with the pollutants, were obtained using
a Fourier transform infrared spectrometer (FTIR BOMEM
MB 104). For the FTIR analyses, the sorbents were centri-
fuged and dried for 24 h at 60°C. Then, 10 mg of each
sorbent was encapsulated in 100 mg of KBr (Riedel) in
order to obtain a translucent sample disk. Background
correction for atmospheric air was used for each spec-
trum. The resolution was 4 cm™" and a minimum of 30
scans was conducted for each spectrum with a range
between 500 and 4000 wavenumbers.

The X-ray diffraction (XRD) analyses were performed
using a Philips PW1710 diffractometer. Scans were

taken at room temperature in a 28 range between 5°
and 60°, using CuKa radiation.

Scanning electron microscopy (SEM) of the sorbents
with and without previous contact with DEK, A**, Cd**,
Ni** and Mn?* was performed on Leica Cambridge
S360 to observe any morphological changes on the sor-
bents’ surfaces.

Results and discussion

Lab-scale experiments — biosorption in batch
systems

In these set of experiments, the initial concentration of DEK
was kept constant (4 g/L), whereas the initial concentration
of AP*, Cd®*, Ni** and Mn?* has increased from 5 to
100 mg/L. Percentages of DEK biodegradation and/or
sorption higher than 95% were reached in 74 h, for the
control containing just DEK and biomass. The same DEK
removal percentage was achieved in solutions with initial
concentrations of AP*, Cd**, Ni** and Mn** between 5
and 40 mg/L in 4 h and in 0.5 h, for initial concentrations
of the same ions between 80 and 100 mg/L (Figure 1).
These results suggest that, as the initial concentration of
metals increases, the time required to achieve biodegrada-
tion and/or sorption percentages of DEK higher than 95%
decreases significantly, meaning that the increase of the
initial concentration of the metals accelerates the complete
degradation and/or sorption of DEK. Complete biodegra-
dation and/or sorption of DEK was obtained for the
assays conducted with initial concentrations of metals
equal to or higher than 20 mg/L. These results may be
explained by the fact that the acclimation period obtained
is shorter than the ones obtained with smaller concen-
trations of metal, and therefore the time required by the
microbial culture to achieve the same level of performance
is smaller [31]. The metabolites formed during the exper-
iments (2-pentanone, methyl acetate, and ethyl acetate)
were also completely biodegraded and/sorbed since at
the end of the experiments they were not detected by
GC-MS analysis. Studies conducted by Dilek et al. [32]
and Gonzalez-Gil et al. [33] revealed that the presence on
Ni** at low concentrations is not only nontoxic respectively
to the microbial growth of the activated sludge and metha-
nogenic sludge, but actually it enhances the microbial
growth rate and metabolic activity. According to Nies
[34], the majority of microorganisms overcome the pres-
ence of heavy metals (nonessential and essential metals,
atlow or high concentrations) by using two different mech-
anisms of metals’ uptake. One of the mechanisms is essen-
tially constitutively expressed and driven by the
chemiosmotic gradient across the cytoplasmic membrane
of the bacteria, being thus a fast and unspecified
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Figure 1. Biodegradation efficiency (%) of S. equisimilis for DEK (4 g/L) when exposed to different initial concentrations of metal ions,

M.L, AP*, Cd**, Ni** and Mn®* (5-100 mg/L).

mechanism. The other mechanism is used only by the
microbial culture in specific circumstances (starvation or
special metabolic conditions, for example), and uses ade-
nosine triphosphate hydrolysis, as a way of obtaining
energy. Itis an inducible, very specific and slower mechan-
ism than the first one described herein [35]. However, when
exposed to high concentrations of metals (nonessential
metals included), some microorganisms may develop a
metal resistance mechanism, such as intra and extra-cellu-
lar sequestration, enzymatic detoxification, exclusion by
permeability barrier and active transport efflux pumps,
for example, allowing them not only to survive but also
to grow in contaminated environments. It is important to
highlight that to have a toxic or physiological effect, most
metals have to enter the cell and to be present at high con-
centrations. The toxicity of nonessential heavy metals may
occur through ligand interactions and/or through the
displacement of the essential metals from their native
binding sites. The toxicity effect itself (towards the microbial
growth and towards the biodegradation of organic

pollutant compounds) is dependent on the amount of
metal bioavailable rather than the total or even soluble
metal concentration present in the system [31].

