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a b s t r a c t

A Streptococcus equisimilis biofilm supported on clays was used to decontaminate aqueous solutions
containing diethylketone (DEK), nickel and/or cadmium, in a batch mode. The interaction between the
sorbent matrices and the different sorbates, individually and in binary combinations, was evaluated. It
was demonstrated that the growth of S. equisimilis is negatively affected by concentrations higher than
80 mg l�1 of Ni and 5 mg l�1 of Cd. DEK and Cd uptakes are positively correlated with the mass of
vermiculite without biofilm, as observed in singular sorbate experiments. The same trend is observed for
sorption percentages, reporting to the initial solution concentrations, as values higher than 90% were
achieved for both pollutants. Although Ni uptake decreases as the mass of vermiculite increases, the
percentage of sorbed Ni increased, reaching a maximum value of 100%. It was demonstrated that Ni and
DEK, when mixed, present higher sorption values, suggesting a synergetic interaction between these two
pollutants, whereas when DEK and Cd are mixed, the sorption of DEK decreases significantly, revealing a
negative effect of Cd over the retention of DEK. It was also observable that for sorbent mass higher than
0.085 g the simultaneous uptake of DEK and Ni by the biofilm supported on vermiculite decreases, but
the sorption percentage tends to increase, reaching values of 100% for 40 g of vermiculite. As the mass of
sorbent increases the sorption percentage of both sorbates, DEK and Cd, tends to increase, reaching
maximum values higher than 98%. These sorption systems are effective and the use of a biofilm may be
an important advantage for the treatment of aqueous solutions contaminated with specific pollutants.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Hazardous contamination of water and soil is among the most
important current environmental problems (Montagnolli et al.,
2009). The contaminants may include heavy metals, polyaromatic
hydrocarbons and volatile organic compounds that are harmful to
humans due to their carcinogenic, mutagenic and toxic properties,
their ability to produce hazardous intermediates and to persist in
the environment (Volesky, 1990; Vieira et al., 2010; Costa et al.,
2012). Some of these substances are hardly degraded in nature
and can easily bio-accumulate via food chain in living tissues,
triggering numerous diseases and health disorders (Srivastava
et al., 2006; Qin et al., 2012; Chaudhuri et al., 2014).

Several metals are currently of high concern and environmental
impact (Ahmed et al., 1998; Chopra and Pathak, 2010; Kumar et al.,
F. Costa).
2011; Merrikhpour and Jalali, 2013), as it is the case of nickel (Ni)
and cadmium (Cd). Ni is well-known for its carcinogenic, embry-
otoxin and nephrotoxin properties and its ability to cause several
types of acute and chronic health disorders (Suazo-Madrid et al.,
2011). Although Cd plays no constructive role in human body, it
may cause cancer and severe damage in different organs, lead to
infertility (Chaudhuri et al., 2014) and affect the action of enzymes,
hampering respiration, photosynthesis, transpiration and chlorosis
(Ahmed et al., 1998). Cd presents high mobility in soil, high solu-
bility in water and extreme toxicity, even at low concentration
(Chaudhuri et al., 2014).

Ketones are crucial trace constituents of the earth's troposphere
and their release into the atmosphere may occur through biogenic
and anthropogenic processes (Lam et al., 2012; Quintelas et al.,
2012). Diethylketone is a simple symmetrical dialkyl ketone that
is naturally produced and released by plants, fruits (http://
pubchem.ncbi.nlm.nih.gov/, http://toxnet.nlm.nih.gov/index.html)
and by several industries (paint, plastic, food and pharmaceutical
industries). Diethylketone can react with OH radicals in the
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atmosphere and promote the formation of ozone and other com-
ponents of the photochemical smog in urban areas (Lam et al.,
2012). Exposure to this ketone may provoke dizziness, tachy-
cardia, fainting and even cause coma or death in case of prolonged
exposure. Stricter environmental laws were enacted in most
countries in order to control, minimize and prevent pollution as
well as to protect and improve the quality of the environment,
(Morlett-Ch�avez et al., 2010; Quintelas et al., 2012; Ahmady-
Asbchin and Jafari, 2013).

Some of the techniques used to removemetals include chemical
precipitation, reverse osmosis (Kumar et al., 2012; Qin et al., 2012;
Hadi et al., 2013), ion exchange and adsorption (Vieira et al., 2010),
whereas the techniques used to degrade organic solvents may
comprehend thermal degradation, oxidation (Sahoo et al., 2010;
Costa et al., 2012), condensation and incineration (Raghuvanshi,
and Babu, 2010). Several studies demonstrated that among all
these techniques, the biological adsorption processes are quite
promising (Chen et al., 2000; Marseaut et al., 2004; Sar et al., 2004)
and present some advantages such as low maintenance costs, high
efficiency and eco-friendly character (Araújo and Teixeira, 1997; Sar
et al., 1999; Çelekli and Bozkurt, 2011). Moreover, biological tech-
niques do not generate solid wastes and do not produce nitrogen
oxides, which require a secondary treatment (Raghuvanshi, and
Babu, 2010; Sahoo et al., 2010; Costa et al., 2012).

The use of a joint system clay-microorganisms (Çelekli and
Bozkurt, 2011; Quintelas et al., 2012) to remove pollutants from
wastewater has proven its efficiency and has numerous advantages
(Morlett-Ch�avez et al., 2010) since it combines the adsorbent
characteristics of the clay: large specific surface area, excellent
physical and chemical stability, high cation exchange capacity
(Quintelas et al., 2012), with the microorganisms ability to degrade,
fix and/or entrap pollutants from aquatic environment, a conse-
quence of the numerous chemical groups (chitin acetamides,
phosphate, amino, carboxylic groups, nucleic acids and proteins)
present on the biomass surface (Yin et al., 2011; Costa et al., 2012).
Sorption tests with and without biofilm aim to corroborate the
added value of the biofilm to contaminated water treatment. Spe-
cial attention is paid to modelling of the kinetics and of the equi-
libria of the retention processes for the different combinations of
sorbates and sorbents. The goal of equilibria modelling is the
establishment of the uptake that may be expected for the tested
biosorbents which constitutes a basic evaluation of their competi-
tiveness. These models also contribute for the establishment of the
retention mechanisms, allowing the optimization of parameters to
enhance water treatment. The kinetics modelling aims the identi-
fication of rate limiting steps that may be overcome by intervention
in technical procedures.

