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Abstract

This study aims at optimizing a scalable process for decolorisation of azo dyes, using IONPs synthesized from EPS produced
by the bacterium Alcaligenes sp. The developed process was tested for efficacy on effluents collected from washing units
of Sanganer Textile Industrial Area, Rajasthan (India). The nanoparticles were characterized and tested for stability. The
decolorisation process was optimized for critical parameters using Taguchi optimization method. The optimized method
was then scaled up from 50 ml to a pilot scale of 2 1 of effluent in the bioreactor. The mechanism of decolorisation was then
evaluated. The characterization of IONPs using XRD and FTIR spectroscopy confirmed that IONPs are Fe;O, in nature. The
IONPs were found to be stable over a period of a year with a consistent zeta potential of — 16 mV. Optimization using Taguchi
design revealed that a concentration of 1 gm/l of dye, 2.4 x 10'! particles/m] of IONP, and pH 10.0 were optimum conditions
for maximum decolorisation for both the dyes. Thus, at optimum conditions, a maximal decolorisation of 79.88 +0.04%
and 69.27 +0.02% was observed for Azo Violet and Congo Red dye, respectively, with mixed order kinetics. Furthermore,
scale-up of the decolorisation revealed 81.40 +0.03% of decolorisation at a rate of 1.35 ml/ml IONP/min. The mechanistic
study revealed aggregation pattern and size enlargement of the IONPs with change in their functional groups post-treatment
which is indicative of adsorption. The above findings point to the feasibility of scalability of the process for treatment of
textile industry effluents, thereby contributing to development of technologies toward circular economies.
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Article Highlights

e Green synthesized Iron-Oxide nanoparticles (IONPs)
decolorize azo dyes.
e The IONPs are stable over a span of 1 year.

o The derived IONP based decolorisation method was
found to scalable.

e Agitation remarkably improves the kinetics of the dye
decolorisation.
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Introduction

Being the largest consumer of water, textile industries utilize
voluminous water sources for various processes like dyeing
and washing. It is estimated that 40—65 1 of wastewater is
generated while dying 1 kg of fabric. Most of the dyes are
subsequently discharged into the environment along with
waste water (Holkar et al. 2016). These untreated synthetic
dyes by virtue of its recalcitrant nature are a threat to the
environment. Owing to their chemical nature, these dyes are
categorized into two major categories, viz., azo and non-azo
dyes. Out of the two, the former is categorized more recalci-
trant in nature due to the presence of azo bond (R—N=N-R")
making them difficult to be degraded by natural processes
(Ledakowicz and Pazdzior 2021).

In general, the washing after dyeing removes around 20%
dyes initially used, which are mostly disposed off in the
water bodies without any treatment. Such practices not only
hamper the aesthetics of the water bodies but also hamper its
quality by increasing excessive biological oxygen demand
(BOD) and chemical oxygen demand (COD) (Yaseen and
Scholz 2018). Moreover, these coloring compounds disrupt
the photosynthesis by aquatic flora by hampering light pen-
etration through water bodies (Tahir et al. 2016). This ham-
pers every tier of the aquatic food chain. Thus, for reducing
the toxicity and pollution, and for protecting the environ-
ment from the noxious impacts of dye-rich wastewaters, a
number of researchers and environmentalists have empha-
sized on developing a variety of technologies to find out
point-of-discharge treatment of the dye-rich wastewaters.

A variety of methods have been put forth for recalcitrant
azo dye remediation. One such is the conventional method
that involves physiochemical treatment such as membrane
separation photo-degradation; adsorption; coagulation and
flocculation, etc. (Duttaet al. 2021). Another method is the
bioremediation method using fungi, algae, and bacteria that
have been studied at lab scale (Desai et al. 2021). However,
none of these methods are fit for scaling, owing to shortfalls
such as mobilization of contaminant from the production
site to the treatment site, microbial growth inhibition, pro-
duction of sludge and issue of disposal, time-consuming,
specificity for a particular dye, toxic by-products formation,
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cost-ineffectiveness, etc. (Ghaly et al. 2013). In addition to
this, due to economic constraints, the conventional methods
of treating effluents in large-scale dyes have been proven
to be ineffective. As a result of this, dye removal mediated
by iron-based nanoparticles is getting increased impetus.
In fact, many authors have substantiated the advantages of
iron-based nanoparticles in dye bioremediation over the tra-
ditional methods (Sharma et al. 2021; Rashtbari et al. 2020).
This is mainly because of its multifarious advantages such as
lower toxicity, economic feasibility, high reactivity toward
pollutants, quick process, and so on (Tan et al. 2015).
Being a hub of traditional textile dyeing units, Asian
countries like India, Pakistan, and Bangladesh have been
witnessing deterioration in local water bodies due to tex-
tile dye pollution (Yaseen and Scholz 2018). The present
study encompasses an effective, proficient, and eco-friendly
method for treatment of two major azo dyes used in India,
viz., Azo Violet and Congo Red using green synthesized
iron oxide nanoparticles (IONPs). The study also attempts to
optimize the lab-scale nano-remediation process to achieve
effective removal of dyes from the field samples collected
from textile dyeing units of Sanganer, Rajasthan, India.