The biosorption profiles of A**, Cd**, Ni** and Mn?*
are quite different from each other (Figure 2) and from
DEK. For initial concentrations of AI**, Cd?*, Ni** and
Mn?* ranging between 5 and 80 mg/L, the biosorption
efficiency (%) was found to follow the sequence AI**
> Cd** > Ni** > Mn?*, whereas for the experiments con-
ducted with an initial concentration 100 mg/L of AI**,
Cd**, Ni** and Mn*" the biosorption efficiency (%)
was found to follow the sequence AI** > Ni** > Cd** >
Mn?*. The affinity of microbial culture for a metal can
be explained by the affinity between the metal
cations and the negative charge of the cellular
surface. Considering Pauling electronegativity, Ni (1.91
Pauling) has a higher electronegativity than Cd (1.69
Pauling), Al (1.61 Pauling) and Mn (1.55 Pauling).
Despite their electronegativity and oxidation state, the
reduced ionic radius of AI** and Ni** enhances their
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Figure 2. Biosorption efficiency (%) of S. equisimilis for AI**, Cd**, Ni** and Mn®* (40 mg/L) when exposed to DEK (4 g/L).

penetration into the surface of the cell membrane, con-
tributing thus to the overall results obtained. It is poss-
ible to observe that the essential metals (Ni**, Mn?*)
show lower biosorption performances, which, accord-
ing to the literature, is unexpected. This behavior may
be justified with the difference between the relative
size of the ionic radius and the active sites of the
biomass but also by the fact that many divalent heavy
metal cations are structurally very similar, allowing the
replacement of some essential cation metals for nones-
sential ones. In terms of uptake, with the exception of
AP?*, all the metals showed an increase in uptake with
the increase in the initial concentration of each metal
in the mixed solution and similar uptake profiles
(Table 1). The results obtained with AP* could be
explained by a reduced bioavailability of the metal in
solution [31]. The use of mathematical models to
describe the dynamics of the sorption processes is
very important not only for the design of an operational
control of the sorption process, but also because it is
very helpful for the scale up and process optimization,
allowing the description of the behavior of the sorption
processes operating under different conditions.

Batch systems biodegradation and sorption kinetic
modeling

The experimental results obtained for all the concen-
trations and for all the pollutants used in these assays
were found to be best described by the pseudo-

second-order kinetic model (Figure 3 and Table 2).
For DEK, the K, constant increases with the increase
in metal concentration, reaching its maximum value
for 40 mg/L. For initial concentrations of metal higher
than 40 mg/L, the K, constant starts to decrease,
suggesting that for the range of metals with an initial
concentration between 5 and 40 mg/L inclusive, the
biodegradation and/or sorption rate of DEK by
S. equisimilis increases over time, whereas for higher
initial concentration of metal it decreases. This behavior
may be explained by the saturation of the active sites
on the biomass surface, as well as by the development
of an inhibitory effect on the cellular growth. For alumi-
num, the K, constant increased with the increase in
initial metal concentration, until an initial concentration
of 80 mg/L was used, indicating that the biosorption
rate increases through time. For initial concentrations
higher than 80 mg/L, the K, constant decreases, reveal-
ing that for initial concentrations higher than 80 mg/L,
the biosorption rate decreases. For cadmium, the K,
constant decreases with the increase in metal concen-
tration, until a maximum value of 80 mg/L. These
results suggest that for the range of metals with an
initial concentration between 5 and 80 mg/L inclusive,
the sorption rate of Cd** by S. equisimilis decreases
over time. For nickel and manganese, the K, constant
decreases with the increase of metal concentration,
suggesting that, as the initial concentration of metals
increase, the sorption rate of Ni** and Mn?* by

Table 1. Maximum and minimum uptake for different initial concentrations of AI**, Cd**, Ni** and Mn** for the lab-scale experiments.

Metal concentration (mg/L) 5 10 20 40 80 100
AP* Time (h) 0.74 0.50 0.74 316 124 22
Maximum uptake (mg/g) 0.97 0.96 0.95 0.96 0.98 0.96
Cd** Time (h) 124 52 74 74 316 316
Maximum uptake (mg/g) 1.62 3.2 6.39 13.15 26.24 32.77
Ni* Time (h) 22 52 74 74 74 316
Maximum uptake (mg/g) 1.59 3.23 6.32 12.97 25.86 31.79
Mn?* Time (h) 74 52 74 74 316 316
Maximum uptake (mg/g) 1.58 3.19 6.24 12.53 25.74 31.39
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Figure 3. Kinetics model for DEK (DEK) and manganese (Mn) for the biosorption experiments conducted at lab-scale with S. equisimilis,
when exposed to DEK (4 g/L) and AP*, Cd**, Ni** and Mn?* (5-100 mg/L).