The main objective of this work is the development of an
environment-friendly technology for the treatment of single and
binary pollutants solutions containing Ni(II) plus diethylketone or
Cd(II) plus diethylketone. Although these two types of pollutants
(metals and ketones) appear together in wastewater of different
industries such as metal refining (Dbson and Burgess, 2007) and
paint manufacturing, there are very few published works regarding
the simultaneous treatment of these two types of pollutants.

2. Materials and methods

2.1. Bacterial strain and chemicals

The bacterial strain Streptococcus equisimilis was acquired from
the Spanish Type Culture Collection, from the University of Valen-
cia, with reference CECT 926. Vermiculite, purchased from Sigma-
Aldrich, presents a BET surface area of 39 m2/g, an average parti-
cle diameter of 8.45 mm and a porosity of 10%. In the present study,
vermiculite was used as sorbent as well as a support for the bac-
terial biofilm establishment and development. Brain Heart Infusion
(Oxoid CM1135) culturemedium, previously sterilized for 20min at
121 �C, was used for bacteria growth. Diethylketone was purchased
from Acros Organics (98% pure) and diluted in sterilized distilled
water. Individual stock solutions of 1 g l�1 of nickel (NiCl2$6H2O,
Carlo Erba Reagents) and 1 g l�1 of cadmium (CdSO4$8/3H2O, Rie-
del-de-Ha€en) were prepared by dissolving an appropriate amount
of metal in 1 l of sterilized distilled water. The multi-element ICP
quality control standard solution was purchased from CHEM Lab
(QCS-03) (15E). Metal concentrations varied between 5 mg l�1 and
450mg l�1 for Ni(II) and between 5mg l�1 and 100mg l�1 for Cd(II).
The concentration of diethylketone used in all the assays was
3 g l�1.

2.2. Effect of the initial metal concentration on microbial growth

1-L Erlenmeyer flasks containing 0.5 l of sterilized Brain Heart
Infusion culture medium were inoculated with a pure culture of
Streptococcus equisimilis and left in an incubator for 24 h at 150 rpm
and 37 �C. The toxicity experiments were conducted in 0.250-L
Erlenmeyer flasks containing 0.125 l of sterilized Brain Heart Infu-
sion culture medium and Ni(II) (5 mg l�1 to 450 mg l�1) or Cd(II)
(5 mg l�1 to 100 mg l�1). These Erlenmeyer flasks were subse-
quently inoculated with 10 ml of the previous culture and incu-
bated in an orbital shaker (150 rpm) at 37 �C for several hours.
Samples were collected at different time intervals and centrifuged
at 1300 rpm (Eppendorf MiniSpin 9056) for 10 min. The resus-
pended pellet was used to quantify the biomass concentration by
optical density (OD, 620 nm). The supernatant was used to quantify
the concentration of metal by ICP-OES. A blank, containing culture
medium and bacteria was used to assess the standard growth of
Streptococcus equisimilis. The toxicity of DEK towards S. equisimilis
was reported by Costa et al. (2014).

2.3. Sorption on vermiculite e singular and binary experiments

Singular and binary sorption experiments conducted with
vermiculite acting as the only sorbent were performed and aimed
to evaluate the sorption capacity of vermiculite towards dieth-
ylketone, Ni(II) and Cd(II) individually andmixed, and also to assess
the interaction between the different sorbates and the sorbent.
These experiments were designed to evaluate the retention effi-
ciency of vermiculite and compare it with the retention efficiency
of a biofilm supported on that very vermiculite. Diethylketone
sorption experiments were performed in 1-L Erlenmeyer flasks
containing 0.425 l of diethylketone solution (3 g l�1) and different
masses of vermiculite (0.085 ge40 g). The Erlenmeyer flasks were
placed in an orbital shaker (150 rpm) at 37 �C until thermodynamic
equilibrium was reached, that is when DEK concentration in the
solid phase is in dynamic equilibrium with DEK concentration in
the aqueous phase. Former experiments were conducted in order to
determine the required time for equilibrium to be reached (90 h).
Samples of 1 ml were collected at different time intervals and
centrifuged at 13 400 rpm for 10 min. The supernatant was
analyzed by gas chromatography (GC) so that the time course of
diethylketone concentration might be determined. A blank con-
taining an aqueous solution of DEK was used to assess any eventual
sorption by the Erlenmeyer flasks walls. Ni and Cd sorption assays
were accomplishedwith 1-L Erlenmeyer flasks containing 0.425 l of
the metal solution (450 mg l�1 for Ni(II) and 100 mg l�1 for Cd(II))
and different masses of vermiculite (5 g, 7.5 g, 20 g and 40 g). The
Erlenmeyer flasks were kept in an incubator as before. Previous
experiments indicated the required time for equilibrium to be
reached (15 h for Ni(II) and 10 h for Cd(II)). Samples of 1 ml were
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periodically collected and processed. The supernatant was analyzed
by ICP-OES. A blank containing an aqueous solution of metal (Ni or
Cd) was used to assess any eventual sorption by the Erlenmeyer
flasks walls.