Materials and Methods
Materials

Iron (III) chloride [FeCl;-6H,0], mono-potassium phos-
phate [KH,PO,], potassium phosphate diabasic [K,HPO,],
magnesium sulfate [MgSO,-7H,0], and calcium sulfate
[CaSO,-2H,0] were purchased from Sigma-Aldrich. Yeast
extract powder and sucrose were purchased from HiMedia.
Two industrial grade Azo Dyes, viz., Azo Violet and Congo
Red, were purchased from chemical exporter (Durga Dye
Chem) of Sanganer Industrial area, Jaipur Rajasthan. Waste
water was acquired from washing unit of Samuhik Dhulai
Kendra, Sanganer Industrial Area, Jaipur, Rajasthan.
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Nanoparticle Synthesis and Characterization

Iron-oxide nanoparticles (IONP) were synthesized using
cell-free supernatant of Alcaligenes sp. containing the
biosurfactant and FeCl;-6H,0. The method used for syn-
thesis and characterization of nanoparticles using UV-vis-
ible spectrophotometer and TEM are represented earlier in
Sharma et al. (2020). In addition to this, further characteri-
zation was done using XRD analysis which was performed
to understand the crystalline structure of the synthesized
IONP using Bruker d8 Advance X-ray diffractometer, using
CuKa radiation (1= 1.5406 A), 40 kV—40 mA, 26/0 scan-
ning mode. Data were taken for the 26 range of 30° to 80°
with a step of 0.0202°. Apart from this, FTIR analysis was
conducted with Thermoscientific FTIR with iD7 ATR Opti-
cal base for Nicolet iS5, ZnSe crystal plate for ID7 ATR and
interpretation of data with software OMNIC Spectra Nicolet
iS50 Edition.

Stability of Nanoparticles

Nanoparticle stability was initially evaluated at different pH
and temperature. For this, the nanoparticles were washed
thrice with double-distilled water at 10,000 rpm at 25 °C for
a period 10 min each. The purified nanoparticles were re-
dissolved in double-distilled water and subjected to different
pH@3,5,7,9, 11, 12, 13, 14) and temperature (10 °C, 25 °C,
50 °C, 80 °C). The aqueous solutions of nanoparticles are
subjected to spectrum scan in UV-visible spectrophotometer
from wavelength 200 to 800 nm (Systronics119) and the
peaks at absorbance maxima were evaluated.

Furthermore, to evaluate stability of IONPs with respect
to time, zeta potential was evaluated using Malvern Zeta
sizer (Malvern, UK). The nanoparticles were stored in aque-
ous medium for a period of 1 year and the zeta potential was
evaluated regular interval (0 day, 6 months, and 1 year).

Lab-Scale Dye Decolorisation Experiments

The lab-scale experiments were designed to optimize the
dye remediation process using synthesized iron-based
nanoparticles.

Optimization of Critical Parameters for Decolorisation

The remediation process was subjected to initial screening
to identify the suitable range of decolorisation parameters.
This is done by running batch decolorisation experiments for
different variables (stated in Table 1) using equal volumes
of IONP and the selected azo dyes (viz., Azo Violet and
Congo Red).

Prior to the remediation experiments, the concentration
of the aqueous IONP solutions (as obtained in 2.3) was

Table 1 Parameters for lab-scale optimization of decolorisation

Parameters Range

Initial dye concentration 0.1-10 gm/1

IONP concentration 2.4x10'-2.4x 10° particles/ml

pH 3-14
Temperature 10-50 °C
Others Shaking and static conditions

estimated by Hendel et al. (2014) method and diluted to
different concentrations. Similarly, the dyes were dissolved
in double-distilled water at varying concentrations for the
remediation experiments.

To determine the decolorisation efficacy, absorbance
spectra of the samples were taken using UV-Vis spectro-
photometer (Systronics 119) between 200 and 800 nm.
Decolorization was determined by measuring the change
in absorbance of the solution at the wavelength at which
maximum absorbance (432 nm for Azo Violet and 499 nm
for Congo red) was obtained. An untreated dye sample was
analyzed alongside as control. The percentage decolorisation
is determined using Eq. 1

Percentage decolorisation (%) = (A; — A¢) X 100/4;, (1)

where, A; =initial absorbance of dye (mg/l) and A;=final
absorbance of dye (mg/1) percentage decolorisation.

Taguchi Optimizing Method (TOM)

Experimental designs have been successfully utilized for
modeling an optimal strategy for removal of a diverse range
of pollutants including dyes (Siizen and Ozmetin 2019;
Shokoohi et al. 2018a, b). Thus, after evaluation of the best
range for each parameter and eliminating factors that had
shown no significant difference, Taguchi method for optimi-
zation of the parameters was followed (Bendell et al. 1989).
The method adopts the selection of most critical parameters
for progression of the chemical processes. The design of
the experiments was done using three different factors, viz.,
initial dye concentration (A), IONP concentration (B), and
pH (C) which is mutually exclusive. The three parametric
levels were selected, so that a reasonable range of parameter
variations are included. After selecting the effective param-
eters in three different levels, the L-9 orthogonal array of
Taguchi Optimizing Method (TOM) was used to set up the
experiments (Table 2).