S. equisimilis decreases over time. These results can be
justified by the saturation of the active sites on the
cell surface, by the competition between the different
metals and by their bioavailability to the microbial
culture.

Viability tests were conducted at the end of the exper-
iments and showed that the metabolic activity of
S. equisimilis was adversely affected, since the number
of colonies obtained were very small and only after
several inoculations, the microbial growth presented a
profile similar to the one obtained without the addition
of DEK, AP*, Cd**, Ni** and Mn** in the culture
medium. During all the experiments, the pH ranged
between 4 and 4.5.

Pilot-scale experiments — biosorption studies in
open systems

Pilot-scale experiments were conducted in a bioreactor
column with a work solution volume of 40 L, with an

initial concentration of DEK of 7.5 g/L, 100 mg/L of AI®
* Cd**, Ni** and Mn®* and 700 g of vermiculite. As pre-
viously mentioned, DEK was added to the working sol-
ution at different times, in order to continuously supply
a carbon source to the system and also to infer about
its impact on the metal sorption. It was found that
for all the pollutants studied, the sorption percentage
tends to increase through time and it follows the sorp-
tion order: DEK > AP* > Cd* ~Ni** > Mn?" (Table 3).
The results obtained for AP* can be justified by the
small ionic radius (0.50 A) that facilitates its sorption
by the cell surface and its penetration into the intra-
cellular space. The results obtained for Cd** and Ni**
are very similar, which is unexpected since Ni has a
smaller ionic radius (0.78 A) and a higher electronega-
tivity (1.91 Pauling) than Cd (0.97 A, 1.69 Pauling).
These results may be explained by their bioavailability
and structural similarity that can trigger the substitution
of Ni** uptake by Cd®** by the cell enzymes. The
reduced sorption obtained for Mn*" may be due to
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Table 2. Fitting parameters for pseudo-second-order kinetic
model obtained for DEK, AI**, Cd**, Ni** and Mn?* for the lab-
scale experiments.

Pseudo-second-

order
System Pollutant K R?
Control DEK 4,009 0.999
AT —4.320 0.999
cd** 1.598 1
Ni?* —1.390 1
Mn?* —1.587 1
S. equisimilis, 4 g/L DEK, DEK 1.361 0.999
5mg/L AP*, Cd?*, Ni**, Mn? AP* 28.952 1
Cd** 0.219 0.999
Ni2* 0.204 1
Mn?* 0.138 0.998
S. equisimilis, 4 g/L DEK, DEK 1.406 0.999
10 mg/L AP, Cd**, Ni**, Mn? AP* 78.588 1
Cd** 0.088 0.999
N 0.052 0.999
Mn** 0.043 0.994
S. equisimilis, 4 g/L DEK, DEK 2747 0.999
20 mg/L AP*, Cd**, Ni**, Mn? AP* 51.637 1
Cd** 0.016 0.993
Ni 0.006 0.937
Mn?* 0.006 0.940
S. equisimilis, 4 g/L DEK, DEK 5.215 1
40 mg/L AP, Cd**, Ni?*, Mn? AP* 111.813 1
cd** 0018 0.999
Nz 0.004 0.972
MnZ* 0.002 0.930
S. equisimilis, 4 g/L DEK, DEK 1.110 0.999
80 mg/L AP*, Cd**, Ni**, Mn? AP* 190.001 1
Cd** 0.003 0.994
Ni2* 0.002 0.984
Mn?* 0.001 0.903
S. equisimilis, 4 g/L DEK, DEK 0.450 0.999
100 mg/L AP¥, Cd**, Ni**, Mn? AP* 116.40 1
Cd** 0.299 0.748
N 0.001 0.976
Mn** 0.003 0.840

the ionic radius of Mn?** (0.80 A) combined with its
reduced electronegativity (1.55 Pauling), considering
the small porosity of vermiculite. It was also observed
that the complete sorption and/or biodegradation of
DEK (as well as its metabolites — 2-pentanone, methyl
acetate and ethyl acetate) was reached and that after
each addition of DEK to the system, the sorption of
each metal gradually increased (Figure 4). This behavior
may be explained by a state of carbon depletion,
which, after being overcome, led to a positive stimulus
not only for the development of the biofilm but also for
the decontamination of the mixed solution. The time
required to achieve sorption and/or biodegradation
percentages of DEK equal to or higher than 95% was

Table 3. Biosorption performance of the bioreactor column for
DEK (7.5 g/L) and for AI**, Cd**, Ni** and Mn®* (100 mg/L).