The binary experiments were conducted in 1-L Erlenmeyer
flasks with a working volume of 0.425 l containing 3 g l�1 of
diethylketone, 450 mg l�1 of Ni(II) or 100 mg l�1 of Cd(II) and
different quantities of vermiculite (5 g, 7.5 g, 20 g and 40 g). The
Erlenmeyer flasks were shaken as before. The required time for
equilibrium to be reached (20 h for Ni(II) and DEK, 17 h for Cd(II)
and DEK) was previously determined. Samples were collected as
before. The supernatant was analyzed by GC and ICP-OES. Blanks
containing an aqueous solution of metal (Ni(II) or Cd(II)) and
diethylketone were tested as before.
2.4. Biosorption experiments

The biosorption experiments were performed in 2-L Erlenmeyer
flasks containing 0.850 l of working volume. Each Erlenmeyer flask
contained 5 ge6 g of Streptococcus equisimilis biomass, vermiculite
(0.085 ge40 g), diethylketone (3 g l�1) and Ni(II) (450 mg l�1) or
Cd(II) (100 mg l�1). All flasks were incubated in an orbital shaker
(150 rpm) at 37 �C until equilibrium was reached. Previous exper-
iments established the time for equilibrium to be reached: 165 h for
DEK and 100 h for Ni(II); 192.5 h for 7.5 g and 10 g and 309.5 h for
the remaining masses of vermiculite, for DEK, and 100 h for Cd(II).
Samples were collected as before. ICP-OES and GC were used to
quantify the concentration of DEK and metals along the assays
duration. A blank containing metal, diethylketone and vermiculite
was used to isolate the influence of the biomass on the sorption
process.

All experiments were performed under sterile conditions, in
duplicate, with pH monitoring. The results represent the average of
those duplicates and have relative standard deviation and relative
errors inferior to 2% and 5%, respectively.
2.5. Analytical procedures

The concentration of diethylketone in aqueous samples was
measured using a GC-MS Varian 4000, equipped with a flame
ionization detector (FID), with mass spectrometry (MS) and a ZB-
WAXplus column (30 m � 0.53 mm � 1.0 mm). The column was
initially held at a temperature 50 �C, then heated at 3 �C/minute to
100 �C, held at 100 �C for 4 min, then heated again at 40 �C/minute
to 150 �C and finally held at 150 �C for 2 min. The temperature of
injector and detector was maintained at 250 �C. Nitrogen was used
as the carrier gas at a flow rate of 4 ml/min and samples were
injected in split mode with a split ratio of 1:10. Under these con-
ditions, the retention time for diethylketone is 5.6 min. The con-
centration of nickel and cadmium in aqueous samples were
measured by Inductively Coupled Plasma Optical Emission Spec-
trometry, ICP-OES (Optima 8000, PerkinElmer). The operating
conditions were as follows: RF power: 1300 W; argon plasma flow
of 8 l/minute; auxiliary gas flow of 0.2 l/minute; nebulizer gas flow
of 0.5 l/minute; radial plasma view, for Ni(II) and axial plasma view
for Cd(II); wavelength of 221.648 nm for Ni(II) and 226.502 nm for
Cd(II). All the calibration solutions were prepared from a stock
solution of Ni(II) (1 g l�1) and Cd(II) (1 g l�1) as mentioned in
Section 2.1. All the samples were acidified with nitric acid before
being analyzed. The instrument response was periodically checked
with the multi-element ICP QC standard solution (CHEM LAB) and
with a blank (HNO3 5%).
2.6. Processes modelling

Six growth kinetic models were tested using MATLAB software
in order to describe the growth of the biomass, when exposed to
different concentrations of Ni and Cd. The tested models were
Monod (Monod, 1949), Powell (Powell, 1967), Haldane (Andrews,
1968), Luong (Luong, 1987), Edwards (Edwards, 1970) and Gom-
pertz (Zwietering et al., 1990; Fan et al., 2004; Wang and Gu, 2005).
The zero order, pseudo-first order and pseudo-second ordermodels
were tested in order to understand the sorption kinetics of the
three pollutants. The equilibrium of the sorption process describes
the distribution of metal ions between the liquid phase and the
solid sorbent phase and is usually modeled by adsorption iso-
therms. The adsorption isotherms tested were the Langmuir,
Freundlich, Dubinin-Radushkevich (D-R) and BET models
(Saravanan et al., 2009; Kishore et al., 2013).

3. Results and discussion

3.1. Effect of metal on the microbial growth

The lag phase of the biomass growth is not affected by the
different Ni(II) concentrations (5 mg l�1 to 450 mg l�1), Fig. 1a. For
concentrations lower than 100 mg l�1, the specific growth rate
tends to increase with the increase of Ni(II) concentration and is
higher than the reference specific growth rate, whereas for higher
concentrations this rate decreases to values closer to the control
value. The microbial culture requires the same time to undergo
intracellular changes in an effort to adapt to a set of new environ-
ment conditions no matter the xenobiotic concentration and there
is a positive stimulation by Ni(II) on the growth of the bacterium for
concentrations lower than 100 mg l�1. The uptake and percentage
of Ni(II) sorbed depend on the initial concentration of nickel
(Fig. 1b). There were no significant changes (less than 10%) in terms
of biosorption percentage, for concentrations between 5mg l�1 and
80 mg l�1, but it decreased sharply for Ni(II) concentrations higher
than 80mg l�1, reaching values lower than 45%. Therewas a 30 fold
increase in the uptakewith the increase of the initial concentration,
for values between 5 mg l�1 and 80 mg l�1. The saturation of the
sorption sites occurs with the increasing concentration of Ni(II) and
with the decreasing of active uptake by the bacteria, probably due
to the inhibitory effect of the metal. This behavior was also
observed by other authors (Kara and Kara, 2005; Chaudhuri et al.,
2014).

The pH did not suffer significant variations, ranging from 7.09
pH to 6.89, f or all the concentrations of Ni(II) tested. Since Ni(II)
starts to precipitate in the form of Ni(OH)2 at pH of 7.6, it is
concluded that the decrease of Ni(II) concentration occurs by bio-
logical processes such as biosorption (Espinozo et al., 2012). These
processes result from chemical bonds formed between the ion
metal and functional groups present on the bacteria surface
(phosphate, carbohydrate, amide I and amide II) (Costa et al., 2014).

