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Equilibrium and kinetic modeling
of Cr(VI) removal by novel
tolerant bacteria species

along with zero-valent iron
nanoparticles

Shashank Garg'¢, Simranjeet Singh%¢, Nadeem A. Khan3*!, Jastin Samuel*,
Praveen C. Ramamurthy?* & Joginder Singh>**

This work describes the study of the removal of a refractory contaminant, i.e., Hexavalent chromium
(Cr(VI)) from aqueous systems by a novel adsorbent comprising Cr(VI) tolerant bacteria and zero valent
iron nanoparticle (nZVI). A gram-positive, rod-shaped bacteria used in the study were isolated from
wastewater (WW) received from the effluent of leather industries. The adsorbents were prepared with
bacteria, nZVI alone, and a combination of both. The adsorbent comprising both elements was found
to remove Cr(VI) with a higher percentage (93%) and higher capacities (0.58 mg/g) as compared to
adsorbent with bacteria (Cr(VI) removal =63%, q.=0.163 mg/g) or nanoparticles (Cr(Vl) removal =80%,
d.=0.45 mg/g) alone. The adsorbent worked best at neutral pH, and the removal became saturated
after 90 min of incubation. Equilibrium studies with isotherm modeling suggested that the adsorption
process follows sips isotherm (R?=0.9955), which is expected to bean intra-particle diffusion process
before the actual adsorption. Process kinetics was modeled with pseudo-first order, pseudo-

second order, and Vermeulen model. The diffusion coefficient determined by fitting the kinetic

data to Vermeulen model was found to be 0.0000314 cm?/s. The adsorbent can be tested further for
continuous flow processes to find more insights about the usage on a large scale.
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The main reasons for increasing environmental pollution levels are the expanding population and
industrialization"?. Researchers are primarily concerned about water contamination resulting from industrial
waste emissions containing significant amounts of organic and inorganic contaminants from industries like tex-
tile, food, dye, and paint>-°. Hexavalent chromium Cr(VI) is now regarded amongst the significant environmental
pollutants due to its increasing use in the majority of industrial processes (leather processing, electroplating,
printing, dyeing, and metallurgy), which causes disease in life forms®®. Several industry unit operations produce
chromium-containing chemical species, of which trivalent chromium Cr(III) and Cr(VI) are the most common.
These chromium species are accumulating in natural waters due to improper disposal of these industries’ eftlu-
ent water, which is deadly for plants and animals because chromium is carcinogenic and mutagenic to a certain
extent’. This addresses the uproaring demand for sustainable, easy, and economical methods for properly dis-
posing Cr(VI) bearing wastewater. A study on inhabitants of Kanpur, India (an area with a lot of tanneries and
chromium salts manufacturing industries), has revealed that impaired hemoglobin function and gastrointestinal
and dermatological symptoms are linked to elevated concentrations of Cr(VI) in groundwater!?.
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To safeguard the environment from Cr(VI) hazards, it is necessary to lessen the amount of Cr(VI) in the efflu-
ent water by treating it through certain processes before it is released into natural waters. The general physiochem-
ical methods include adsorption'!-!4, ion exchange, and filtration'>-'". These processes only remove the metal ions
and do not convert them into a stable or non-toxic form, limiting their sustainable application'®. The filtration
process’s scalability is difficult, limiting its application in handling higher flow rates. Other methods include the
application of principles of electrokinetics'?, electrocoagulation®, electrochemical reduction?, electrodialysis?,
and electrodeionization?. Cr(VI) in wastewater can also be removed by treating the water with chemicals like
H,S%, sodium dithionite?*, sodium metabisulfite*® sodium dichloroisocyanate and sodium hypochlorite?, cal-
cium metabisulfite?, ferrous sulphate®. Biotransformation®, biosorption®, biomineralization®!, and extracellular
precipitation® are a few techniques which utilizes biological organisms (plants or microbial biomass) as remedial
agent for heavy metal contaminated water.

The Cr(VI) remediation processes discussed above have limitations that affect their field application
potential®. Although simple and economical, physical techniques do not degrade or reduce Cr(VI). Similarly,
chemical techniques change the oxidation state of Cr(VI). Still, in doing so, a lot of energy and consumable
compounds are utilized, which adds to the generation of excessive amounts of toxic sludge, disposal of which
is a question. The modern application of nanomaterial for adsorption allows high adsorption capacities, but
dispersal of bare nanoparticles in environmental matrix is a limitation.

Immobilized nanomaterials answer these limitations and allow higher utilization of available area on nonma-
terial surfaces®**. Composites of nanomaterial like zero valent iron nanoparticle (nZVI, with high adsorption
capacities and reducing capacities) with a biofilm of Cr(VI) reducing microbes (or iron-reducing bacteria) were
tested in earlier reported studies yielding very high removal capacity but having the limitation of integrity and
sustainability of the surface biofilm on sorbent in large scale field applications which in turn affects the technology
transferability to the industry®. In a recent study, nZVT has been utilized to assist fenton reaction based degra-
dation of organic dye (reactive red 198) with an efficiency of around 97%%’. Other hybrid nanoparticles are also
utilized for removal of contaminants®. Azari et al. have investigated removal of azithromycin with novel magnetic
nanoparticles which exhibited high removal capacities®. Nitrobenzene was degraded with a composite of nZVI
with high removal efficiencies which further strengthen the potential of nZVI in WW treatment strategies**!.