Biosorption efficiency (%)

Time (h) DEK AP Cd** Ni%* Mn?*
First period — 528 h 9304 9947 1693 3175 2668
Second period - 1992 h 100 98.85  36.88 4443 4781
Third period - 2928 h 100 9985 4175 4903 5203

higher than in the lab-scale experiments (168, 192
and 408 h). This can be justified by the increase in
the acclimation period, by the open system operation
with continuous feeding, and by the formation of non-
specific metallic complex compounds within the
cell, that increase their toxic and inhibitory effects,
thus affecting the overall bacterial metabolism. During
the pilot-scale experiments the pH ranged between 4
and 5.

Viability tests were conducted at the end of the exper-
iments and revealed that the S. equisimilis biofilm pre-
sented a normal biological activity after the first
inoculation. S. equisimilis in the form of biofilm seems
to be more resistant to the toxic effects of high concen-
trations of AI**, Cd**, Ni** and Mn?*, when compared to
the bacteria in suspension (lab-scale experiments — bio-
sorption in batch systems section). These results are in
agreement with the literature, since the biofilm commu-
nity offers several benefits such as easy access to sub-
strate [36], protection against hazardous compounds
due to the polymeric matrix that compose the biofilm
and that acts as a diffusion barrier, increasing the resist-
ance of the cells against toxic substances and/or environ-
mental conditions [37].

Breakthrough curves modeling

Breakthrough curves are essential for industrial appli-
cation of biosorption and/or biodegradation process
since they provide essential information regarding the
behavior of a column sorption process in the treatment
of solutions of hazardous pollutants. The breakthrough
point is defined as the pre-established saturation con-
centration accepted for the outflow of the system.
Three breakthrough modeling equations have been
tested in the present study: Adams-Bohart, Wolborska
and Yoon and Nelson models. The Adam-Bohart and
Wolborska models were applied to the experimental
results in order to obtain a description of the initial
part of the breakthrough curve. This approach was
focused on the estimation of characteristic parameters
such as the kinetic constant (kag) and the maximum
absorption capacity (No) of the Adam-Bohart model
and the kinetic coefficient of the external mass transfer
(B.) of the Wolborska model. The values of Ny, kag and
Ba were calculated from the In (C/Cp) versus t plot. In
short fixed-bed column systems or in fixed-bed
column systems with high flow rates, the axial diffusion
is negligible, therefore if kag ~ B./Nog and the Wolborska
model approaches the Adams-Bohart model. The Yoon
and Nelson model was used to investigate the break-
through behavior of the pollutants with the
S. equisimilis biofilm in a column bioreactor. The value
of kyn and T were determined from the In [(C/(Co— C)]
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Figure 4. Sorption performance (%) of S. equisimilis biofilm supported on vermiculite for DEK (7.5 g/L) when exposed to initial con-

centrations of 100 mg/L of AP**, Cd**, Ni** and Mn**.

versus t plot. Predicted and experimental breakthrough
curves are shown in Figure 5 and all the calculated par-
ameters are presented in Table 4. A linear relationship
between In (C/Cy) and t was obtained for all the break-
through curves (data concerning APP* were not con-
sidered) for all the periods of time considered and for
all the breakthrough curves. The results obtained for
DEK and for APP* are not properly described by any
of the models employed (R? < 0.750, data not shown).
Figure 5(@) and 5(b) shows that the Adams-Bohart
and Wolborska model are a good fit to describe the
breakthrough curve obtained for Cd** (R®>0.889),
which was expected since the condition kag ~ B./Ny is
verified. The experimental results obtained for Mn?*
are best fitted by the Wolborska model (R*> 0.867).
The kinetic coefficient of the external mass transfer
(B, and the maximum sorption capacity (No) were
found to be 3.63e™> (h™') and 1.16e° (mg/L), respect-
ively. From Table 4 and Figure 5(c), it is possible to con-
clude that the experimental results obtained for Ni**
are best described by the Yoon and Nelson model
(R>>0.870) and that the time required for 50%
sorbate breakthrough is 2177 h. The remaining pre-
dicted 1 values were found to be very similar to the
experimental values (2400 h for Cd** and 2088 h for
Mn?*). So, it is therefore possible to infer that (i) Cd**
equilibrium is not instantaneous; consequently the
rate of the sorption is proportional to the residual
capacity of the sorbent and to the concentration of
the sorbing species and that the Wolborska model is
equivalent to the Adams-Bohart model, (ii) Ni2* sorp-
tion is favored in relation to the other metals (higher
values obtained for Ny) and that the rate of decrease
in the probability of sorption of each sorbate molecule
is proportional to the probability of the sorbate