The impact of Cd on the biofilm growth is presented in Fig. 1a.
The duration of the lag phase is similar for the initial metal con-
centrations between 5 mg l�1 to 80 mg l�1, indicating that the
bacterial culture needs the same time to endure intracellular
changes in an effort to adapt itself to a new environment. The lag
phase is significantly longer for 100 mg l�1 of Cd, revealing that the
bacterium needs more time to adapt to these hazardous conditions.
Although the maximum concentration of biomass starts to
decrease for initial concentrations of Cd higher than 5 mg l�1, the
specific growth rate only decrease (about 25%) for initial concen-
trations higher than 20 mg l�1. For comparison, Chaudhuri et al.
(2014) investigated the adsorption of cadmium by Lemna minor
and Spirodela polyrhiza and verified that the growth of half of those



Fig. 1. (a) Biomass concentration of S. equisimilis (g/L) versus time (h) for different initial concentrations of Ni and Cd; (b) Removal (%) and uptake (mg/g) for the different initial
concentrations of Ni and Cd.
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cultures was inhibited for concentrations higher than
0.89 mg l�1and 1.46 mg l�1, respectively.

The suspended bacteria retained 87%, 80%, 80%, 62% and 73% of
Cd, when exposed to an initial cadmium concentration of 5 mg l�1,
20 mg l�1, 40 mg l�1, 80 mg l�1 and 100 mg l�1, respectively, Fig. 1b.
Similar observations were reported by Kara and Kara (2005) and
Chaudhuri et al. (2014) while removing cadmium fromwastewater
with different biomass cultures. Despite the sensitivity of the bac-
teria towards cadmium, the amount of initial cadmium retained
was always higher than 60%.

In these assays pH ranged from 6.05 to 6.98. Since Cd(II) starts to
precipitate as CdS for pH higher than 8, the removal of Cd(II) is
attributed to biological processes, such as biosorption and not to
precipitation. The increase of t pH results in an increase of the
hydroxyl groups and other anionic functional groups. This makes
the bacterial surface more negative, the number of electrostatic
repulsions decreases and the number of electrostatic attraction
increases, resulting in an increase of metal sorption (Badawy et al.,
2010).
3.1.1. Growth and biosorption kinetics modelling
Since growth is the result of anabolic and catabolic enzymatic

processes, the use of a substrate or cofactor in themicrobial growth,
as well as the production/removal of metabolites can be quantita-
tively described by growth kinetics models. The specific growth
rate (m) of a population of microorganisms can be related to the
substrate concentration (S) by a set of empirically derived rate laws.
The growth and sorption kinetic modelling are presented in Table 1
and are discussed below. Monod and Powell models may be dis-
regarded, as they do not take into consideration any inhibitory ef-
fect, which was verified to be exerted by both metals.

The value obtained for the coefficient of determination
(R2 ¼ 0.872) showed that the experimental data is fairly described
by the Luongmodel, and the high value obtained for K corroborates
the inability of the Haldane model to properly describe the ob-
tained data (Raghuvanshi and Babu, 2010). The coefficient of
determination (R2 ¼ 0.970) indicates that the Edwards model ex-
plains the microbial growth better than the Haldane and Luong
counterparts. Although the kinetic parameters and the R2 values
obtained with the Gompertz model (>0.850) may suggest that this
model can describe properly the experimental data, it does not
comprise a parameter related with cellular maintenance. This is
due to the fact that the substrate consumed for maintenance at the
beginning of the experiments, when the biomass concentration is
small, is practically negligible. However, it cannot be considered
negligible with the course of the experiments (Fan et al., 2004). The
existence of an inflection point makes sigmoid curves inappro-
priate for describing the exponential growth phase of
Table 1
Monod, Powell, Haldane, Luong and Edwards growth kinetic parameters for S. equisimili

Model mmax (h�1) Ks (g l�1) K1 (g l�1) K (mg l�1

Ni
Monod 0.83 0.52 e e

Powell 0.80 0.24 e e

Haldane 0.89 0.88 �5.81 � 1021 e

Luong 1.81 12.04 e e

Edwards 0.78 0.17 492.20 1.41 � 10
Cd
Monod 0.37 �12.68 e e

Powell 0.38 �13.08 e e

Haldane 0.44 0.84 36.44 e

Luong 1.31 2.89 e e

Edwards 3.53 16.25 10.69 6.75 � 10
microorganisms (Baty and Delignette-Muller, 2004).
The sorption kinetic model that best describes Ni sorption is the

pseudo-second order (R2 > 0.915, Fig. 2a) meaning that under these
experimental conditions the rate-limiting step for Ni sorption is
dependent on the initial substrate concentration and on the con-
centration of biomass.

Cd toxicity assays allowed the determination of the growth ki-
netic parameters with the Haldane model (mm, KS and K1) were
0.44 h�1, 0.84 g l�1 and 36.44 g l�1 (Table 1). The obtained values for
the self-inhibition constant (K1), the substrate affinity constant (KS),
associated with the coefficient of determination (R2 ¼ 0.939) sug-
gest that the culture under study is not very sensitive to substrate
inhibition and that this model is able to describe the data properly.
Although unexpected, the Luong model misfitting may be
explained by the inexistence of lag phase and growth inhibition,
due to the depletion of the substrate (Costa et al., 2012). The
Edwards parameters, mm, KS, K1 and K, were respectively 3.53 h�1,
16.25 g l�1, 10.69 g l�1 and 6.75 � 1021 mg l�1. The coefficient of
determination (R2 ¼ 0.860) indicates that this model describes the
microbial growth better than the Luongmodel. The Edwards model
considers 1) the formation of toxic intermediates or by-products, 2)
the changing activity of one or more enzymes, 3) the dissociation of
one or more enzymes and 4) the formation of metabolic aggregates
that can lead to the growth and substrate inhibition (Costa et al.,
2012). Being more realistic, these assumptions explain the good
fitting of this model. The kinetic parameters and the high value
obtained for R2 (>0.950) suggest that the Gompertzmodel might be
able to fit the data properly. As previously mentioned, the inexis-
tence of a maintenance parameter and the spotting of an inflection
point, make the Gompertz model inappropriate to describe the
exponential growth phase of microorganisms (Baty and Delignette-
Muller, 2004).

