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Abstract

Heavy metal pollution has become one of the most significant environmental problems globally leading to ecological
imbalance. There are many physicochemical and biological methods for the removal of heavy metals. Most of the physico-
chemical methods are less eco-friendly and less cost-effective, while the biological methods are slow in nature. Recently,
nanoparticles have been suggested as efficient alternatives to existing treatment methods, in both resource conservation
and environmental remediation of anthropogenic compounds. Nanotechnologies are pervasive solution vectors in our
economic environment. Biological synthesis of nanoparticles has grown markedly to create novel materials that are eco-
friendly, cost-effective and stable with great importance in wider application in the areas of electronics, medicine and
agriculture. Thus, the current work focuses on a comparative remediation of heavy metals using physical, chemical and
biological methods and nano-structured copper iodide is used as an adsorbent for the removal of chromium (Cr) and
zinc (Zn). In the present study, we have experimented with a few methods in physical (UV light irradiation, adsorption
studies using Cul), chemical (UV photocatalysis using Cul) and biological methods (using co-culture bacteria strains). A
combination of chemical and biological methods was also probed using Cul-polyvinyl alcohol nano-composite contain-
ing bacterial co-cultures. The synthesized nano-composite was characterized using scanning electron microscope. The
present study revealed that the most effective and cost-friendly method was using biologically prepared nano-composite
of Cul (a combination of both chemical and biological methods) to remediate heavy metals Cr and Zn with a removal
efficiency up to ~67% for Cr and ~ 55% for Zn at the end of 48 h.
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1 Introduction

Heavy metals are widely known as environmental pollut-
ants because of their toxicity, bio-accumulative nature
and tenacity in the existing surroundings [1, 2]. Their nat-
ural sources comprise weathering of metal-bearing rocks
and volcanic eruptions, whereas anthropogenic sources
embody the development of mining operations, fertilizer
industries, tanneries, sheet manufacture, pesticides, etc.
Mining and industrial process for the extraction of natu-
ral resources and their resultant applications for industrial,
agricultural and economic development have drawn a rise
in the mobilization of those elements in the environment
and disruption of their biogeochemical cycles [3, 4]. Con-
tamination of ecosystems with heavy metals will result in
significant risks to public health. In general, high amount
of Cr and Zn in the human body causes various diseases
[5-8]. According to WHO, 0.1 mg/l and 5.0 mg/I are the per-
missible dose of Crand Zn, respectively, in drinking water
[9]. Although the literature reports [10] various adsorbents
like activated carbon, hybrid inorganic nano-composites,
nano-crystalline polymers, etc., in the removal of Crand Zn
from water, most of them were found to end up in compli-
cations such as solid-liquid separation, slow kinetics and
low adsorption efficiency. Hence, there is always a need
for new, efficient and economically viable materials in this
area.

Heavy metals have been reported to be removed
by various physical methods comprising treatment of
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polluted system using physicochemical properties of
the metals, which include adsorption [11], electrokinetic
method [12], membrane filtration [13], granular activated
carbon [14-16], photocatalysis [17] and soil washing [18].
The chemical process includes chemical precipitation [19],
floatation [20], ion exchange [21], coagulation and floccu-
lation [22]. These techniques are efficient for the removal
of heavy metals, but the excessive use of chemicals causes
the difficulty in sludge disposal and the possibility of a
secondary pollution problem [23-25].

Bioremediation is one of the hopeful technologies
utilized to detoxify the harmful form of metals to its less
harmful state using microbes or its enzymes to purify
the contaminated environment [26-31]. It is an envi-
ronmentally friendly and cost-effective approach as it
occurs through natural processes for the revitalization
of the environment [32-34]. However, bioremediation of
heavy metals has some limitations. Among those are the
production of toxic metabolites by microbes and non-
biodegradability of heavy metals [35]. Heavy metals can-
not be eliminated during bioremediation but can solely
be changed from one organic complex or oxidation state
to another.[36-38]. This method uses microorganisms or
plants or combination of both for the management of
contaminated systems. Microorganisms have developed
numerous strategies for their survival in heavy metal-pol-
luted habitats; they develop and adopt different detoxi-
fying mechanisms such as biosorption, bioaccumulation
and biotransformation. The response of microorganism
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to heavy metals depends on the concentration and avail-
ability of heavy metals and is an interconnected process,
which is controlled by several factors such as metal type,
nature of medium and microbial species [36].