In the current work, four different novel nano-bioadsorbents (NBA) have been developed by immobilizing
nZVI and Cr(VI) tolerant bacteria in a combinatorial design. The different combinations of NBA were assessed
for their %Cr(VI) removal capacity by varying initial pH of the solution, initial Cr(VI) concentration, adsorbent
amount used in experiment, and time (one factor at a time) under synthetic wastewater. Equations and kinetic
studies further evaluated the NBA with the highest %Cr(VI) capacity.

Results and discussion
The above experiments’ results, including the isolated organism’s characteristics, effects of the operating param-
eters over %Cr(VI) removal, isotherm modeling, and kinetic modeling are presented below.

Characterization of isolated Cr(VI) tolerant bacteria

The morphological investigation suggested that this organism is a rod-shaped bacterium. The purple-coloured
colonies confirm that it is gram-positive (Fig. 1). As it is able to grow under Cr(VI) supplemented NA, it can
tolerate Cr(VI). MIC is estimated to further confirm the Cr(VI) toxicity, and the results are presented below.
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Figure 1. Brightfield microscopic images of isolated bacteria from tannery effluent. (Magnification x 100, all 3
are same organism).
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Determination of MIC of Cr(VI) for the bacteria

MIC is an important property that can be preliminarily helpful in predicting the utility of the bacteria for waste-
water treatment purposes. A higher MIC suggests that the organism can survive well at that concentration of
the toxic molecule. In the experiment performed, the turbidity was observed in test tubes that had Cr(VI) up
to 400 ppm, while the test tubes with concentrations beyond that were clear. This happened because the strain
was not able to sustain beyond 400 ppm of Cr(VI) (Fig. 2). Thus the MIC of Cr(VI) for the isolate was found to
be 400 ppm. Verma et al.** isolated a group of microbes from tannery effluents that were able to tolerate Cr(VI)
upto 200 ppm. In another study at Central Leather Research Institute (Chennai), the organisms isolated were
shown to tolerate Cr(VI) upto 80 ppm*'. The isolated organism exhibits a higher tolerance as compared to these
organisms which may give a better removal percentage for Cr(VI). Gram positive rods have shown to be Cr(VI)
tolerant by other studies as well. Bharagava et al. have isolated gram positive rods from tannery wastewater which
were able to tolerate Cr(VI) upto 100 ppm (mg/L)*. In that regard our bacteria was able to tolerate Cr(VI) to a
higher concentration.

Preparation and characterization of nanobioadsorbent

The prepared NBAs are shown in Fig. 3. The beads displayed a homogenous, spherical geometry with an approxi-
mate diameter of 2 mm. The beads with cells and bacteria were found to be of a different color as compared to
blank beads. The strength of beads was found to be enough to withstand the shear stress during the shaking of
the flask.

Effect of pH, initial Cr(VI) concentration, time of incubation, and amount of adsorbent on
%Cr(VI) removal

The effect of change of pH over the % Cr(VI) removal and q. is exhibited in Fig. 4A,B respectively. It can be
seen that for all four types of adsorbents, the optimum pH is 7 at which the removal percentage is highest. This
value of pH is used for further experiments. The removal at this pH is highest for BNCA (89%) followed by
NCA (79%), BCA (62%) and is found to be lowest (14.5%) for blank beads. A some Cr(VI) was adsorbed by
blank beads as well. In a similar experiment, Yu et al.* reported the removal percentage is highest at a solution
pH of 5. This may be attributed towards the usage of only bacterial cells for the preparation of calcium alginate
beads. Li et al.** observed that the stability of the nZVI in carboxy methyl cellulose-based polymer systems is
highest at pH 7. This change removal percentage with pH may be due to perturbation in chemical behavior of
water molecules covering the bead.

The pattern of Cr(VI) removal % and q, with a change in the initial concentration of Cr(VI) is shown in
Fig. 5A,B. Here, as well, the highest removal is for BNCA (91%) and the lowest is for blank beads (14%). A similar
trend is observed for all types of NBA where the %Cr(VI) removal is decreasing as the initial Cr(VI) concentra-
tion increases. This is well expected because, with higher initial concentration, the residual concentration also
increases as the capacity of NBA gets exhausted at lower amounts only. A similar result is obtained by other
groups as well, which worked on immobilized marine yeast for uranium removal. It is also interpreted that the
adsorption process is more efficient (in terms of removal percentage) for smaller concentrations of analyte i.e.
Cr(VI) and nevertheless, this value is similar to that of concentration of Cr(VI) in effluent of targeted industries*.

The pattern of change of residual Cr(VI)% and qe by varying adsorbent dosage is depicted in Fig. 6A,B. It
is found that with an increase in the amount of adsorbent, the removal percentage is increasing significantly.
Although for BNCA and NCA, a major part is adsorbed at the least amount of adsorbent (~50%), the incre-
ment in adsorbent dosage is affecting the removal significantly. It is also seen that for the taken Cr(VI) con-
centration (10 ppm), the adsorbent is getting saturated after 2 g/L of dosage, which suggests that either there is
some reversible reaction which is taking place or some mass transfer limitation which is stopping the further

Figure 2. Growth of the isolate in increasing concentration of Cr(VI) supplemented nutrient broth for MIC
determination. Growth can be observed upto 400 ppm.
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Figure 3. Beads of calcium alginate used as immobilization matrix (A) blank CA beads, (B) CA beads with
cells, (C) size visualization of CA beads, (D) CA beads with nZVI, (E) CA beads with cells and nZV1.
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Figure 4. Percentage Cr(VI) removal (A) and q. (B) as a function of pH for different types of adsorbents
(adsorbent dosage =2 g/L, time =90 min, initial Cr(VI) concentration =10 ppm).
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Figure 5. Percentage Cr(VI) removal (A) and q, (B) as a function of initial Cr(VI) concentration for different
types of adsorbents (adsorbent dosage =2 g/L, time=90 min, pH 7).
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Figure 6. Percentage Cr(VI) removal (A) and q, (B) as a function of adsorbent dosage for different types of
adsorbents (pH 7, time =90 min, initial Cr(VI) concentration =10 ppm).

adsorption process. It may also happen that IPD limits the diffusion from the surface into the bead in the given
time (90 min). It left for more time, this movement may become possible thus increasing the removal%.