The equation that best describes the sorption kinetics of Cd by
the suspended bacteria for all the concentrations tested, is the
pseudo second-order model (R2 > 0.927, Fig. 2b). K2 constant de-
creases with the increase of cadmium concentration, indicating
that the sorption rate of Cd decreases over time. Similar findings
were reported by Çelekli and Bozkurt (2011) for the adsorption of
Cd2þ on Spirulina platensis.
3.2. Singular and binary sorption experiments

3.2.1. DEK sorption by vermiculite e process modelling
The retention of DEK (3 g l�1) by different masses of vermiculite

(0.085 ge40 g), Fig. 3, showed similar profiles: initially it is rapid
due to the high availability of surface adsorption sites, but it
gradually becomes slower over time, due to the gradual occupation
of those same sites. The results showed that as the mass of
s in the presence of Ni and Cd.

) Sm (g l�1) m n R2

e e e 0.514
e 5.12 � 10�5 e 0.493
e e e 0.558
5.00 � 1015 e 1.42 � 1013 0.872

15 e e e 0.970

e e e 0.999
e �0.04 e 0.999
e e e 0.939
�2.97 � 1016 e �3.93 � 1014 0.760

21 e e e 0.860



Fig. 2. Kinetics models for (a) Ni removal by S. equisimilis exposed to initial concentrations between 5 mg/L and 450 mg/L; (b) Cd removal by S. equisimilis exposed to initial
concentrations between 5 mg/L and 100 mg/L.

Fig. 3. Ratio between residual and initial concentration (C/C0) of diethylketone versus time.
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vermiculite increases, the percentage of DEK sorbed by the clay also
increases, being almost complete for the assays conducted with 5 g,
7.5 g and 10 g of vermiculite (sorption percentage higher than 92%)
and complete for vermiculite masses of 20 g and 40 g, but the
process itself is also 5 times faster. Several other authors also
observed this behavior and explained it as a result of an increased
surface area, which translates into a larger number of sites available
for adsorption (Quintelas et al., 2011).

The experimental results are well described by the pseudo-
second (0.947 � R2 � 0.999) and pseudo-first order
(0.913 � R2 � 0.996) kinetic models. The K2 constant tends to in-
crease with the increase of vermiculite dose, indicating that the
sorption rate of DEK increases over time (Table 2), explained by the
increased number of active sites available for sorption.

The relation between the pseudo-second order parameters and
the adsorption performance was studied by several authors (Wu
et al., 2009; Ofomaja, 2010), who established an approaching
equilibrium factor (Rw) between the pseudo-second order con-
stants and the characteristic kinetic curve. This approaching equi-
librium factor is defined as:

Rw ¼ 1/(1 þ K2$qe$tref) (1)

In here tref is the longest operation time (based on kinetic



Table 2
Fitting parameters for pseudo-second order kinetic model for singular and binary
sorption assays.

Single sorption assays Vermiculite (g) Pseudo-second order

K2 R2

DEK 0.085 5.00 � 10�7 0.947
2 8.18 � 10�3 0.996
5 8.85 � 10�5 0.913
7.5 1.36 � 10�4 0.977
10 2.81 � 10�4 0.993
20 2.06 � 10�3 0.994
40 6.80 � 10�3 0.996

Ni 5 2.35 � 10�1 0.999
7.5 6.39 � 10�2 0.998
20 6.05 � 10�1 0.985
40 8.59 � 10�2 0.973

Cd 5 5.12 � 10�3 0.999
7.5 4.26 � 10�1 0.999
20 2.46 � 10�1 0.931
40 5.88 � 10�1 0.991
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experiments), qe and K2 correspond respectively to the equilibrium
uptake and to the pseudo-second order constant. The Rw factorwas
found to range between 0.004 and 0.090 for all the vermiculite
masses, with the exception of the assay conducted with 5 g of
vermiculite (Rw ¼ 0.120). These results suggest that the kinetic
curve is well approaching equilibrium, confirming the good per-
formance of the system as established by Wu et al. (2009).

The equilibrium parameters for the adsorption of DEK onto
vermiculite are listed in Table 3, along with the linear regression
coefficients. The R2 values obtained for the BET and Freundlich
isotherm models are close to unity, as opposed to the R2 value
obtained for the Langmuir and D-R models. The BET parameter CS
indicates the saturation concentration of the solute
(CS ¼ 0.43 mg l�1) whereas the constant B relates the energy of
interaction with the surface (B ¼ 0.76).

The energy of adsorption (ED) may be calculated by the
following equation:

ED ¼ 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2BDÞ
p

(2)

Here, BD is an isotherm constant related to the mean free energy
of adsorption per mole of adsorbate (mol2 J�2). The obtained value
of ED is lower than 8 kJ mol�1, suggesting that the adsorption
process is physical in nature. Similar results were obtained by
Ouadjenia-Marouf et al. (2013).
Table 3
Adsorption equilibria for different biosorption experiments.

Model Parameter Assay Assay

DEK DEK

Langmuir qmax (mg g�1) 499.80 17,562
b (l mg�1) 1.57 � 10�4 2.16 � 10�

RL 0.81 0.17
R2 0.887 0.964

Freundlich Kf (mg g�1) 1.43 � 10�1 160,409
n 1.48 0.05
R2 0.896 0.999

D-R qD (mg g�1) 0.09 1.31 � 10�

BD (mol2 J�2) �0.03 �2.73 � 1
R2 0.847 0.999

BET qmax (mg g�1) �0.17 0.12
B 0.76 �5.55 � 1
CS (mg l�1) 0.43 �0.67
R2 0.999 0.999
3.2.2. Nickel sorption by vermiculite e process modelling
Single sorption assayswith Ni and vermiculite indicated that the

sorption process is initially rapid due to the high availability of
surface adsorption sites, but it becomes gradually slower through
time, due to the gradual occupation of those same sites. It was
found that despite the uptake decreases as the mass of vermiculite
employed increases (from 24.69 mg g�1 to 4.78 mg g�1), the per-
centage of Ni sorbed increases, reaching a maximum value of 100%
for vermiculite quantities higher than 7.5 g, due to the increase of
surface area available, which is translated into a higher number of
active sites available for sorption.