The Taguchi methodology employed “larger is the better”
as the quality characteristic defined by Eq. 2

Z;;l 1/3’1'2
n

S/N, g = —10log @)
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Table 2 Taguchi controllable factors and their levels

Factors Level 1 Level 2 Level 3

Initial dye concen- 0.1 1 1.5
tration (gm/1)

IONP concentra-  2.4x 10! 2.4x10'° 2.4x10°
tion (particles/ml)

pH 11 12 13

where LB = “larger is the better”, n =number of repetitions
under the same experimental conditions, y,=measurement
results.

Each experiment was repeated thrice: 1st run (R1), 2nd
run (R2), and 3rd run (R3); the S/N ratio was determined
using Minitab software (version 14). L and 9 mean Latin
square and the number of experiments, and also, 3 and 3
indicate the numbers of factors and their levels, respectively.

The optimal parameters were identified that was involved
in designing desired degradation efficiency. The maximum
degradation percent is expected the desirable result.

Kinetics of Dye Decolorisation

To determine the kinetics of IONPs for decolorisation, an
initial screening was done to determine the exact time dura-
tion required for reaching the maximum decolorisation for
each dye at optimal reaction conditions as determined by
TOM. However, to understand the kinetics better, decolori-
sation was carried out at both static and shaking conditions
(at 100 rpm) which were measured at varying intervals from
0 min to 1 week by measuring the absorbance at absorbance
maxima in UV-Vis spectrophotometer (Systronics 119).
Least square regression analysis was done to obtain the value
of slopes and to determine the rate of decolorisation reaction
at both static and shaking conditions.

Scale Up to Pilot Scale

Waste water acquired from washing unit of Samuhik Dhu-
lai Kendra, Sanganer Industrial Area, Jaipur, Rajasthan
(latitude 26.797; longitude 75.6347) by random sampling
method. The effluent sample was collected in sealed bot-
tles and preserved at room temperature after filtering solid
waste like cloths, threads, etc. The filtered effluent was sub-
jected to treatment using the synthesized IONPs at optimal
remediation conditions as determined above. The scale-up
experiments were conducted in two phases. In the first phase
of scale-up, 50 ml of purified IONP was filled in a burette
and was drop-wise subjected to decolorize 50 ml of effluent
sample which was placed below the burette. The reading
of the IONP spent and time required for attaining maximal
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visible decolorisation at optimal decolorisation condition (as
obtained from 2.4) was recorded.

In the second phase, the decolorisation of 2.00 I of filtered
effluent was carried out using New Brunswick BioFlo®/Cel-
1iGen® 115 bioreactor. The purified IONPs were added at
a flow rate of 1.0 ml/min. The rate of agitation was 150
r.p.m. The maximal decolorisation was determined visually
when there was saturation in fading of the original color. To
calculate the decolorisation percentage, the pre- and post-
treatment effluent samples are subjected to spectrum scan
in UV-visible spectrophotometer from wavelength 200 to
800 nm (Systronics119) and the peaks at absorbance max-
ima were compared.

Mechanism of Dye Decolorisation

To understand the mechanism of the remediation process,
FTIR was done for both pre- and post-treated samples from
both lab-scale and pilot scale remediation studies. Moreover,
morphological characterization of IONPs purified from post
remediation sample of raw effluent was done using Trans-
mission Electron Microscopy (TEM). A drop of solution was
loaded on copper grids in transmission electron microscope
(JEOL-2100F).

Results and Discussion
Nanoparticle Synthesis and Characterization

Earlier publication (Sharma et al. 2020) has reported the
size of the nanoparticles as 176.69 +5.00 nm. In the further
analysis, the XRD analysis depicts highest peak intensity at
a theta scale value of 27.4. The intensity count and percent
intensity were found to be 159 and 100%, respectively.

The XRD pattern observed shows characteristic peaks
at 260 of 21.6, 25.77, 31.06, 40.68, 45.45, 53.49, 56.44, and
61.11 corresponding to the face-centered cubic phase of
(211), (220), (202), (431), (512), (613), and (620) planes,
respectively (Fig. 1). The formation of iron oxide nanoparti-
cles in the sample was confirmed by material match analysis
which revealed major presence of Fe;O,-NP. The obtained
results from XRD are in good agreement with JCPDS card
no. 019-0629. Many earlier studies have reported good
agreement of iron oxide nanoparticles with the aforemen-
tioned JCPDS card no. 019-0629 (Wardani et al. 2019).

Moreover, the chemical composition as analyzed by Fou-
rier transform infrared (FTIR) spectroscopy depicts vari-
ous prominent peaks majorly at 577, 631, 991, 1631, and
3431 cm™! (Fig. 1). The FTIR analysis confirms the pres-
ence iron—oxygen (Fe—O) corresponding to peaks at 577 and
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Fig.2 FTIR pattern for synthesized iron oxide nanoparticle

631 cm™!, thereby confirming the formation of iron oxide
nanoparticles (Chen et al. 2013; Saharan et al. 2013). The
appearance of a small peak at 991 cm™! is due to the pres-
ence of C—H group, the peak at 1631 cm™! represents bend-
ing vibration of absorbed water, and the peak at 3431 cm™!
represents O—H stretches; hence, showing that significant
impurities are extremely low (Fig. 2).