The relationship of time with the %Cr(VI) removal and qe is depicted in Fig. 7A,B. It is observed that the
adsorption process reaches a plateau after around 90 min of incubation for all the types of adsorbents and is even
faster for blank beads. The analysis also suggests that the adsorbent gets saturated before 100% removal. It can
also be observed that the initial rate of adsorption is faster, and there is retardation in the adsorption rate with
the time, which is a feature of most similar adsorption processes?’.

Adsorption isotherm and modeling

Three different isotherm models (Langmuir, Freundlich, Sips) were utilized in this study to comprehend the
nature of adsorption of Cr(VI) to BNCA. The non-linear form of experimental isotherm and its linear fitted
models are depicted in Fig. 8a—c. The values of equilibrium constant and R? are tabulated in Table 1. The data
suggests that the isotherm is most likely to be modeled as per Sips isotherm or Frendlich isotherm. Sips isotherm
is well suitable for the current adsorption systems as this model assumes that adsorption occur in a non-ideal,
reversible manner that is not limited to monolayer adsorption. Sips isotherm is a sound model used to study
heterogeneous systems. The operating parameters of the isotherm are a relative measure of the heterogeneity
of the adsorbent*. Here, the slope value of around 0.2397 suggests that the surface of adsorbent is more of the
homogenous kind, which is attributed towards the homogeneity of size and shape of nZVI. The comparison of
values of obtained parameters is not reccommended as these are highly annexed to process variables.

Kinetics of the adsorption process and its modeling

Kinetics of adsorption is defined as time-dependent behavior of the amount of adsorption. This is a crucial
parameter to analyze the behavior of the adsorption process. Kinetic parameters are useful in evaluating, design-
ing and scaling up the systems that utilize adsorption. The intrinsic theoretical complexity of the adsorption pro-
cess limits the understanding of kinetics as adsorption process is mostly an orchestra of several physiochemical
processes. The model equations along with coefficients obtained after performing regression, are given in Table 2.
Figure 9A depicts the linear fit of kinetic data to PFO model and Fig. 9B exhibits the fitting of the kinetic data
to linear form of PSO model equation. The linear fit of the Vermeulen model is shown in Fig. 9C. Comparison
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Figure 7. Percentage Cr(VI) removal (A) and q, (B) as a with time of incubation for different types of
adsorbents (adsorbent dosage=2 g/L, pH 7, initial Cr(VI) concentration=10 ppm).
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Figure 8. Plot of isotherm and model fitting; (A) non-linear fit to Langmuir isotherm. (B) Non-linear fit to
Freundlich isotherm. (C) Non-linear fit to Sips isotherm.

Model fitting equation Corresponding parameters R? SSE
Langmuir 9o = % Qy=1.572 mg/gb=0.139 L/mg 0.9794 | 0.007183
. L
Freundlich Ge = 0.242CF7 K;=0.242 (mg/g) (L/g)" n=1.717 0.9954 | 0.001608
i 0.2397 x C2-5516 — —_ —
Sips qe = m K;=0.2397 L/g a,=— 0.0223 L/mg p,=0.5516 | 0.9955 | 0.001578

Table 1. Modeled equations of isotherms with their parameters and coefficient of determination.

of the R? values of the model equations obtained after linear fitting suggests that the Vermeulen model is the
better fitting model for fitting the kinetic data with a R? value of 0.995 followed by PSO model (R*=0.993). The
low value of the Y-intercept (0.011) in the Vermeulen model fit reveals that IPD shall be the major rate-limiting
step in the entire adsorption process. Recently, Kulkarni et al.*’ have used a modified form of Vermeulen diffu-
sion model to study the kinetics of adsorption of Cu(II) ions onto calcium alginate beads. They argued that the
mesoporous nature of their beads requires an intermediate model that will combine the features of fractal-like
structure and pore diffusion effects. Yao and Chen®” have also suggested in their study that the Vermeulen kinetic

model is better suitable to describe the cases when IPD is the rate-controlling step.

Model Model equation Corresponding parameters R? SSE
PFO qr = qe(1 — exp(—k1t)) | k;=0.0578 57!, q.=0.1007 mg/g 0.999053 | 6.02x10°°¢
— — -6
PSO a= qe( 1— m) k,=0.6485 g/mg/s, q,=0.1191 mg/g | 0.999613 | 2.46x 10
— —Dn2
Vermeulen kinetic model qi =Vi- e< w l) D=0.0000314 cm?/s, q.=0.1068 mg/g | 0.999578 |2.68x10°¢

Table 2. Modeled equations of adsorption kinetics with its parameters and coefficient of determination.
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Figure 9. Graphs of kinetic data of the adsorption process; (A) non-linear fit to the PFO kinetic model, (B)
non-linear fit to the PSO kinetic model, and (C) non-linear fit to the Vermeulen model.