Vermiculite can adsorb heavy metals by two distinct mecha-
nisms: production of inner-sphere complexes through SieO� and
AleO� groups at the vermiculite particle edges and cation exchange
at the planar site. Since both mechanisms are pH-dependent and
pH changes the vermiculite surface properties and the metal
speciation, it is concluded that pH plays an important and crucial
role in the control of cationic adsorption from aqueous solutions
(Badawy et al., 2010).

The pH ranged from 7.39 to 6.14, while the vermiculite point of
zero charge is 2 and Ni(II) precipitates in the form of Ni(OH)2 at a
pH higher than 7.6. It may be concluded that the decrease on Ni(II)
concentration is certainly due to sorption processes between Ni(II)
and the functional groups (SieOeSi, HeOeH, CO and OH) present
on the vermiculite surface (Espinozo et al., 2012).

The kinetic data are best described by the pseudo-second order
model (Table 2). The behavior of the K2 constant was unexpected,
since it decreased for assays with 5 ge7.5 g of vermiculite, and then
increased for bigger vermiculite masses and decreases again, sug-
gesting that the sorption rate oscillates through time and with the
mass of sorbent employed (Plazinski et al., 2013).

The Rw factor was found to range between 0.005 and 0.087
indicating that the kinetic curve is largely curved with a good
approach to equilibrium, confirming the good performance of the
system.
3.2.3. Cadmium sorption by vermiculite e process modelling
The single sorption assays with Cd revealed that the sorption

process is initially rapid due to the high availability of surface
adsorption sites, but it becomes gradually slower through time, due
to the gradual occupation of those same sites. The percentage of
sorbed Cd increases as the quantity of vermiculite increases,
reaching a maximum value of 95% for vermiculite masses of 40 g.
Cd(II) precipitates at a pH higher than 8 and pH ranged from 7.23 to
5.78 in these experiments. This indicates that sorption processes
Assay

Ni DEK Cd

8.96 � 109 0.36 10.62
4 2.77 � 107 9.97 4.87 � 10�1

4.03 � 10�18 2.79 � 10�4 1.39 � 10�1

0.735 0.989 0.930
1.05 � 10�5 0.30 1.01 � 10�6

0.32 3.70 2.28 � 10�1

0.995 0.979 0.994
4 21.80 0.137 5.05
01 �3.08 � 10�5 �0.22 �6.10 � 10�4

0.997 0.484 0.998
3.33 � 106 0.14 37.30

020 �3.01 � 1022 �1.96 6.51 � 1014

3.67 � 102 �0.05 �1.77 � 1016

0.998 0.999 0.956
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are responsible for the decrease of Cd(II) concentration through
time, and precipitation processes may be discarded.

The pseudo-second order kinetic model describes properly the
results achieved (Table 2). K2 constant tends to increase as the mass
of vermiculite employed increases and this is justified by the
increased number of actives sites available for sorption. Rw factor
was found to range between 0.009 and 0.091 in these assays indi-
cating that the kinetic curve is well approaching equilibrium,
confirming the good performance of the system.

3.2.4. Binary sorption experiments
3.2.4.1. DEK and Ni sorption on vermiculite. The simultaneous
adsorption of DEK and Ni showed that for all the quantities of
vermiculite tested, a complete sorption of DEK was achieved
within the first 8e24 h, whereas for Ni as mass of vermiculite
increased Ni sorption also increased, reaching a maximum of
100% and 99%, respectively, for 7.5 g and 40 g of vermiculite
within 8 h of experiment. According to Srivastava et al. (2006) a
mixture of different adsorbates may exhibit three possible types
of behavior: non-interaction, synergism or antagonism. Sorption
of both sorbates is about 5 times faster when mixed than when in
singular solutions, but the binary system also presents higher
maximum sorption values, suggesting a synergetic effect between
the two sorbates.

The pH was found to range between 7.24 and 6.26 indicating as
before that the process responsible for the decrease of Ni(II) con-
centration is biosorption. Table 2 summarizes the sorption kinetics
parameters and the linear regression coefficient (R2) obtained for
the simultaneous sorption of DEK and Ni in batch systems. It is
observable that sorption of both pollutants is best described by the
pseudo-second order kinetic model (0.978 � R2 � 0.999 for DEK
and 0.955 � R2 � 0.998 for Ni). Pseudo-second order constants K2
for DEK and for Ni tend to decrease as the mass of vermiculite in-
creases, indicating that the sorption rate of DEK and Ni decreases
over time, due to the saturation of the active sites available on the
surface of the mineral clay and to the competition between these
two pollutants for the same active sites. Rw factor was found to
range between 0.006 and 0.029 for DEK and between 0.034 and
0.095 for Ni, indicating that the kinetic curve is largely curved with
a good approach to equilibrium, endorsing the good performance of
the system.

3.2.4.2. DEK and Cd sorption on vermiculite. DEK and Cd present
different behaviors whenmixed and exposed to different quantities
of vermiculite. An increase on the mass of vermiculite leads to a
decrease on the percentage of sorbed DEK (from 44% to 24%)
whereas the sorption percentage of Cd tends to increase, reaching a
maximum value of 100% for 20 g and 40 g of vermiculite.
Comparing with singular sorbate assays, an antagonistic behavior
between these pollutants is established as sorption of DEK is
negatively affected by the presence of Cd. This is explained by the
competition between both sorbates for the available sites on the
surface of the clay and it is not due to pH variation since vermiculite
point of zero charge is 2 and Cd(II) precipitates as sulfide at a pH
higher than 8.

Table 2 summarizes the kinetic parameters obtained for the
pseudo-second order model, which best describes the experi-
mental data for both pollutants. For both pollutants, the pseudo-
second order constant K2 increases with the increase of the mass
of vermiculite suggesting that adsorption rate of DEK and Cd in-
creases over time. Similar results were obtained by Vieira et al.
(2010), Çelekli and Bozkurt (2011) and Chaudhuri et al. (2014).
The Rw factor was found to range between 0.004 and 0.167 for DEK
and between 0.009 and 0.017 for Cd, demonstrating the good
performance of the system.
3.3. Biosorption experiments

In order to establish the most appropriate correlation between
the concentration of adsorbate in the biosorbent phase and the
concentration in aqueous solution several isotherm models were
tested: Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and
BET. The mechanistic path of these processes may be deduced from
kinetic modelling with equations such as zero-order, pseudo-first
order and pseudo-second order.