Stability of Nanoparticles

Nanoparticle stability was evaluated at different pH and tem-
perature, and it was observed that pH significantly affected
the stability of nanoparticles (Fig. 3A), while temperature
did not have any effect on the stability (Fig. 3B). The peak
at absorbance maxima of the nanoparticles at 418 nm was

observed at higher pH (from pH 7 onwards) owing to the
stability of the nanoparticles. However, in the acidic pH,
the particles were destabilized due to visible agglomeration.
Similar phenomenon is reported by many earlier studies.
It is in concordance with the stated fact that at higher pH,
there is a higher electrostatic stability in the aqueous solu-
tion of nanoparticles due to higher surface charges creating
a strong repulsive force between charged particles, thereby
creating a resistance of the particles to agglomerate. Thus,
alkaline condition provides an ambient condition to prevent
agglomeration of nanoparticles caused by attraction and col-
lision due to Brownian motion which is the primary reasons
for destabilization of nanoparticles (Kalliola et al. 2016).

Stability of the nanoparticles remains constant over a
period of 12 months. The zeta-potential values of 0 day,
6 months, and 12 months were found to be — 16 mV (Fig. 4).
Many authors have earlier reported negative zeta potential as
an indicator of nanoparticle stability (Bhattacharjee 2016).
Moreover, the negative value of zeta potential suggests a
decreased particle aggregation in the continuous phase,
thereby depicting its stability (Shao et al. 2015).

Many studies have earlier reported that aggregation of
nanoparticles occurs during its storage (L4azar and Szabd
2018; Shrestha et al. 2020). However, the stability can be
associated with the considerable presence of biosurfactants
in the EPS used for the synthesis of the IONPs (as reported
in earlier publication, Sharma et al. 2020). The biosur-
factant acts as capping agent during the synthesis process.
It improves the stability of nanoparticles (Bezza et al. 2020).
Thus, the synthesized nanoparticles are stable enough to be
used for the scale-up process.

Lab-Scale Decolorisation Experiments

The lab-scale experiments were designed to optimize the
dye remediation process using synthesized iron-based nano-
particles. The A, of both the industrial dyes that was used
for evaluation of decolorisation were found to be 432 nm
and 562 nm which is nearly concordant to the absorbance
maxima of these dyes stated in the earlier studies (Rafique
et al. 2021; Anouar et al. 2014).

Optimization of Critical Parameters for Decolorisation

The initial screening experiments for the dyes gave the fol-
lowing results with varying reaction parameters.

Initial Dye Concentration Increase in initial dye concen-
tration from 0.1 to 10 gm/l showed that the decolorisa-
tion efficacy decreased. The maximum decolorisation of
79.25+0.01% and 70.25+0.04% was obtained from azo
violet and congo red, respectively, at minimal dye con-
centration of 0.1 gm/l (Table 3). The saturation of decol-
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Fig.3 A Effect of pH on stabil-
ity of IONPs. B Effect of tem-
perature on stability of IONPs
as observed at A,,,, =418 nm of
synthesized IONP
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orisation for Azo violet was attained at 4.5 gm/l; while, for
Congo red, the saturation was attained at 5 gm/l. Similar
saturation kinetics has been observed in many earlier stud-
ies (Tayeb et al. 2019; Ramezani 2013). It is due to the fact
that sufficient sites are available at lower dye concentration
for adsorption of dye molecules which gets occupied by dye
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molecules at higher dye concentrations causing saturation
of the further decolorisation process (Kale and Kane 2016).

IONP Concentration The concentration of dye (0.1 gm/l)
at which the highest percent decolorisation was observed
was taken for studying the effect of IONP concentration
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on dye decolorisation. The percentage decolorisation
was found to decrease with decreasing concentration of
IONPs (Table 4). This is in concordance with the fact that
the higher the number of nanoparticles, the more is the
availability of sites for attacking the chromophoric system
of the dye (Parvin et al. 2018). Thus, the highest decol-
orisation of 79.88 +£0.04% and 69.27 +0.02, respectively,
was observed at IONP concentration of 2.4x 10! parti-
cles/ml for both the dyes.

pH Increase in pH increases efficacy of azo dye decolorisa-
tion. At dye concentration of 0.1 gm/l and IONP concen-
tration of 2.4x10™!! particles/ml, maximum decolorisa-
tion of 78.98+0.05% 68.98+0.04% was achieved at pH
10 (Fig. 5). This is due to electrostatic attraction between
cationic dyes and anionic nanoparticles (Mortazavi et al.
2016); therefore, alkaline medium increases dye adsorption.
Howeyver, in contrast, it has also been observed that for both

%01 78.98% =4==Az0 Violet Dye
80 1 =i—Congo Red Dye
Control

Decolorisation (%)
= N w Py wv D
o o o o o o
oy

10% 0% 0%
— i
3 5
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Fig.5 Effect of pH on dye decolorisation