Nano-bioremediation is an emerging technology for
the elimination of environmental pollutants using bio-
synthesized nanoparticles [39]. Nano-materials are of
high significance because of their distinct properties,
large surface area and quantum size effects; these materi-
als can deliver extraordinary prospects to the treatment
of heavy metal and are also a cost-effective alternative to
the existing methods [40-42]. The biological synthesis of
nanoparticles using plant extract or microorganism is an
eco-friendly and economic alternative to chemical and
physical methods [43]. The biosynthesized nanoparticles
are stable with great importance and are extensively used
in detoxification applications [44, 45]. Green-synthesized
Cul nanoparticles and chemically synthesized iron nano-
particles have been reported [46-49] to show high adsorp-
tion capacities for heavy metal removal. Hence, it was
thought worthwhile to examine Cr and Zn removal using
Cul and iron oxide individually first and then in combina-
tion with acidophilic bacterial co-cultures isolated from
tannery effluent-contaminated soil.

The use of advanced oxidation processes (AOPs) for the
effective oxidation of a wide variety of hazardous pollut-
ants has gained special attention in recent years, due to
the generation of highly reactive hydroxyl radicals that
transform the organic contaminants to non-toxic forms
[47]. AOPs include UV/H,0,, Fenton and photo-Fenton
processes (Fe?*/H,0, and Fe®*/H,0,/UV), ultrasonic
process, photocatalysis and electrochemical processes.
Among them, priority is given to the photocatalytic degra-
dation with respect to the high efficiency and low energy
consumption [50, 51].

The present study is aimed at remediation of Crand Zn
using chemical and biological methods separately and in
combination using acidophilic bacterial co-cultures iso-
lated from tannery effluent-contaminated soil.

2 Materials and methods
2.1 Estimation of Cr & Zn

Throughout the present study, Cr was determined by the
diphenylcarbazide method [48]; Zn was estimated by
3-hydroxybenzylaminobenzoic acid [49].
Diphenylcarbazide method: The reagent used for the
estimation of Cr was 1,5-diphenylcarbazide. 500 mg of
1,5-Diphenylcarbazide was mixed in 100 ml of acetone,
and the pH was adjusted to 2+ 0.5 by adding 10% H,SO,.

To obtain a standard graph, 10-100 ppm of potassium
dichromate was taken in a 100-ml volumetric flask and
one flask without Cr served as a blank. 10 ml of 5% H,SO,
was added to the flasks and diluted to 40 ml. 4 ml of
diphenylcarbazide was added to this and diluted to mark
with 5% H,SO,. Absorbance was measured after 5 min
at 540 nm. In sterilized 1.5-ml vials, 1.5 ml of culture (0
to 5th day) was taken and centrifuged at 10,000 rpm for
5 min (Remi C24). 1 ml of supernatant was transferred
to a sterile test tube containing 9 ml of distilled water.
To this, 1 ml of 1,5-diphenylcarbazide was added and
shaken immediately. The absorbance was measured at
540 nm [47].

3-hydroxybenzylaminobenzoic acid: Removal of zinc by
the bacterial strains was observed in 5-day interval. The
reagent used for the estimation of zinc is 3-hydroxyben-
zylaminobenzoic acid. 1 g of 3-hydroxybenzaldehyde
was dissolved in 25 ml of distilled water and mixed in
a flask with 4-aminobenzoic acid and refluxed for 3 h. A
pale yellow crystal product formed which is filtered and
dried at room temperature, which is re-crystallized using
ethanol. To draw a standard graph, 1 ml of 100 ppm to
500 ppm of zinc sulfate solution was taken in a volumet-
ric flask and one flask without zinc was served as a blank.
3 ml of buffer and 2 ml of 3-hydroxybenzylaminobenzoic
acid were added. The aqueous phase was brought up to
10 ml by distilled water. The absorbance was measured
at 460 nm. In sterilized 1.5-ml vials, T ml of culture (0 to
5th day) was taken and centrifuged at 10,000 rpm for
5 minutes (Remi C24). 1 ml of supernatant was trans-
ferred to a sterile test tube, and 3 ml of buffer and 2 ml
of 3-hydroxybenzylaminobenzoic acid were added. The
aqueous phase was brought up to 10 ml by distilled
water. The absorbance was measured at 460 nm.