Conclusions

The study evaluates a novel hybrid adsorbent for its Cr(VI) removal capacity. The adsorbent system was developed
by immobilizing nZVI and Cr(VI) tolerant bacteria together in calcium alginate beads. The major findings of the
current work are isolation of novel Cr(VI) tolerant bacteria species from WW of leather processing industry. The
gram-positive rod shaped bacteria exhibited MIC of Cr(VI) for the organism was found to be 400 ppm. Analyti-
cal grade nZVI powder and bacteria were immobilized in CA beads separately and together to prepare NBA.
The adsorbent was evaluated for removal of Cr(VI) from synthetic WW and was found to remove Cr(VI) with
a higher percentage (93%) and higher capacities (0.58 mg/g) as compared to adsorbent with bacteria (Cr(VI)
removal =63%, q.=0.163 mg/g) or nanoparticles (Cr(VI) removal =80%, q.=0.45 mg/g) alone. pH 7 was found to
be most favourable for removing Cr(VI) from aqueous environments. Table 3 comprehends adsorption capacities
of some similar studies. With time, the %Cr(VI) removal increases and gets saturated after 90 min of incubation.
Isotherm modeling was performed and its was found that data fitted most appropriately to Sips model which
indicates that the surface of the adsorbent was heterogeneous. The Kinetics of adsorption were best described
by Vermeulen Model, and diffusion coeflicient, as per theoretical calculation, was found to be 0.0000314 cm?/s.
Further studies on fixed bed columns with synthetic WW and real water matrix are required in the same line to
establish the system for industrial application and scale-up.

sno | Adsorbent Contaminant | Maximum adsorption capacity (mg/g) | References
1 Yarrowialipolytica immobilized in calcium alginate | Uranium 2.25 16
Total Cr 7.3
2 Bentonite supported nZVI Gl L3 51
Cu?* 3.0
Zn** 16.8
3 nZVI composite Cr(VI) 199.46 2
4 Polyethylene glycol-stabilized nano zero-valent iron | Cr(VI) 125.22 53
5 Biochar supported nZVI Cr(VI) 24.08 o
6 Immobilized nZVT with bacteria Cr(VI) 0.58 This study

Table 3. Adorption capacities of similar adsorbents.
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Materials and methods

Isolation and characterization of Cr(VI) tolerant bacteria from tannery effluent

Tannery wastewater (WW) was collected from an incoming stream to the Common Effluent Treatment Plant
located at Leather Complex in Jalandhar, Punjab. WW was kept in pre-sterilized amber-colored glass bottle,
brought to laboratory, and processed on same day. Nutrient agar plates with different concentrations of Cr(VI)
(400 ppm, 600 ppm, 800 ppm) were prepared and the WW samples (diluted with distilled water) were spread on
it. Incubation of plates was done for 24 h at 37 °C. Distinct colonies were observed, picked up, and subsequently
subcultured on NA supplemented with 400 ppm Cr(VI). A single colony from this plate was picked up (SG1)
and used in experiments.

Analytical method to determine minimum inhibitory concentration (MIC) of Cr(VI)

To determine MIC of Cr(VI) for the selected bacteria, 10 mL nutrient broth (NB) that was supplemented with
varying amounts of Cr(VI) (200-1000 ppm), were inoculated with 100 uL of bacterial culture grown up to 0.1
OD at 600 nm. The tubes were then incubated at 37 °C in a shaker incubator and observed for growth up to
48 h. Theminimum concentration of Cr(VI) in the tube, which reflects no turbidity, is regarded as MIC for the
organism.

Analytical method to estimate Cr(VI) in solutions

To estimate Cr(VI) concentration in the working experiments, standard method of reaction with diphenyl car-
bazide (DPC) was used*. Firstly, standard reagent of DPC was prepared by dissolving 250 mg of DPC in 100 mL
of pure acetone. Standards of chromium containing 0.5, 1.0, 1.5, 2.0, and 2.5 ppm of Cr(VI) were prepared by
diluting 10 ppm of stock accordingly. Distilled water was taken as blank. 1 mL of each of these standards was
mixed with 330 uL of 6 M H,SO, and mixed well with a vortex mixer. To this 400 uL of DPC reagent was added
to the mixed well. The optical density of pink-colored solutions thus obtained is measured at 540 nm against
water treated with DPC as blank. The data obtained is used to plot a standard curve, which was further used to
interpolate the concentrations of unknown test solutions. The test solutions were diluted when and as required
to get the optical densities between 0.2 and 0.9 and the concentration deduced is then multiplied with appropri-
ate dilution factor.

Preparation of nanobioadsorbent (NBA)

nZVI was purchased from Sigma Aldrich (Ajanta Scientific Works, Amritsar, Punjab, product no 746851). It was
black in color, amorphous, and hygroscopic. Calcium alginate (CA) beads were used as immobilization matrix
for encapsulating bacteria and nZVI to prepare the NBA. Four combinations were done to prepare beads for the
experiments. First, blank beads (CA) with no bacteria and no NP immobilized inside the bead. Second, beads
with 0.5% (w/w) bacteria are designated as BCA. Then, beads with 0.1% nZVI (w/w) are called NCA, and beads
with 0.5% bacteria +0.1% nZVI (w/w) are named BNCA. For the preparation of beads, 2% sodium alginate (Hi
Media) solution was prepared with a respective concentration of different components and beads of CA were
prepared by dropping this solution in 0.2 M Calcium Chloride solution with 20-gauge needle. Beads were formed
instantaneously and cured for 4 h in CaCl, before being used for adsorption.