sorption and the probability of sorbate breakthrough
and (i) Mn?* presented a kinetic coefficient of the
external mass transfer of 363e™>h™". Once again, it is
important to emphasize the combining action of differ-
ent biological processes: (i) biodegradation processes
(confirmed by the appearance of several metabolites
during the experiments and by biosorption processes
for DEK) and (ii) biosorption (influenced by several par-
ameters such as ionic radius and Pauling electronega-
tivity and through bioaccumulation processes or the
four metals). For example, nickel and manganese can
be bioaccumulated by the cells, being used afterwards
by cell enzymes in metabolic processes.

FTIR, XRD and SEM analysis

FTIR spectra of unloaded and loaded vermiculite with
DEK, and of S. equisimilis biomass in suspension and sup-
ported, eventually loaded with DEK and AI**, Cd**, Ni**
and Mn?*, in the range of 500-4000 cm™' were taken
to confirm the presence of functional groups that are
commonly responsible for the sorption processes and
are presented in Figure 6(a). It is possible to observe
that vermiculite exhibits a number of sorption peaks,
reflecting the complex nature of the clays. For the
unloaded vermiculite, the band at 1000 cm™" represents
the Si—O-Si stretching, whereas the band at 1635 cm ™" is
for H-O-H in absorbed water bending [37] and the band
at 3400 cm™' represents the OH functional group
stretching vibration. Some of these band signals were
also detected by several other authors [38] on clays
and were found to correspond to surface functional
groups responsible for the sorption of toxic substances
(DS gan et al. [39]). These groups may interact with the
different types of pollutants used in the present study.
Samples of vermiculite exposed to DEK and samples of
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Figure 5. Predicted and experimental breakthrough curves for cadmium, manganese and nickel at pilot scale.

S. equisimilis biofilm supported into vermiculite and
exposed to 7.5 g/L of DEK and 100 mg/L of A**, Cd**,
Ni** and Mn?* reveal several changes on the intensity
and/or on the shape of the peaks and the disappear-
ance/formation of new peaks. After interaction
with DEK, bands at 1400 cm™' and at 2400 cm™' corre-
sponding respectively to C-H bending (-CH3) and to
C=C and/or C=N stretching, suffer significant changes,
namely the first band, which disappeared and the

second one presented higher intensity and different
shape. For the bands detected at 675, 1000, 1650 and
3500 cm™' and corresponding respectively to C—OH
stretching vibrations, Si—-O-Si stretching, C=0 stretching
groups and to the hydroxyl functional group stretching
vibration (—OH), the intensity was found to decrease sig-
nificantly. These changes may be due to the interaction
and involvement of the functional groups present in
the vermiculite surface with the functional groups of

Table 4. Breakthrough curves parameters obtained for the pilot-scale experiments.

Adams-Bohart Wolborska Yoon and Nelson
Pollutant kag (L/mg h) No (mg/L) R? Ba(h™) R? kyn (W1 7 (h) R?
Cd** 221e™ —352194 0.895 —6.17e7° 0.889 —6.20e7* 2102 0.866
NiZ* 1.04e™° 57671 0.902 —151e73 0.891 —1.05¢73 2177 0.892
Mn%* 1.58e~° —236951 0.868 3.63e73 0.884 —4837* 2547 0.866
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Figure 6. (a) FTIR spectra of different samples: vermiculite unloaded, S. equisimilis biomass, vermiculite loaded with DEK and S. equi-
similis biofilm supported on vermiculite, loaded with DEK (7.5 g/L) and 100 mg/L of AP*, Cd**, Ni** and Mn?* (at the bottom and at the
top of the bioreactor column); (b) XRD patterns of original and recovered vermiculite; (c) SEM images of S. equisimilis supported on
vermiculite (700 g) and exposed to DEK (7.5 g/L) and 100 mg/L of A**, Cd**, Ni** and Mn?* with an amplification of 1000x (c.1) at
the middle of the bioreactor column and (c.2) at the bottom of the bioreactor column. The white incrustations correspond to the
binding of metal ions on the surface of biomass and are an evidence of the biosorption of metal by the biofilm.