2.2 Removal of Cr and Zn by the biological method
using acidophilic bacterial co-cultures

For the removal of Cr and zinc by acidophilic co-cultures,
in a sterile 100-ml conical flask 50 ml of the sterilized
9 k medium was added which was supplemented with
40 ppm of metals Cr and Zn. 40 ppm was found to be
the optimum concentration where maximum tolerance
was observed [52]. The media were maintained at pH 3.
1 ml of the overnight culture (2.3 x 10° cfu/ml—starter
culture) was inoculated into the flasks and incubated in
a shaker at 37 °C (120 rpm). Kinetic studies were done at
a time interval of 30 min after which removal of Cr and
zinc was carried out, respectively. The removal study was
also carried out for 4 days to check the percentage of
removal of Cr and zinc at the end of each day.
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2.3 Removal of Cr and Zn by the chemical
method using iron oxide nanoparticles
and green-synthesized copper iodide
nanoparticles and a combination of chemical
and biological methods

Iron oxide nanoparticles, copper iodide nanoparticles and
polyvinyl alcohol copper iodide nano-composite were syn-
thesized, characterized and employed for metal removal.

2.3.1 Chemical synthesis of iron oxide nanoparticles,
green synthesis of copper iodide nanoparticles
from Hibiscus rosa-sinensis flower extract

Iron oxide nanoparticles were synthesized by the chemical
co-precipitation method. Ferrous sulfate and ferric chlo-
ride solutions were taken at a concentration of 0.75 M
each. The precursor solutions are taken in a 2:1 ratio and
stirred well for 15 min. Then, sodium hydroxide is added
at regular intervals to the precursor solution. Upon addi-
tion of NaOH, the solution turned black, indicating the
formation of magnetite nanoparticles. The nanoparticles
were centrifuged and washed with deionized water. The
magnetic nanoparticles were then stored for further use
[49]. The synthesized magnetite nanoparticles were char-
acterized using powder X-ray diffraction. The assays were
recorded by Bruker D8 ADVANCE Powder X-ray Diffraction
with 26 values ranging from 20 to 100.

Copper sulfate and potassium iodide were purchased
from Spectrum and Fisher Scientific India Pvt. Ltd., respec-
tively, and were used without further purification. Cul
nanoparticles were prepared using the flower extract from
Hibiscus rosa-sinensis. Copper sulfate solution was taken
in a beaker, and the diluted plant extract was added to
it dropwise. Following this, potassium iodide solution
was added dropwise to the mixture with continuous stir-
ring. After the complete addition of potassium iodide,
the mixture was stirred further for half an hour at room
temperature. The resulting cream precipitate obtained
was then filtered using Whatman filter paper No. 1 and
washed thoroughly with 50% ethanol and heated at 60 °C
[50]. The synthesized Cul was characterized using powder
X-ray diffraction. The assays were recorded by Bruker D8
ADVANCE Powder X-ray Diffraction with 20 values ranging
from 20 to 100.

2.3.2 Removal of Cr and Zn by the chemical method using
chemically synthesized nanoparticles (iron oxide
and Cul nanopatrticles)

Batch adsorption studies were carried out by mixing 5 mg
of iron oxide nanoparticles with 50 ml potassium dichro-
mate solution in different concentrations of 20, 40, 60 and
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80 mg/l at pH 8. The same procedure was carried out using
a 50 ml zinc sulfate solution in different concentrations of
20, 40, 60 and 80 mg/I at pH 8. All the adsorption studies
were carried out at room temperature and using a shaker
for 20 min with 250 rpm. Sampling was made at a time
interval of 30 min [51]. The concentration of chromium and
zinc was analyzed and determined.

Batch experiments for the reduction of chromium
and zinc were carried out in 100-ml conical flasks. 50 ml
of potassium dichromate solution (20 mg/l) and 50 ml of
zinc sulfate solution (20 mg/l) were added, respectively,
to each flask along with 5 mg of copper iodide nanopar-
ticles. All the adsorption studies were carried out under
optimum conditions. Sampling was made at a time inter-
val of 30 min. After every 30 min, the samples were tested
for removal of chromium and zinc.