Effect of initial solution pH, NBA dosage, time, and initial Cr(VI) concentration chromium
removal by the prepared NBA

In batch studies, the effects of starting solution pH, NBA dose, duration, and initial Cr(VI) concentration on the
percentage of Cr(VI) removed and the adsorption capacity were observed using all four forms of NBA (CA, BCA,
NCA, and BNCA). Batch experiments were conducted in a shake flask with 50 mL volume with one variable at
one time approach. pH range was taken from 3 to 8. NBA dosage was taken as 0.5, 1.0, 1.5, 2.0, 2.5 g. Time was
varied from 30 to 150 min with 30 min gap in between, and beginning concentration of Cr(VI) was varied as
10 ppm to 50 ppm with an increment of 10 ppm. While varying one factor, the other factors were kept constant
(pH 7, adsorbant dosage =2 g/L, Time =90 min, initial Cr(VI) = 10 ppm). %Cr(VI) removal (Eq. 1) and adsorp-
tion capacity (Eq. 2) are calculated as follows:

(Co — Cy) x 100

%Cr(VI)Removal = C
0

(1)

(Cp—CyxV
g=——" """

)

where Cy=Initial Cr(VI) concentration in solution, C,= Cr(VI) concentration in solution at any time “t’, V.= Vol-
ume of the test solution, m = mass of adsorbent in the test solution.

The type of adsorbent, which was found to have the highest adsorption capacity and highest % removal of
Cr(VI), was chosen for further analysis.

Plotting of adsorption isotherm and model analysis

Adsorption isotherm occupies an important space in adsorption studies®*. They are useful in providing sev-
eral insights into the adsorption mechanisms and mode of adsorption®”>%. In this study, we plotted adsorption
isotherms and then tried to fit these isotherms into three different isotherm models, viz. Langmuir (Eq. 3),
Freundlich (Eq. 4), and Sips (Eq. 5). The model equations are given below.
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qe = 576/35~ (5)
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Here, “Q,” is maximum monolayer coverage capacities (mg/g), “b” is Langmuir isotherm constant (mL/mg),
“Kg” is Freundlich isotherm constant (mg/g) (mL/g)" related to adsorption capacity, “n” is adsorption intensity,
“Ky” is Sips isotherm model constant (L/g), “P” is Sips isotherm model exponent, “a,” is Sips isotherm model
constant (L/mg)*’.

Non-linear regression were performed by minimising the Sum of Squares of Errors (SSE) to deduce the rel-
evant isotherm model parameters and goodness of the fit was estimated by calculating the value of the coefficient
of determination (R?)®. To plot an isotherm, 50 mL, 20 ppm Cr(VI) solution was incubated with varying amounts
of NBA (BNCA) at pH 7. The analyte concentration was determined after 180 min of incubation and residual

concentration at equilibrium (C,), and adsorption capacity at equilibrium (q.) (Eq. 6) was calculated as follows.

(G —C)xV
==

(6)

e

Kinetic analysis of the adsorption process

Kinetic analysis refers to the study of change in the removal percentage of the adsorbate (Cr(VI)) with time.
To perform kinetic analysis 2 g of adsorbent (BNCA) was inoculated in 50 mL of 10 ppm Cr(VI) solution and
stirred at 100 rpm. The initial pH of solution was set to 7. Regular sampling was done at given time points and
Cr(VI) concentration was determined using standard method of DPC, as stated above. The data obtained was
used to calculate Cr(VI) removal percentage.

The data obtained from the experiment was further utilized to perform a kinetic modeling of the process. We
have used three different model viz. Pseudo First order (PFO) (Eq. 7), Pseudo second order (PSO) (Eq. 8), and
Vermeulen Model (Egs. 9, 10) to model the given data. PFO and PSO are commonest models used in modeling
of kinetic data in adsorption studies®'. Along with these two, the reason behind choosing Vermeulen Model is
that it assumes interparticle diffusion (IPD) phenomenon, which is well suitable for the case of diffusion inside
the beads. As we have a CA bead, a macro particle with pores inside it, we find this a suitable modelfor this study
involving kinetic study. The equations of the models are as follow:

gt = qe(1 — exp(—kit)), ?7)
_ <1 _ #)

qt = 4e 1+ gekat > (8)
LRERVANING ) ©)
e

The linear form of the equation is

— 2 _ 2
ln(l - (i) ) = II)J t (10)

Here, “D” is diffusion coeflicient, q is the average value of q in the spherical particle of radius R at any par-
ticular time.

Statistical analysis

Statistical analysis was performed with GraphPad PRISM (v 8.0) and MS Excel (v 2018). Non linear regression
were performed with MS Excel (v 2018). For performing regression, minimization of the sum of squares of errors
(SSE) was used as the standard algorithm. Final equations were represented and analyzed to get the coefficients
of equations. R? was used to evaluate the fitting standard of the model.

Data availability

The data that support the findings of this study are available from [Simranjeet Singh]. Still, restrictions apply to
the availability of these data, which were used under license for the current study, and so are not publicly available.
However, data are available from the authors upon reasonable request and with permission of [Simranjeet Singh].

Received: 7 February 2024; Accepted: 22 March 2024
Published online: 14 April 2024

Scientific Reports|  (2024) 14:8611 | https://doi.org/10.1038/s41598-024-57835-z nature portfolio



www.nature.com/scientificreports/

References

1.

Azari, A. et al. Polycyclic aromatic hydrocarbons in high-consumption soft drinks and non-alcoholic beers in Iran: Monitoring,
Monte Carlo simulations and human health risk assessment. Microchem. J. 191, 108791 (2023).