Table 3 Effect of initial dye concentration on decolorisation

Initial dye concentra- Azo violet Congo red
tion (gm/1) Decolorisation (%) Decolorisation (%)
0.1 79.25+0.01 70.25+0.04
0.5 75.22+0.01 45.02+0.01
1 62.08 +0.04 32.81+0.02
1.5 57.87+0.08 27.19+0.04
2 38.17+0.02 18.97+0.05
2.5 31.13+0.03 11.93+0.09
3 27.18+0.02 7.54+0.04
35 22.17+0.01 2.32+0.01
4 20.83+0.01 1.12+0.02
4.5 17.85+0.08 1.01+0.04
5 11.22+0.08 0.74+0.02
10 2.31+0.01 0.22+0.01

Table 4 Effect of IONP concentration on dye decolorisation

IONP concentration ~ Azo violet Congo red
(particles/ml) Decolorisation (%) Decolorisation (%)
2.4x10M 79.88 +0.04 69.27 +0.02
2.4%10"10 11.45+0.01 11.45+0.07
2.4x10% 0.03+0.01 0.03+0.01
90 -
77.98% 77.98% 77.98% 77.98% 77.98%
80 - . . . . .
04 = - -, - a
_§ 60 | 68.57% 68.57%  68.57%  6857%  68.57%
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Fig. 6 Effect of temperature on dye decolorisation

the dyes at a pH above 13, the dye adsorption dramatically
decreases. This might be associated with destabilization of
the synthesized IONPs.

Temperature No significant difference in decolorisation
has been observed with alteration of temperature (Fig. 6). A
constant decolorisation of 77.98 +0.04% and 68.57 +0.01%
was, respectively, observed for Azo violet and Congo red.
This might be correlated to the fact that temperature has
no effect on the stability of nanoparticles (as stated in 3.2);
thus, altering pH did not alter effect the decolorisation abil-
ity of the nanoparticles. However, this is in contrast to the
earlier studies that have depicted the effect of temperature
on remediation capacity of IONPs (Osman et al. 2015; Sar-
vari et al. 2018).

Taguchi Optimization Method (TOM)

The initial screening experiments depicted that the parame-
ters, viz., initial dye concentration, IONP concentration, and
pH, affected the remedial process at its most. These param-
eters, therefore, were chosen for designing the remediation
experiments. Temperature was eliminated from the Taguchi
design due to non-significant role as a process parameter.
Three most efficient levels for each parameter were chosen
(Table 2) in accordance with Taguchi L9 design.

Nine experiments were performed according to the design
of experiment as provided by Taguchi design and each
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Table 5 Calculated mean of response and S/N ratio for obtained from
azo dye decolorisation experiments

Level Dye concentration IONP concentration pH

S/N ratio: azo violet

1 3.265 —11.081 —27.092
2 —8.075 —6.589 — 24316
3 —15.342 2.482 30.256
Delta 17.607 7.598 57.348
Rank 2 3 1
S/N ratio: Congo red

1 5.536 —4.709 —10.030
2 4.165 2.939 — 11.067
3 —5.556 5.914 25.241
Delta 11.092 10.623 36.308
Rank 2 3 1

The bold values at each column of this table refer to maximum calcu-
lated S/N ratio according to the “larger is better” criterion

experiment was repeated thrice, and the results (removal
efficiency) were denoted by R1, R2 and R3 (Tables 6, 7).

For both the dyes, the S/N ratio plot as shown in Table 5
depicts that increase in initial dye concentration ‘A’
decreases decolorisation efficacy while increasing IONP
concentration ‘B’ and pH ‘C’ increases decolorisation effi-
cacy. The maximum value of S/N ratio represents optimum
level of operational variables. Thus optimum level for each
variable is determined by maximum S/N value. This is in
line with the fact that the desirable and undesirable value
for the output response is represented by ‘signal’ to ‘noise’
ratio. Thus, optimization of S/N ratio is therefore used to
optimize decolorisation parameters of both the dyes. The
maximum S/N ratio corresponding to maximum removal
efficiency of azo violet and Congo red for level ‘1’ is 3.265
and 5.536, respectively, level ‘2’ is 2.482 and 5.914, respec-
tively, and level ‘3’ is 30.256 and 25.241.

Table 6 Design of experiment for azo violet

The optimum combination for maximum decolorisation
of both the azo dyes was found to be A1-B3—C3 correspond-
ing to highest S/N ratio of 31.936 for Azo violet and 31.502
for Congo red. Thus, the optimal conditions of decolorisa-
tion of both the dyes using the IONPs are 1 gm/I of dye con-
centration, 2.4 x 10"!!particles/ml, and 13 pH (Tables 6, 7).

Furthermore, the analysis of variance (ANOVA) was
done for better comprehension of the relative effect of the
aforementioned parameters on removal of dyes from the
aqueous solution.

The ANOVA analysis has been used in many earlier stud-
ies to determine the relative importance of critical param-
eters in the optimum combination. Apart from this, a larger
F-value is indicative of more influence of the parameter
on process performance (Madan and Wasewar 2017). The
ANOVA analysis in the current case depicts pH as the most
influential parameter driving the removal of Azo Violet and
Congo Red (Table 8).