3.3.1. DEK and Ni biosorption
Concentrated biomass of S. equisimilis (circa 5 g l�1), dieth-

ylketone (3 mg l�1), Ni (450 mg l�1) and vermiculite
(0.085 ge40 g) were used in the biosorption assays. The ratios
between residual and initial concentration of DEK and of Ni (C/C0)
as functions of time are presented in Fig. 4a. As the mass of
vermiculite increases, the C/C0 ratio for DEK approaches 0 for all
the assays, with the exception of the experiments with 0.085 g
and 10 g of vermiculite. For Ni, the C/C0 ratio is slightly higher
(~0.2), with the exception of the assay with 10 g of vermiculite, in
which a sorption percentage of 98% was obtained (about 9 fold
the results obtained for 0.085 g vermiculite). Fig. 4b shows that
the maximum sorption percentage of DEK does not increase
significantly with the increase of the vermiculite mass. The
maximum sorption percentage of DEK was obtained with 40 g of
vermiculite, and is about 1.25 times the sorption percentage ob-
tained with 7.5 g and 10 g (78% and 80%). This may be related
with the fact that 1) when the environmental conditions become
unfavorable, the biofilm can act as clumps or as single colonies
(Kesaano and Sims, 2014) and 2) the biofilm formed is composed
by a single bacterial species. In general, a multiple species biofilm
presents an enriched diversity and functionalities which are
translated in an enhanced potential for degradation of toxic
compounds (Burmølle et al., 2014).

In these experiments pH ranged between 5.66 and 6.20 and so
precipitation can not be responsible for the decrease of Ni(II)
concentration in solution (Espinozo et al., 2012). The increase of
anionic groups in solution makes the surface of the biofilm
negatively charged and the number of electrostatic attractions
increase, resulting in an increase of metal sorption (Badawy et al.,
2010). Table 4 shows that the uptake of both pollutants decreases
as the sorbent mass (vermiculite and biomass) increases, prob-
ably due to saturation approaching. SEM observations demon-
strated the presence of a biofilm of S. equisimilis on the support
after exposure to an aqueous solution of DEK and Ni for 170 h,
validating the ability of this microorganism to grow in hazardous
conditions, which is an advantage in treating contaminated
wastewater. The adsorption kinetics for DEK and Ni are best fitted
by the pseudo-second order model (0.873 < R2 � 0.999 for DEK
and 0.977 < R2 � 0.999, for Ni), Fig. 5a. The model assumes that
the rate limiting step of the process is chemisorption (Quintelas
et al., 2011), involving valence forces through the sharing or ex-
change of electrons between the biomass or the biomass mixed
with mineral clay and DEK or Ni, through complexation, coordi-
nation and/or chelation (Ahmady-Asbchin and Jafari, 2013). For
DEK, the pseudo-second order K2 constant tends to decrease with
the increase of the mass of vermiculite, suggesting that the
sorption rate of DEK decreases over time. For Ni, this constant
tends to increase for vermiculite masses lower than 10 g and
decreases for vermiculite masses higher than 7.5 g. The bio-
sorption rates of DEK and Ni are influenced by the mass of sor-
bate and by the microbial activity (biofilm growth, development
and maturation), which can be translated into an increased need
for nutrients and production of toxic metabolites. The Langmuir,
Freundlich, BET and Dubinin-Radushkevich (D-R) models were



Fig. 4. (a) Ratio between residual and initial concentration (C/C0) versus time for different vermiculite masses for the biosorption/biodegradation assays conducted with DEK and Ni;
(b) Sorption percentage of DEK and Ni using a biofilm of S. equisimilis supported on different masses of vermiculite.
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fitted to several experimental adsorption isotherms. Parameters
are presented in Table 3 and the fitting is shown in Fig. 5b. The
best fit for the biosorption of DEK was obtained with the
Freundlich model (R2 ¼ 0.999), suitable for heterogeneous sur-
faces with uniform energy distribution and reversible adsorption
and suggesting that the adsorption energy decreases exponen-
tially on saturation of the surface (Kishore et al., 2013). Kf and n
were determined to be respectively 160,409 mg g�1 and 0.05 and
indicate the high maximum adsorption capacity of the system
and that the adsorption is favorable and cooperative (1/n > 1)
(Dada et al., 2012). The values obtained for qD and BD of the
Dubinin-Radushkevich model and the values obtained for B and
CS with the BET model eliminate these equations from
consideration.

Ni biosorption equilibrium of Ni is best fitted by the Freundlich
isotherm. The values obtained for Kf and n were respectively



Table 4
DEK/metal uptake (mg g�1) and sorption percentage (%) obtained with S. equisimilis (~5 g l�1) supported on different masses of vermiculite and exposed to an aqueous solution
of DEK (3 g l�1) and nickel/cadmium (100 mg l�1) simultaneously.

Vermiculite (g) Ni DEK

Uptake (mg g�1) Sorption (%) Uptake (mg g�1) Sorption (%)

0.085 904.01 12.56 23470.00 94.80
5 59.08 78.79 477.34 96.18
7.5 40.08 79.50 191.20 77.90
10 37.19 97.37 204.85 80.07
20 14.76 97.04 125.04 97.73
40 9.56 100.00 63.96 100

Vermiculite (g) Ni DEK

Uptake (mg g�1) Sorption (%) Uptake (mg g�1) Sorption (%)

0.085 218.67 20.95 15678.96 42.38
5 11.38 66.95 1843.58 49.73
7.5 9.76 72.27 307.77 73.97
10 7.26 85.37 214.73 94.32
20 3.14 86.16 121.55 95.02
40 2.10 98.85 63.67 99.53
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1.05� 10�5 mg g�1 and 0.32, indicating that themaximum sorption
capacity of this system is lower for Ni than for DEK and that the
sorption process is favorable and cooperative (1/n > 1).