2. Singh, S. et al. Effective voltammetric tool for nano-detection of triazine herbicide (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-
triazine) by naphthalene derivative. Environ. Res. 236, 116808 (2023).

3. Singh, J. et al. Toxicological effects of lambda-cyhalothrin on liver, kidney and testis of indian catfish Clarias batrachus. Toxicol.
Int. 22, 128 (2015).

4. Singh, S. et al. Toxicity, monitoring and biodegradation of the fungicide carbendazim. Environ. Chem. Lett. 14, 317 (2016).

5. Singh, S. et al. Bio-engineered sensing of Atrazine by green CdS quantum dots: Evidence from electrochemical studies and DFT
simulations. Chemosphere 345, 140465 (2023).

6. Aktas, B, Yalcin, S., Dogru, K., Uzunoglu, Z. & Yilmaz, D. Structural and radiation shielding properties of chromium oxide doped
borosilicate glass. Radiat. Phys. Chem. 156, 144-149 (2019).

7. Hossini, H. et al. A comprehensive review on human health effects of chromium: Insights on induced toxicity. Environ. Sci. Pollut.
Res. 29, 70686-70705 (2022).

8. Singh, S. et al. Applicability of new sustainable and efficient green metal-based nanoparticles for removal of Cr(VI): Adsorption
anti-microbial, and DFT studies. Environ. Pollut. 320, 121105 (2023).

9. Georgaki, M.-N. et al. Chromium in water and carcinogenic human health risk. Environments 10, 33 (2023).

10. Sharma, P. et al. Groundwater contaminated with hexavalent chromium [Cr (VI)]: A health survey and clinical examination of
community inhabitants (Kanpur, India). PLoS ONE 7, e47877 (2012).

11. Enniya, I, Rghioui, L. & Jourani, A. Adsorption of hexavalent chromium in aqueous solution on activated carbon prepared from
apple peels. Sustain. Chem. Pharm. 7, 9-16 (2018).

12. Vakili, M. et al. Novel crosslinked chitosan for enhanced adsorption of hexavalent chromium in acidic solution. Chem. Eng. J. 347,
782-790 (2018).

13. Yeganeh, M. et al. A comprehensive systematic review and meta-analysis on the extraction of pesticide by various solid phase-based
separation methods: A case study of malathion. Int. J. Environ. Anal. Chem. 103, 1068-1085 (2023).

14. Kamani, H. ef al. Health risk assessment of BTEX compounds (benzene, toluene, ethylbenzene and xylene) in different indoor air
using Monte Carlo simulation in Zahedan city, Iran. Heliyon 9, 20294 (2023).

15. Fu, E & Wang, Q. Removal of heavy metal ions from wastewaters: A review. J. Environ. Manag. 92, 407-418 (2011).

16. Kargar, M. & Zolfaghari, G. Hybrid nano-filtration and micro-filtration pilot processes for the removal of chromium from water.
J. Water Wastewater 29, 41-50 (2018).

17. Kazemi, M., Jahanshahi, M. & Peyravi, M. Hexavalent chromium removal by multilayer membrane assisted by photocatalytic
couple nanoparticle from both permeate and retentate. J. Hazard Mater. 344, 12-22 (2018).

18. Yegane Badi, M. et al. Optimization of advanced oxidation process based on persulfate (Uv/Na25208/Fe2+) for phthalic acid
removal from aqueous solutions with response surface methodology. J. Babol Univ. Med. Sci. 20, 13-21 (2018).

19. Cherifi, M., Hazourli, S., Pontvianne, S., Lapicque, F. & Leclerc, J.-P. Electrokinetic removal of aluminum and chromium from
industrial wastewater electrocoagulation treatment sludge. Desalin. Water Treat. 57, 18500-18515 (2016).

20. Jin, W,, Du, H., Zheng, S. & Zhang, Y. Electrochemical processes for the environmental remediation of toxic Cr (VI): A review.
Electrochim. Acta 191, 1044-1055 (2016).

21. Mateen, Q. S., Khan, S. U,, Islam, D. T., Khan, N. A. & Farooqj, I. H. Copper(II) removal in a column reactor using electrocoagula-
tion: Parametric optimization by response surface methodology using central composite design. Water Environ. Res. 92, 1350-1362
(2020).

22. Zhao, Y., Kang, D., Chen, Z., Zhan, J. & Wu, X. Removal of chromium using electrochemical approaches: A. Int. J. Electrochem.
Sci. 13, 1250-1259 (2018).

23. Pefia-Caballero, V., Aguilar-Lépez, R., Lopez-Pérez, P. A. & Neria-Gonzilez, M. I. Reduction of Cr(VI) utilizing biogenic sulfide:
An experimental and mathematical modeling approach. Desalin. Water Treat. 57, 13056-13065 (2016).

24. Li, Y. et al. Remediation of hexavalent chromium contamination in chromite ore processing residue by sodium dithionite and
sodium phosphate addition and its mechanism. J. Environ. Manag. 192, 100-106 (2017).

25. Tsybulskaya, O. N., Ksenik, T. V., Yudakov, A. A. & Slesarenko, V. V. Reagent decontamination of liquid chrome-containing indus-
trial wastes. Environ. Technol. Innov. 13, 1-10 (2019).

26. Sharafi, K. et al. Wastewater disinfection using sodium dichloroisocyanate (NaDCC) and sodium hypochlorine (NaOCL): Mod-
eling, optimization and comparative analysis. Water Treat. 66, 221-228 (2017).