Apart from this, percent contribution is another indication
for relative ability of parameters. Statistically, factor with a
high percent contribution influences the performance even
with least variation. It is evident that the factor that highly
contributes toward the remediation process of both the dyes
is pH with 62% contribution in azo violet remediation and
74% contribution in congo-red remediation. pH is then fol-
lowed by Initial Dye concentration > IONP concentration for
both the dyes (Fig. 7). This indicates that any variation in pH
will show prominent difference in the remediation process
(Ramezani 2013).

Kinetics of Dye Decolorisation
Effect of IONPs’ Concentration on Kinetics of Decolorisation

The decolorisation of dyes by IONPs at most optimal
condition is first order with respect to IONP at lower

(A) Dye concen- (B) IONP concentra- (C)pH R1 (%) R2 (%) R3 (%) R (mean) (%) STDV S/N ratio
tration (gm/1) tion (particles/ml)

0.1 2.4x%10" 11 0.14 0.12 0.11 0.123333 0.015275 —18.1784
0.1 2.4x101° 12 0.25 0.25 0.26 0.253333 0.005774 - 11.9262
0.1 24%10"1 13 79.87 79.08 79.98 79.64333 0.490951 36.89907
1 24%107 12 0.08 0.05 0.07 0.066667 0.015275 - 235218
1 2.4x10°1 13 79.98 79.22 79.36 79.52 0.404475 31.93634
1 2.4x10"10 11 0.02 0.04 0.01 0.023333 0.015275 — 32,6405
15 2.4%x10" 13 12.44 12.27 12.77 12.49333 0.254231 21.93357
1.5 2.4x101° 11 0.02 0.02 0.05 0.03 0.017321 —30.4576
1.5 24%10™! 12 0.01 0.01 0.02 0.013333 0.005774 —37.5012

The bold value refer to maximum calcalculated S/N ratio according to the "larger is better" criteria
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Table 7 Design of experiment for Congo red

(A) Dye concen- (B) IONP concentra- (C)pH R1 (%) R2 (%) R3 (%) R (mean) (%) STDV S/N ratio
tration (gm/1) tion (particles/ml)

0.1 2.4%10™ 11 0.23 0.22 0.22 0.223333 0.005774 - 13.0209
0.1 2.4x%10"1° 12 0.51 0.36 0.55 0.473333 0.100167 — 6.49666
0.1 2.4%x10™! 13 65.89 64.28 61.85 64.00667 2.033822 36.1245

1 2.4%10™ 12 0.37 0.33 0.34 0.346667 0.020817 —-9.20176
1 2.4x10"1 13 69.3 67.22 66.27 67.59667 1.54972 31.50299
1 2.4x10"10 11 0.21 0.45 0.31 0.323333 0.120554 —9.80699
15 2.4x10™ 13 2.88 2.15 2.59 2.54 0.36756 8.096674
1.5 2.4x10"10 11 0.41 0.44 0.45 0.433333 0.020817 —7.26356
0.1 2.4x10"! 11 0.23 0.22 0.22 0.223333 0.005774 —13.0209

The bold value refer to maximum calcalculated S/N ratio according to the "larger is better" criteria

Table 8 ANOVA for mean response

Operational variable =~ DOF SS MS F-ratio (F) P (%)

ANOVA for remediation experiments: azo violet

Dye concentration 2 5579 2789 1.02 0.498
IONP concentration 2 5483 2742  1.00 0.500
pH 2 32932 1646.6 6.01 0.143
Error 2 548.0 274.0
Total 8 49474

ANOVA for remediation experiments: Congo red
Dye concentration 2 636.6 3183 1.01 0.498
IONP concentration 2 6323 3162 1.00 0.500
pH 2 2365.7 11828 3.74 2.11
Error 2 632.7 3164
Total 8 4267.3

The bold value refer to maximum calcalculated S/N ratio according to
the "larger is better" criteria

Azo Violet Decolorisation Congo Red Decolorisation

W Dye Concentration

M [ONP Concentration
pH

M Error

m Dye Concentration

M |ONP concentration
pH

M Error

74%

Fig. 7 Percentage impact of each parameter on the azo dye decolori-
sation

concentrations. This means when the IONP concentration
was low, the decolorisation percentage was low, as well.

However, when the concentration of the nanoparticles
(reagent) was increased, the decolorisation rate increased
(Fig. 8).

For both the dyes, a raise in concentration from
2.4x 107 particles/ml to 2.4 x 107'° particles/ml doubles the

rate of reaction from 0.6 X 102 min~! to 1.2x 10~ min~" in

case of Azo violet and 2.4 x 1072 min~! to 4.8 x 10~ min~' in
case of Congo Red (Table 9). Whereas, the increase in con-
centration of IONPs further ten times (2.4 x 10'! particles/
ml) did not increase the rate of reaction proportionally. This
clearly points toward mixed order kinetics for decolorisation