2.3.3 Removal of Cr and Zn by the combination of chemical
and biological methods

2.3.3.1 Iron oxide nanoparticles along with acidophilic bac-
terial co-cultures In sterile 100-ml conical flasks, 50 ml ster-
ilized 9 K medium was added which was supplemented
with 20 ppm of potassium dichromate and 20 ppm of zinc
sulfate. 5 mg of iron oxide nanoparticles was added to the
flasks. T ml of the overnight culture was inoculated into
the flasks and incubated in a shaker at 37 °C (120 rpm). Cr
and Zn were determined at the end of 24 h.

2.3.3.2 Copper iodide nanoparticles along with acidophilic
bacterial co-cultures 50 ml sterile 9 k medium was sup-
plemented with 40 ppm of Cr and Zn ion solution; to this
solution, 5 mg of copper iodide nanoparticles and 1 ml
of overnight bacterial cultures were added. The resultant
mixture was irradiated with UV light with continuous agi-
tation. Samples of this irradiated mixture were analyzed
for Cr and Zn every 15 min for 120 min.

2.3.3.3 Polyvinyl alcohol-Cul nano-composite and aci-
dophilic bacteria co-cultures Polyvinyl alcohol (2 g) and
sodium alginate (1 g) were dissolved in 100 ml of distilled
water at 80 °C. To this, silica gel (3 g) was sieved and added
to it. The bacterial suspension (10%, v/v) was dissolved in
the mixture, which was cooled down to room tempera-
ture and continuously stirred for 10-15 min to ensure the
mixture was evenly distributed. Then, the mixture was
dropped into boric acid (3% w/v) and CaCl,(4% w/v) solu-
tion; it was shaped to pellets immediately and kept for
20 h at 30 °C (150 rpm) to enhance their mechanical sta-
bilities. The pellets were washed three times with sterile
water and then stored in a refrigerator at 4 °C for further
use [53]. To 50 ml of polyvinyl alcohol mixture, 5 mg of
Cul was added along with the bacteria. Then, the mixture
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was dropped into boric acid (3% w/v) and CaCl, (4% w/v)
solution; it was shaped to pellets immediately and stored
at 4 °C for further use [53].

The prepared nano-composite of Cul was added to ster-
ile 100-ml conical flasks along with 50 ml of sterilized 9 K
medium supplemented with 20 ppm of potassium dichro-
mate and 20 ppm of zinc sulfate. The media were main-
tained at pH 3 to which 1 ml of the overnight culture was
inoculated and incubated in a shaker at 37 °C (120 rpm).
The growth pattern was observed at 540 nm from Oth day
till 5th day. Cr and Zn were determined at the end of each
day.

2.4 Removal of Cr and Zn by the physical methods
2.4.1 UVirradiation in a photocatalytic reactor

For the removal of chromium and zinc using the photo-
catalytic reactor, 50 ml sterile 9 k medium supplemented
with 40 ppm of heavy metals was added to the photocata-
lytic reactor tubes which were placed inside the reactor.
Sampling was done after one hour for which Cr and Zn
were determined.

2.4.2 UVirradiation in the presence of Cul nanoparticles
in a photocatalytic reactor

50 ml sterile 9 k medium supplemented with 40 ppm of Cr
and Zn ions was added to the photocatalytic reactor tubes
along with 5 mg of Cul nanoparticles. The sample was irra-
diated with UV light with continuous agitation. The sample
was analyzed for Cr and Zn at the end of 1 h.

2.4.3 Removal of Cr and Zn by the combination of physical
and biological methods

50 ml sterile 9 k medium was supplemented with 40 ppm
of Cr and Zn ion solution; to this solution, 5 mg of cop-
per iodide nanoparticles and 1 ml of overnight bacterial
cultures were added. The resultant mixture was irradi-
ated with UV light with continuous agitation. Samples of
this irradiated mixture were analyzed for Cr and Zn every
15 min for 120 min.

3 Results and discussion

The following are the results obtained for the percent-
age removal of Cr and Zn using biological (acidophilic
bacterial co-cultures), chemical (iron oxide nanopar-
ticles, green-synthesized Cul nanoparticles), physical

(UV irradiation in a photocatalytic reactor) and com-
bination of biological-chemical, biological-physical,
physical-chemical and biological-chemical-physical
methods.