27. Gan, H. et al. Enhanced photocatalytic removal of hexavalent chromium and organic dye from aqueous solution by hybrid bismuth
titanate Bi4 Ti3 O12/Bi2 Ti2 O7. Res. Chem. Intermed. 44, 2123-2138 (2018).

28. Mella, B., Glanert, A. C. & Gutterres, M. Removal of chromium from tanning wastewater and its reuse. Process Saf. Environ. Prot.
95,195-201 (2015).

29. Sukla, L. B., Subudhi, E. & Pradhan, D. The Role of Microalgae in Wastewater Treatment (Springer, 2019).

30. Franguelli, E P, Tannous, K. & Cione Coppi, C. Biosorption of hexavalent chromium from aqueous solutions using raw coconut
fiber as a natural adsorbent. Chem. Eng. Commun. 206, 1426-1439 (2019).

31. Maity, J. P, Chen, G.-S., Huang, Y.-H., Sun, A.-C. & Chen, C.-Y. Ecofriendly heavy metal stabilization: Microbial induced mineral
precipitation (MIMP) and biomineralization for heavy metals within the contaminated soil by indigenous bacteria. Geomicrobiol.
J. 36, 612-623 (2019).

32. Kumar, V. & Dwivedi, S. K. Hexavalent chromium reduction ability and bioremediation potential of Aspergillus flavus CR500
isolated from electroplating wastewater. Chemosphere 237, 124567 (2019).

33. Qasem, N. A. A,, Mohammed, R. H. & Lawal, D. U. Removal of heavy metal ions from wastewater: A comprehensive and critical
review. NPJ Clean Water 4, 36 (2021).

34. Ahmad, S., Pandey, A., Pathak, V. V,, Tyagi, V. V. & Kothari, R. Phycoremediation: Algae as eco-friendly tools for the removal of
heavy metals from wastewaters. In Bioremediation of Industrial Waste for Environmental Safety: Volume II: Biological Agents and
Methods for Industrial Waste Management (eds Bharagava, R. N. & Saxena, G.) 53-76 (Springer, 2020).

35. Hasanzadeh, M. et al. Persulfate-assisted heterogeneous photocatalytic degradation of furfural from aqueous solutions using
TiO2-ZnO/biochar composite. Heliyon 9, 21421 (2023).

36. Ravikumar, K. V. G. et al. Enhanced Cr (VI) removal by nanozerovalent iron-immobilized alginate beads in the presence of a
biofilm in a continuous-flow reactor. Ind. Eng. Chem. Res. 55, 5973-5982 (2016).

37. Kamani, H. et al. Degradation of reactive red 198 dye from aqueous solutions by combined technology advanced sonofenton with
zero valent iron: Characteristics/effect of parameters/kinetic studies. Heliyon 10, 1 (2024).

38. Dehghan, S., Azari, A. & Kalantary, R. R. Reductive degradation of high concentration nitrobenzene using nanoscale zero-valent
iron particles immobilized on polyaniline. Desalin. Water Treat. 120, 289-303 (2018).

39. Azari, A. et al. Magnetic NH2-MIL-101(Al)/Chitosan nanocomposite as a novel adsorbent for the removal of azithromycin:
Modeling and process optimization. Sci. Rep. 12, 18990 (2022).

40. Dehghan, S., Rezaei Kalantari, R. & Azari, A. Nitrobenzene degradation from aqueous solutions using zero-valent iron nanopar-
ticles/polyaniline composite. J. Mazandaran Univ. Med. Sci. 27, 100-121 (2017).

Scientific Reports | (2024) 14:8611 | https://doi.org/10.1038/s41598-024-57835-z nature portfolio



www.nature.com/scientificreports/

41. Moradi, M. et al. A comparative study of nitrate removal from aqueous solutions using zeolite, nZVI-zeolite, nZVI and iron powder
adsorbents. Desalin. Water Treat. 74, 278-288 (2017).

42. Verma, T. et al. Chromate tolerant bacteria isolated from tannery effluent. Bioresour. Technol. 78, 31-35 (2001).

43. Bharagava, R. N. & Mishra, S. Hexavalent chromium reduction potential of Cellulosimicrobium sp. isolated from common effluent
treatment plant of tannery industries. Ecotoxicol. Environ. Saf. 147, 102-109 (2018).

44. Yu, C. et al. Shewanella oneidensis MR-1 impregnated Ca-alginate capsule for efficient Cr (VI) reduction and Cr (III) adsorption.
Environ. Sci. Pollut. Res. 27, 16745-16753 (2020).

45. Li, Z., Xu, S., Xiao, G., Qian, L. & Song, Y. Removal of hexavalent chromium from groundwater using sodium alginate dispersed
nano zero-valent iron. J. Environ. Manag. 244, 33-39 (2019).

46. Kolhe, N., Zinjarde, S. & Acharya, C. Removal of uranium by immobilized biomass of a tropical marine yeast Yarrowia lipolytica.
J. Environ. Radioact. 223, 106419 (2020).

47. Shi, L., Lin, Y.-M., Zhang, X. & Chen, Z. Synthesis, characterization and kinetics of bentonite supported nZVI for the removal of
Cr (VI) from aqueous solution. Chem. Eng. J. 171, 612-617 (2011).

48. Foo, K. Y. & Hameed, B. H. Insights into the modeling of adsorption isotherm systems. Chem. Eng. J. 156, 2-10 (2010).

49. Kulkarni, P. S., Watwe, V. S. & Kulkarni, S. D. Dynamic studies of copper adsorption on mesoporous alginate beads using an
integrated approach of fractal-like kinetic reaction and diffusion modeling. Int. J. Chem. Kinet. 54, 726-736 (2022).