of both the dyes.
Effect of Agitation on Kinetics

Agitation did not show any significant alteration in the per-
cent decolorisation of dyes, but it hastened the speed of
decolorisation reaction for the azo violet dye. The maximal
decolorisation of 77.3 +0.04% was observed at 1.45 h in
shaking conditions, while in static condition, the maximal
decolorisation time was 2.55 h (Fig. 9a). While, in case
of congo red, shaking conditions did not alter the speed
of decolorisation. It was observed that 70.74 +0.02% of
decolorisation was obtained in 4.55 h in both the condi-
tions (Fig. 9b). This is in concordance with the least square
regression analysis that depicts that the rate constant (k) is
lower in static condition (1.3 x 1072 min~") while shaking
enhances the rate constant to (4.0 X 102 min~"), thereby
proving that in case of azo violet, shaking showcases signifi-
cant improvement in decolorisation rate without altering the
maximal decolorisation ability of the IONPs. Earlier studies
have reported similar phenomenon and has associated this
with availability of greater number of adsorption sites on the
nanoparticle in the initial stage of the reaction; however, as
the reaction proceeds, the availability of adsorption sites gets
reduced leading to saturation kinetics (Rahman et al. 2015).
In such a condition, shaking enhances the rate of reaction
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Fig. 8 Effect of IONP concentration on a azo violet decolorisation; b congo-red decolorisation kinetics
Table 9 Efficacy comparison of current decolorisation strategy with earlier literature
Decolorisation method Decolorisation agent used Decolorisation Decolorisation References
efficiency (%) time (min/l)
Coagulation-flocculation Coagulant derived from Cassia fistula 93.83 60 Dao et al., (2021)
Bio-decolorisation Pseudomonas putida immobilized in coconut fiber 87 120 Senet al., (2019)
Biological-adsorption Saw dust, and inorganic soils, such as kaolin 33.5 72 Mirbagheri and
Charkhestani
(2015)
Phytoremediation Alligator weed (A. philoxeroides) 59 96 Rane et al., 2015
Nanoremediation Bacterial EPS stabilized IONPs 81.40 7.5 Current strategy

The bold value refer to maximum calcalculated S/N ratio according to the "larger is better" criteria

by increasing the initial kinetic energy of the adsorbent par-
ticles as well as the dye molecules (Adeyemo et al. 2015).
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Fig.9 Effect of agitation on a)azo violet decolorisation; b) congo-red decolorisation kinetics

variation. This might be due to the complexity of the Congo
red molecule. Many studies have reported that decolorisation
is faster when the dye molecule is less complex with low
number of aromatic rings and has small size (Kumar et al.
2012). In this case, the azo violet is smaller with molecular
mass (366.71 g/mol) and two aromatic rings as compared to
congo red with molecular mass (696.665 g/mol) with struc-
ture having six complex aromatic rings (Kumar et al. 2012).
Thus, shaking conditions were insufficient in altering reac-
tion rate of the Congo red dye.

Scale Up to Pilot Scale
In the first phase of the scale-up process, 50 ml of effluent

sample was decolorized using 3 ml of IONPs at optimal reac-
tion conditions. Maximal decolorisation of 81.11+0.03%

was attained in 12 min at a rate of 1.35 ml/ml IONP/min
(Fig. 10). In the second phase, when the decolorisation pro-
cess was scaled up to 2.00 1 of effluent at optimal condition
with constant agitation (150 rpm) in the bioreactor, there
was significant enhancement in the rate of reaction with-
out much improvement in percent decolorisation. 15 ml of
IONPs were required to reach the maximal decolorisation of
81.40+0.03% in around 15 min, indicting a decolorisation
rate of 130 ml/ml IONP/min. Thus, agitation and a constant
flow rate of IONPs enhanced the decolorisation rate of dye-
rich effluent to 95.29%. The UV—Vis analysis of the efflu-
ent depicted the absorbance maxima at 572 nm, which was
significantly reduced by the use of IONP (Fig. 10).
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Fig. 10 a Phase II pilot scale remediation setup using New Brun-
swick BioFlo®/CelliGen® 115 Benchtop Bioreactor. b Comparison
of untreated and treated effluents from the pilot scale remediation

Mechanism of Remediation

The comparison of the FTIR spectra with pre- and post-
treatment samples of individual dye and the effluent sample
clearly depicts removal of the dyes. FTIR spectrum of Azo
Violet depicted various bands majorly at 3433, 2972, 1599,
1462, and 785 cm™! assigned to O-H, —CH aliphatic, C=C,
—CH2 bending, and —C=S, respectively. Similarly, in Congo

@ Springer

process; ¢ UV-Vis spectroscopic analysis of effluent before and after
pilot scale remediation process

red, FTIR depicted major bands at 3440, 2925, 1522, and
829 assigned to O-H, —CH aliphatic, -C=C, and -C=S-,
respectively. The FTIR analyses of untreated dye samples
show significant alteration when compared to the FTIR
spectra of the treated samples (Fig. 11a—d). FTIR spectrum
of the treated samples showed shifts in bands, and appear-
ance and/or disappearance of bands indicating adsorption
of the dyes by the IONPs which has lead to alteration of
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Fig. 12 FTIR analysis of a untreated dye containing effluent sample and b treated dye containing effluent sample

functional groups. Such alterations in the post-treated sam-
ples are also reported in earlier literature (Abdollahzadeh
et al. 2020). The alterations in the FTIR spectra indicate that
the interaction of dyes and IONPs in the post-treated sam-
ples is mostly driven through hydrogen bonding between
the hydroxyl groups of the coagulant and the N-, O-, and/
or S-containing groups of the dyes (Fig. 11b, d). Similar
variations in FTIR patterns showcasing adsorption of vari-
ous pollutants using different agents have been reported in
earlier studies (Rashtbari et al. 2022; Pourali et al. 2020;
Elkady et al. 2020; Dhananasekaran et al. 2016).