3.1 Removal of heavy metals by the biological
method using acidophilic bacterial co-cultures

The biological removal using acido-tolerant bacterial co-
cultures was performed by using a mixture of 40 mg/I
of chromium and 40 mg/I of zinc. It was noted from the
experiment (Fig. 1) that chromium removal was ~ 64%
(OR1KV@G), while the zinc removal was ~65% at the end
of the 4th day (OR2KVG).

The removal of chromium and zinc using acido-tol-
erant bacterial co-cultures was also probed by taking
at 40 mg/l of Cr and Zn separately. Results showed Cr
removal to be ~68% (OR1KVG) and the zinc removal to
be ~45% at the end of the 4th day (OR2KVG). Figure 1b
Kinetic studies showed that after 30 min the chromium
removal percentage was 4% which increased up to 18%
at the end of 2 h. The zinc removal percentage at the end
of 30 min was ~ 3% which increased to ~ 15% at the end
of 2 h, respectively.
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Fig. 1 Removal of metals (Cr, Zn) by the biological method using
acido-tolerant bacterial strains
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3.2 Removal of heavy metals by the chemical
method

Heavy metals are difficult to remove as most of the toxic
forms of the metals are in their most stable oxidation
states, due to which they react with the biomolecules to
form extremely stable bio-toxic compounds, which are
often very difficult to dissociate. There are various reports
on the chemical removal of heavy metals. Different meth-
ods of chemical treatment include chemical precipitation,
flotation, adsorption, ion exchange and electrochemical
deposition. Recently, researchers have started working
on nano-remediation of heavy metals. Hence, this present
study involves a comparison carried out with chemically
synthesized iron oxide (Fe,0;) nanoparticles and green-
synthesized copper iodide (Cul) nanoparticles for the
removal of chromium and zinc.

3.2.1 Synthesis, characterization and application of iron
oxide nanoparticles in Cr and Zn removal

The iron oxide nanoparticles were synthesized by the co-
precipitation method. The iron oxide nanoparticles syn-
thesized were characterized by X-ray diffraction (XRD)

Fig.2 XRD pattern of the 2100 ~

hematite nanoparticles
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Counts/sec

1600

1500

to confirm its formation (Fig. 2). The X-ray diffraction
pattern of the synthesized nanoparticles was found to
match with that reported in the literature [54] (JCPDS No.
33-663) by which we found out that they were hema-
tite nanoparticles. It was observed that there were few
peaks which we could decipher and the peaks were not
very sharp which may be due to impurities. The broad
nature of the few peaks obtained may be attributed to
the nano-size of the particles (Table 1). Figure 3 shows
the morphology and size of the hematite nanoparticles,
which were determined using SEM analysis. In the SEM
image, the particle appears to be rod-shaped and the
average particle size was 85.61 nm with size ranging
from 25.4to 155.8 nm.

For the removal of heavy metals, chemically synthe-
sized hematite nanoparticles were used. The chromium
removal using hematite nanoparticles was done for vari-
ous concentrations of chromium. Figure 4 shows that the
chromium removal was found to be maximum at 20 ppm
of chromium with ~26% removal at the end of 2 h. The
zinc removal using hematite nanoparticles was carried
out for various concentrations of zinc. The amount of
zinc removal at the end of 2 h was found to be maximum
at 40 ppm with ~25% zinc removal.

1400 T T T T T T T T 1
10 20 30 40 50 80 70 80 90
2 Theta
Table 1 XRD pattern of chemically synthesized hematite nanoparticle
260 (angle) peak  Relative intensity FWHM (peak  d-Spacing h, k1 Crsytallite size Lattice strain Edge length (a) A
position width) (nm)
21.3631 51.62 0.3424 4.1581 0,1,2 24.66 0.0079 7.20
33.1932 62.22 0.1912 2.69906 1,0,4 50.58 0.0025 11.12
36.6110 100 0.2283 24545 1,1,0 383 0.0030 3.470
53.1442 2441 0.5707 1.7234 1,1,6 16.25 0.0050 10.62
65.5634 15.22 0.5568 1.4226 3,0,0 17.73 0.0038 4.2678
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Fig.3 SEM observations of hematite nanoparticles under a 30,000x and b 80,000x magnifications
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Fig.4 Removal of metals (Cr, Zn) by the chemical method using
chemically synthesized hematite nanoparticles