50. Yao, C. & Chen, T. An improved regression method for kinetics of adsorption from aqueous solutions. J. Water Process Eng. 31,
100840 (2019).

51. Shi, L., Zhang, X. & Chen, Z. Removal of chromium (VI) from wastewater using bentonite-supported nanoscale zero-valent iron.
Water Res. 45, 886-892 (2011).

52. Zhou, H. et al. Sodium citrate and biochar synergistic improvement of nanoscale zero-valent iron composite for the removal of
chromium (VI) in aqueous solutions. J. Environ. Sci. 115, 227-239 (2022).

53. Wu, H. et al. Polyethylene glycol-stabilized nano zero-valent iron supported by biochar for highly efficient removal of Cr (VI).
Ecotoxicol. Environ. Saf. 188, 109902 (2020).

54. Cao, M. & Zhang, Y. Removal of Cr (Vi) by phosphorylated biochar supported nanoscale zero-valent iron. SSRN. https://doi.org/
10.2139/ssrn.4696624 (2024).

55. Gharibzadeh, E, Kalantary, R. R., Esrafili, A., Ravanipour, M. & Azari, A. Desorption kinetics and isotherms of phenanthrene from
contaminated soil. . Environ. Health Sci. Eng. 17, 171-181 (2019).

56. Azari, A. et al. Integrated ultrasound-assisted magnetic solid-phase extraction for efficient determination and pre-concentration of
polycyclic aromatic hydrocarbons from high-consumption soft drinks and non-alcoholic beers in Iran. J. Sep. Sci. 45, 3139-3149
(2022).

57. Azari, A. et al. Which is better for optimizing the biosorption process of lead—Central composite design or the Taguchi technique?
Water Sci. Technol. 74, 1446-1456 (2016).

58. Kermani, M. et al. A global systematic review, meta-analysis and health risk assessment on the quantity of malathion, diazinon
and chlorpyrifos in vegetables. Chemosphere 270, 129382 (2021).

59. Pasalari, H., Ghaffari, H. R., Mahvi, A. H., Pourshabanian, M. & Azari, A. Activated carbon derived from date stone as natural
adsorbent for phenol removal from aqueous solution. Desalin. Water Treat. 72, 406-417 (2017).

60. Rabiee, E et al. The superior decomposition of 2,4-dinitrophenol under ultrasound-assisted Fe304@TiO2 magnetic nanocompos-
ite: Process modeling and optimization, effect of various oxidants and degradation pathway studies. Int. J. Environ. Anal. Chem.
https://doi.org/10.1080/03067319.2022.2034798 (2022).

61. Mahmoudian, M. H. et al. Statistical modeling and optimization of dexamethasone adsorption from aqueous solution by Fe304@
NH2-MIL88B nanorods: Isotherm, kinetics, and thermodynamic. Environ. Res. 236, 116773 (2023).

Acknowledgements

Dr. Simranjeet Singh extends appreciation to the DBT HRD Project & Management Unit, Regional Center for
Biotechnology, NCR Biotech Science Cluster, Faridabad, Haryana, for the Research Associateship (DBT-RA)
and the corresponding funding outlined in award letter No DBT-RA/2022/July/N/2044 dated January 12, 2023.
The authors express gratitude to the Ministry of Education (MoE) for their valuable support through the Grant
MOoE-STARS/STARS-2/2023-0714, dated September 26, 2022.

Author contributions

Conceptualization, Methodology, Software, Supervision: Shashank Garg, Simranjeet Singh, Nadeem A Khan.
Data curation, Writing—Original draft: Shashank Garg, Simranjeet Singh, Visualization, Investigation: Shashank
Garg, Simranjeet Singh, Praveen C Ramamurthy, Joginder Singh. Software, Validation: Shashank Garg, Simran-
jeet Singh. Writing, review & editing: Shashank Garg, Simranjeet Singh, Jastin Samuel, Praveen C Ramamurthy,
Joginder Singh, Nadeem A Khan.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.A.K., PC.R. or J.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:8611 | https://doi.org/10.1038/s41598-024-57835-z nature portfolio


https://doi.org/10.2139/ssrn.4696624
https://doi.org/10.2139/ssrn.4696624
https://doi.org/10.1080/03067319.2022.2034798
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:8611 | https://doi.org/10.1038/s41598-024-57835-z nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Equilibrium and kinetic modeling of Cr(VI) removal by novel tolerant bacteria species along with zero-valent iron nanoparticles
	Results and discussion
	Characterization of isolated Cr(VI) tolerant bacteria
	Determination of MIC of Cr(VI) for the bacteria
	Preparation and characterization of nanobioadsorbent
	Effect of pH, initial Cr(VI) concentration, time of incubation, and amount of adsorbent on %Cr(VI) removal
	Adsorption isotherm and modeling
	Kinetics of the adsorption process and its modeling

	Conclusions
	Materials and methods
	Isolation and characterization of Cr(VI) tolerant bacteria from tannery effluent
	Analytical method to determine minimum inhibitory concentration (MIC) of Cr(VI)
	Analytical method to estimate Cr(VI) in solutions
	Preparation of nanobioadsorbent (NBA)
	Effect of initial solution pH, NBA dosage, time, and initial Cr(VI) concentration chromium removal by the prepared NBA
	Plotting of adsorption isotherm and model analysis
	Kinetic analysis of the adsorption process
	Statistical analysis

	References
	Acknowledgements