3.3.2. DEK and Cd biosorption
Biosorption assays were carried out using a biofilm of

S. equisimilis supported on vermiculite (0.085 ge40 g) and in con-
tact with an aqueous solution of Cd (100 mg l�1) and DEK (3 g l�1).
The ratio between residual and initial concentration of DEK (C/C0)
as a function of time is shown in Fig. 6a. Two distinct profiles were
observed: for vermiculite masses larger than 0.085 g there is an
initial and very fast phase, mainly controlled by the rapid surface
saturation, followed by a second phase which depends mostly on
the microorganism metabolism. For 0.085 g of vermiculite the
sorption/biodegradation of DEK is not as notorious or fast, pre-
senting only one phase.

The ratio between residual and initial concentration of Cd (C/C0)
as a function of time indicates that as the mass of vermiculite in-
creases, the Cd C/C0 ratio decreases (Fig. 6a), reaching zero for the
experiments conducted with 40 g of vermiculite. From Fig. 6a two
distinct profiles were detected: for masses higher than 0.085 g of
vermiculite, the sorption of Cd presents also two distinct phases: an
initial and very fast phase mainly dominated by the rapid surface
saturation, followed by a slower and metabolism dependent phase
(Quintelas et al., 2012).

Table 4 shows that as the mass of the sorbent increases, the
sorption percentage of DEK and Cd increases whereas their uptake
decreases. This behavior was expected since the surface area
available for the biofilm formation and for the retention of both
pollutants also increases. Once again, the presence of a S. equisimilis
biofilm on vermiculite, three hours after the start of the experiment
and after 339.5 h was observed by SEM. These results corroborate,
once again, the ability of this microorganism to grow in toxic
conditions, which is an advantage in treating contaminated
wastewater.

Experimental kinetic data for DEK and Cd is best described by
the pseudo-second order model (0.933 < R2 � 1 for DEK and
0.815 < R2 � 0.999 for Cd), Fig. 7a. For both pollutants, K2 constant
increases for the assays conducted with 0.085 ge5 g of vermiculite
and then it decreases for the assays conducted with 5 ge10 g of
vermiculite, increasing again for the assays conducted with
10 ge40 g of vermiculite. These results indicate that the competi-
tion for the actives sites of the sorbent surface is generally domi-
nated by DEK, most likely due to its transformation into other
organic compounds that will compete with Cd for the active sites
available and will be used as a carbon sources for the microor-
ganism and, on the other hand, due to the toxicity of Cd. In this set
of experiments, the Rw confirms the good performance of the
system.

Langmuir, Freundlich, BET and D-R models were fitted to several
experimental adsorption isotherms and the parameters are listed in
Table 3, while the fitting quality of the different models is shown in
Fig. 7b. The best fit for DEK was obtained with the Langmuir model
(R2 ¼ 0.989). This isotherm describes quantitatively the formation
of a monolayer of adsorbate on the outer surface of the adsorbent,
assuming that after that no additional adsorption occurs. The
values obtained for Qmax, b and RL were respectively 0.36 mg g�1,
9.97 l mg�1 and 2.79 � 10�4, and indicate that the sorption of DEK
favorable (0<RL < 1). For Cd, the best fit was obtained with the
Freundlich isotherm model (R2 ¼ 0.994). The values obtained for Kf
and n were respectively 1.01 � 10�6 mg g�1 and 2.28 � 10�1

showing the high adsorption capacity of the system and that the
adsorption is favorable and cooperative (1/n > 1) (Dada et al., 2012).

3.4. Identification of DEK degradation by-products

During the biosorption experiments the sequential formation of
several intermediates was detected. These metabolites were iden-
tified as 2-pentanone, methyl-acetate and ethyl-acetate and dis-
appeared during the experiment, meaning that these same
compounds were subject to biomass degradation/sorption. The
detection and subsequent identification of the metabolites formed,
allowed an approach to the metabolic degradation pathway of DEK
by S. equisimilis, based on the classic metabolic degradation
pathway of ketones, well described by Nielsen and Allard (2009)
which takes place by carboxylation followed by hydrolysis:



Fig. 5. Comparison between the experimental results and those predicted by different models for DEK and Ni biosorption, at 37 �C using S. equisimilis supported on vermiculite (a)
kinetics; (b) isothermic equilibria.
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Fig. 6. (a) Ratio between residual and initial concentration (C/C0) versus time for different vermiculite masses for the biosorption/biodegradation assays conducted with DEK and
Cd; (b) Sorption percentage of DEK and Cd using a biofilm of S. equisimilis supported on different masses of vermiculite.
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Although the presence of 2-pentanone only represents a change
on the carbon atom where the ketone group is attached to, the
presence of compounds with lower number of carbons than DEK
(methyl-acetate and ethyl-acetate) corroborate the existence of a
biodegradation process. Based on the chronological detection of the
by-products, DEK is firstly transformed in ethyl-acetate and pos-
teriorly transformed in methyl-acetate. As mentioned above, all the
metabolites are completely consumed by the biomass.
4. Conclusions

It was found that S. equisimilis is negatively affected by con-
centrations higher than 80 mg l�1 of Ni and 5 mg l�1 of Cd and that
when vermiculite is able to efficiently sorb Ni and Cd, by itself. A
synergetic interaction between DEK and Ni is suggested in terms of
adsorption by the clay, whereas when DEK and Cd are mixed, the
sorption of DEK decreases significantly, revealing a negative effect



Fig. 7. Comparison between the experimental results and those predicted by different models for DEK and Cd biosorption, at 37 �C using S. equisimilis supported on vermiculite (a)
kinetics; (b) isothermic equilibria.
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of Cd over the retention of DEK The presence of the biofilm may be
an advantage in this type of treatment, with a general increase in
terms of sorption efficiency that can be explained by the functional
surface groups on the biofilm, that may implement the substrate
molecules adsorption and eventually promote the biodegradation
of DEK, and by the increase of the available sites for sorption.
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