3.2.2 Synthesis, characterization and application
of green-synthesized copper iodide nanoparticles
in Cr and Zn removal

The copper iodide nanoparticles synthesized by the
green route method were characterized by X-ray diffrac-
tion (XRD) to determine the structure of the nanoparticles
(Fig. 5). The X-ray diffraction pattern of the synthesized Cul
was found to match well with that reported in the litera-
ture [55] (JCPDS card no. 82-2111). It was observed that
the peaks are sharp and well defined and no significant
impurities were observed in the XRD pattern, indicating
high purity of the product. The X-ray powder pattern data
of Cul were found to fit well in fcc lattice. The average
‘a’ value of Cul was found to be 6.0357 A. Therefore, the
synthesized Cul is in y-phase as out of the three different
phases of copper iodide the y-phase is the most stable
one at room temperature which is found to crystallize in
an fcc lattice. Using Scherrer’s formula, the crystallite size
was calculated. The mean crystallite size of Cul was found
to be approximately 77.02 nm (Table 2).

y-Cul adopts a zinc blende structure with surface crystal
defects making it a favorable adsorbent. The vacant posi-
tions may act as adsorbing sites for Crand Zn [51].

Figure 6 shows the morphology and size of the copper
iodide nanoparticles, which were determined using SEM
analysis. In the SEM image, the particle appears to be in
the triangular shape and the particle size was 660.92 nm.
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Fig. 5 XRD pattern of the cop- 18000 —
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Table 2 XRD pattern of green-synthesized Cul nanoparticle
26 (angle) Relative inten- FWHM (20) d-spacing (A) (h, k1) Crystallite size Lattice strain Edge length a (A)
sity % (nm)
25.6479 100.00 0.1141 3.47338 (1,1,1) 74.61 0.0022 6.0160
29.6693 10.76 0.1427 3.01111 (2,0,0) 60.17 0.0024 6.0222
42.3436 57.90 0.1141 2.13458 (2,2,0) 78.02 0.0013 6.0375
50.0759 37.07 0.0856 1.82160 (3,1,1) 107.03 0.0008 6.0415
52.4609 3.02 0.1044 1.74283 (2,2,2) 88.63 0.0009 6.0373
61.3361 6.74 0.1044 1.51020 (4,0,0) 92.42 0.0008 6.0408
67.5179 12.27 0.1044 1.38618 (3,3,1) 95.62 0.0007 6.0422
67.7164 6.32 0.1044 1.38603 (3,3,1) 95.72 0.0007 6.0415
69.5108 346 0.1044 1.35123 (4,2,0) 96.76 0.0007 6.0428
77.4954 6.07 0.1044 1.23378 4,2,2) 101.93 0.0006 6.0442

Fig. 6 SEM observations of the copper iodide nanoparticles under a 5000 x and b 20,000 x magnifications
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Fig.7 Removal of metals (Cr, Zn) by the chemical method using
green-synthesized copper iodide nanoparticles
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Fig. 8 Removal of metals (Cr, Zn) by the combination of biological
and chemical methods using hematite nanoparticles along with
acido-tolerant bacterial strains

The average particle size calculated from SEM is much
higher than that calculated from XRD this may be due
to agglomeration of particles. The surface morphologies
will influence the adsorption of molecules significantly
[56]. The triangular shape of the Cul particles, due to the

geometrically advantageous properties can act as a good
adsorbent.

Figure 7 shows the removal of heavy metals using cop-
per iodide nanoparticles. From the initial amount of 40 mg/I
heavy metals, chromium was found to be removed up
to~10% at the end of 30 min and ~23% at the end of 2 h.
Zinc was found to have removed up to~8% at the end of
30 min and ~21% removal at the end of 2 h under optimum
conditions.

3.3 Metal removal by the combination of chemical
and biological methods

3.3.1 Hematite nanoparticles along with acidophilic
bacterial co-cultures

The chromium removal was carried out for various con-
centrations, and Fig. 8 depicts that the maximum was at
60 ppm with ~30% chromium removal. Zinc removal was
found to be maximum at the end of the 3rd day at 40 ppm
concentration with ~24% zinc removal using hematite
nanoparticles.