DEK, allowing its sorption by the clay. The samples of
S. equisimilis biofilm supported into vermiculite and
exposed to DEK and to the four metals reveal the disap-
pearing of the bands at 2300 cm ™" and at 3500 cm™". For

the sample collected at the top of the bioreactor column,
the intensity of all peaks are significantly lower when
compared to the peaks obtained only with vermiculite,
whereas for the samples collected at the bottom of the
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bioreactor column they presented peaks with higher
intensity and with different shapes. These results may
support the idea that the biomass present at the
bottom of the column is exposed to higher concen-
trations of metals and DEK, whereas the biomass
present at the top of the column is exposed to a lower
concentration of these pollutants and therefore
reduced toxicity, as the upwards circulation in the bio-
reactor leads to a higher sorption by the settled vermicu-
lite and/or vermiculite biomass. These changes may be
explained by the interaction of the functional groups of
the different pollutants present in the solution. Accord-
ing to Volesky [40], the main functional groups respon-
sible for sorption processes are the phosphodiester,
phosphonate, sulfonate, imidazole, hydroxyl, amide, car-
boxyl and carbonyl groups. Some of these functional
groups (phosphate bands at 1237 cm™' and carbo-
hydrate bands at 1070 cm™ next to hydrocarbon sorp-
tion bands in the wavelength region between 3000
and 2800 cm™") [41] are known to be present on the
Streptococcus sp. surface and to be responsible for the
biosorption and biodegradation of toxic compounds
such as DEK [42].

The powder XRD diffraction patterns of different
samples (unloaded and loaded vermiculite with DEK,
and S. equisimilis biomass in suspension and sup-
ported, eventually loaded with DEK and AP*, Cd*",
Ni?* and Mn?*) were recorded at 26 range between
5°C and 60°C and some representative patterns are
presented in Figure 6(b). The sample of vermiculite
(unloaded) and the sample of vermiculite loaded
with DEK exhibited the typical pattern of clays, with
no obvious change in the position of the diffraction
lines for clays after contact with DEK and with
S. equisimilis biomass, DEK and AI**, Cd**, Ni** and
Mn?, although some loss of the diffraction peaks are
observed. This similarity between the diffractograms
indicates a comparative crystallinity of vermiculite
after the loading with DEK and that this process does
not promote any significant structural modification in
the clays. Nonetheless, the samples of vermiculite
loaded with the S. equisimilis biomass, DEK and the
four heavy metals present several changes not only
on the position of the diffraction lines but also in
their intensity. These changes are an evidence of the
extensive damage on the vermiculite structure and
were observable at SEM.

At the end of the experiment, the biofilm was ana-
lyzed by SEM and it was possible to confirm the presence
of a well-developed biofilm (Figure 6(c)) and a more
glazed, polished surface, with broken and worn leaves
of vermiculite. Several white incrustations are observable
on the surface (black arrows). According to Sharma et al.

[43], these incrustations represent the binding of metal
ions on the surface of biomass and are an evidence of
the biosorption of metal by the biofilm. Similar evidences
were found in previous works conducted by Quintelas
et al. [44]. These results corroborate the sorption of
metals and biodegradation/sorption of DEK by the
joint-system used in this work.

Conclusion

It was demonstrated that S. equisimilis is able to effi-
ciently biodegrade high concentrations of DEK in the
presence of heavy metals (AI** > Cd?* > Ni** > Mn?*). At
pilot scale it was found that the biodegradation of DEK
was complete and that the metal uptake, with the excep-
tion of AI**, increase through time and with the renew-
ing of the contaminated solutions. FTIR, SEM and XRD
analyses allow us to confirm the sorption of metals and
DEK by the biomass and/or vermiculite surface. These
results prove the excellent capacity of this system to sim-
ultaneously treat solutions contaminated with ketone
and heavy metals.
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