Similar variation can also been observed between FTIR
peaks of field effluent sample after treatment with IONPs;

@ Springer

thereby indicating adsorption of dyes from the effluent sam-
ple by IONPs (Figs. 11, 12).

Furthermore, IONPs harvested from the treated field
effluent sample after the pilot scale remediation depicted
significant morphological difference when analyzed via HR-
TEM (Fig. 13). The micrograph has showed alteration in size
of the nanoparticles along with agglomerated morphology.
In the treated effluent, the size of the IONPs increases sig-
nificantly from an average size of 176.69 +5 nm (as reported
earlier in Sharma et al. 2020) to 225.21 +3 nm (Fig. 13C).

The above results are in concordance with earlier studies
depicting nanoparticles with reactive surfaces adsorb pol-
lutants, thereby enhancing the agglomeration tendency. This
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Fig. 13 A, B TEM micrograph of IONPs before treatment of dye containing effluents at different scale bars; (A’, B’) TEM micrograph of IONPs
after treatment of dye containing effluents at different scale bars; C particle-size distribution of IONPs obtained from TEM analysis

leads to increase in higher mean diameters of the nanoparti-
cles (Onal et al. 2019; Anushree and Philip 2019). Thus, the
IONPs are efficient medium to remove azo dyes from waste
water as compared to other decolorisation agents. Many
methods have been tested on lab scale but few methods that
have been tested on field sample through pilot scale. A brief
comparison of other pilot tested methods has been presented
below to validate working efficacy of the developed IONP-
based decolorisation method (Table 9).

Most of the industrially established methods (floccula-
tion, bio-adsorption, etc.) used for decolorisation of dyes
have shown good percentage of decolorisation. However,
most of the methods require a high retention to achieve the
maximal efficiency (as shown in Table 9). This remains
the major hurdle in the large-scale treatment. As a huge
volume of waste water is being released each hour from
a textile dying unit, the adaptability of any technology is
therefore dependent on its efficiency with respect to its
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rapidness (Sharma et al. 2022). Thus, the novelty of the
current strategy lies in the fact that, apart from being effi-
cient, the IONPs are quick enough to decolorize huge vol-
umes of textile dye-rich effluents in comparatively lower
time. However, some further studies such as immobiliza-
tion of the IONPs on biodegradable material would further
enhance reusability of the decolorizing agent for indus-
trial-level application. Moreover, conducting toxicity stud-
ies which would help to identify and derive an eco-friendly
scheme for disposability of used nanoparticles would also
improve scalability of the process. Furthermore, studies
on the process econometrics would help in determining
the final scalability of the optimized strategy. The current
study will act as a foundation in development of a viable
method for establishing Zero Liquid Discharge (ZLD)
technologies for effluent treatment in textile industries.

Conclusion

Knowledge of reaction kinetics is very important to
select the suitable reaction design, configuration, and
operating conditions for scale-up. In the present study,
the IONPs synthesized using FeCl;-6H,0 and cell-free
supernatant of Alcaligenes sp. demonstrated stability at
alkaline pH (7-13) until 1 year of storage. The immense
stability of synthesized nanoparticles makes them ame-
nable. These IONPs demonstrated efficient decolorisa-
tion of both the cationic Azo violet (79.88 +0.04%) and
Congo red (69.27 +£0.02%) dyes. The optimal condition
of decolorisation was found to be 1 gm/l of dye concen-
tration, 2.4 x 10! particles/ml of IONP, and pH 10. The
decolorisation reaction proceeds with a rate constant
3.9 x 107 min~! for Azo violet and 16.7 X 107> min™"
for Congo red with mixed order kinetics. Additionally,
the rate of decolorisation for Azo violet was enhanced
by constant shaking at 100 r.p.m. without any variation
in the maximum decolorisation, while no such variation
was observed for Congo red. Many lab-scale studies have
been conducted in similar direction, but very few studies
have analyzed the efficiency of such nanoparticle based
strategies on field samples. The current study therefore has
made an attempt to successfully decolorize dye containing
effluent collected from washing units of Sanganer Indus-
trial area up to 81.40 +£0.03%. The process when scaled
up from 50 ml in static condition to 2 1 with agitation has
shown a huge increment of rate of decolorisation from
130 ml/ml IONP/min to 1.35 ml/ml IONP/min accounting
for rise in rate by 96.29-fold. The variation in the FTIR
peaks after the decolorisation process and increased nan-
oparticle size and its aggregated morphology post-treat-
ment as observed in TEM analysis proved adsorption of
the dyes by the IONPs. It can be thus concluded that the

@ Springer

synthesized IONPs and optimized conditions above are
suitable for decolorisation of recalcitrant azo dyes owing
to both their stability and efficacy. Thus, the practical
application of the current work is to develop an effective
as well as rapid decolorisation strategy for removal of
dyes from point-of-discharge channels in textile industry
by replacing the conventional time-consuming decolorisa-
tion methods.
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