From the above comparison study of these nanoparti-
cles along with the bacterial strains, it is concluded that
the combination of the bacterial co-cultures with the
green-synthesized nanoparticles is more effective in the
removal of the heavy metals than with the chemically syn-
thesized magnetic nanoparticles. The copper iodide nano-
composites showed up to 67% and 55% of chromium and
zinc removal at the end of two days, while the bacterial
co-cultures with the hematite nanoparticles showed
only up to 30% and 24% at the end of 3 days. Thus, the
green-synthesized nanoparticles are more efficient in the
removal of heavy metals as they are very good adsorbents.

3.3.2 Removal of heavy metals by the combination
of chemical and biological methods using polyvinyl
alcohol-copper iodide nano-composite

To enhance the activity of copper iodide nanoparticles,
these were added to polyvinyl alcohol (polymer) along
with the bacterial strains. The Cul and the bacterial strains
get embedded in the polymer, forming a nano-composite.
This nano-composite enhances the removal of heavy met-
als due to its high porosity, strong stability and efficient
adsorption ability. These nano-composites were charac-
terized by SEM analysis under 500, 5000x and 8000x
magnification to determine the morphology of the nano-
composite that is shown in Fig. 9.

Figure 9a shows the structure of nano-composite of
Cul which includes the bacterial strains. They are white,
spherical in nature. Figure 9b shows the outer structure
of the nano-composites under 500x magnification using
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Fig.9 SEM observations of nano-composites of copper iodide: a nano-composites of copper iodide, b inner structure of the nano-compos-
ite under 500 x magnification, c inner polymer surface of the nano-composite under 5000 x magnification and d immobilized bacteria

scanning electron microscopy. The outer structure consists
of long fibers held together to form a porous structure.
This nano-composite is further magnified under 5000x
magnification depicting the porous structure of the
nano-composite (Fig. 9¢). Due to their porous structure,
they have the ability to entrap the Cul nanoparticles and
the bacterial strains. Figure 9d shows the inner structure
of the nano-composite (8000x) where the copper iodide
nanoparticles and the bacterial strains are embedded in
the polymer.
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Figure 9d shows the inner structure of the nano-com-
posite (8000x) where the copper iodide nanoparticles
and the bacterial strains are embedded in the polymer.

Figure 10 shows that the amount of chromium
(40 ppm) which was removed by nano-composites
containing acidophilic bacterial co-cultures at the end
of 2 days was found to be ~67%. The zinc removal per-
centage using copper iodide nanoparticles at optimum
conditions was found to be ~55% at the end of 2 days.
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Fig. 12 Removal of metals (Cr, Zn) by the combination of chemical
and physical methods

3.4 Removal of heavy metals by the physical
method using photocatalytic reactor

The physical method for chromium and zinc removal
was carried out using the photocatalytic reactor. The
photocatalytic removal process is gaining importance
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Fig. 13 Removal of metals (Cr, Zn) by the combination of biological
and physical methods
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Fig. 14 Removal of metals (Cr, Zn) by the combination of biological,
chemical and physical methods

in the removal of heavy metals due to complete min-
eralization, no waste disposal problem and cost-effec-
tiveness. Thus, in the above study the UV irradiation in a
photocatalytic reactor was employed in the removal of
heavy metals (Cr and Zn). Figure 11 shows the removal
of heavy metals using the photocatalytic reactor. The
chromium removal using only the physical method was
found to be 55%, and the zinc removal was found to be
44% maximum at the end of 2 h, respectively.

3.5 Removal of heavy metals by the combination
of chemical and physical methods

The study was also done on the effect of metal removal by
the combination of physical and chemical methods, using
copper iodide nanoparticles along with heavy metals in
the photocatalytic reactor. Figure 12 shows that chromium
removal increased up to 83% and for removal of zinc it
increased up to 75% at the end of 2 h, respectively.
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3.6 Removal of heavy metals by the combination
of biological and physical methods

The effect of metal removal by the combination of biological
and physical methods was studied using bacterial co-cul-
tures along with heavy metals in the photocatalytic reactor
as shown in Fig. 13. The chromium removal by this method
was found to be ~23%, and the zinc removal was found to
be~20% at the end of 2 h, respectively.

3.7 Removal of heavy metals by the combination
of biological, chemical and physical methods

A combination of biological, chemical and physical meth-
ods was probed using bacterial co-cultures and copper
iodide nanoparticles in a photocatalytic reactor along with
the heavy metals (Fig. 14). The chromium removal by this
method was found to be ~42%, and the zinc removal was
found to be ~48% at the end of 2 h, respectively.

In the present study using green-synthesized nanopar-
ticles (copper iodide nanoparticles), chromium removal
was found to be ~23% for and ~21% for zinc removal
at the end of 2 h under optimum conditions. And using
chemically synthesized nanoparticles (hematite nanopar-
ticles) chromium removal was found be ~26% maximum
at 20 ppm at the end of 2 h. The zinc removal was found
to be maximum at 40 ppm with ~25% removal at the end
of 120 min. Mohamed ali et al. [57] and Suresh kumar
et al. [50] synthesized a novel material nano-fibers poly-
acrylonitrile (PAN) and carbon nano-tube (CNT)/titanium
dioxide (TiO) nanoparticles functionalized with amine
groups (TiO-NH,) composite nano-fibers (fabricated by
electrospinning) and chitosan-magnetite nano-composite

strip, respectively, and employed in the efficient removal
of heavy chromium metal ions. Similarly, in the present
study, novel polyvinyl alcohol-Cul containing bacterial
cultures was synthesized and employed in the removal
of heavy metals and was found to remove Cr~67% and
zinc ~55% at the end of 2 days. Also, photocatalytic reac-
tor used to irradiate UV light on Cr and Zn samples was
efficient in removing Cr of 55% and zinc of 44% maximum
at the end of 2 h. In the study on the combination of physi-
cal and chemical methods which is using copper iodide
nanoparticles along with heavy metal in the photocata-
lytic reactor, chromium removal showed up to 83% and
zinc removal showed up to 75% at the end of 2 h. Table 3
gives the summary of percentage of Cr and Zn removal by
various methods.

4 Conclusion

Heavy metals are the major source of contamination of soil
through anthropogenic sources. In the tannery effluent-
contaminated sites, the most commonly found heavy met-
als include chromium and zinc. These metals are highly
toxic to the environment and pose a severe threat to the
biological systems. Hence, there is a need for remediating
the contaminated soil in an eco-friendly manner. Of the
various methods for removal of heavy metals that were
studied, the combination of physical-chemical method
employed by using green-synthesized copper iodide nan-
oparticles in a solution of heavy metal in a photocatalytic
reactor was found to be the most effective. A removal of
83% of Cr and 75% of Zn was achieved. By this method,
over a long period of time, copper, being a heavy metal,

Table 3 Results of %Cr and % Zn metal removal (40 ppm initial concentration) by biological, chemical and physical methods at the end of

2h
Methods %Crremoval  %Zn removal

1 Biological method 18 15
Acidophilic bacteria using a mixture of (40 ppm each) Cr and Zn solution

2 Chemical method
i. Iron oxide nanoparticles 16 25
ii. Cul nanoparticles 23 21
iii. Polyvinyl alcohol—Cul nano-composite

3 Physical method 55 44
UV irradiation in a photocatalytic reactor

4 Combination methods
i. Iron oxide and acidophilic bacterial co-culture 24 23
ii. Polyvinyl alcohol-Cul nano-composite and acidophilic bacterial co-culture 67 55
iii. Physical and biological methods—acidophilic bacterial co-culture in a UV photocatalytic reactor 23 20
iv. Physical and chemical methods—Cul in a UV photocatalytic reactor 83 75
v. Physical, chemical and biological methods—Cul +acidophilic bacterial co-culture in a UV photo- 42 48

catalytic reactor
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may pollute the environment when used in large scale.
The metal removal using a polyvinyl alcohol-Cul nano-
composite containing acidophilic bacterial co-cultures was
also found to be reasonably good with 67% Cr removal
and 55% Zn removal. Although the efficiency is less than
that of physical-chemical method, nano-composites of
Cul were found to be more environment-friendly with
minimum waste disposal. Thus, it can be concluded that
the removal efficiency of chromium and zinc using nano-
composite of Cul is highly efficient, and studies are being
performed for further improvement in treating tannery
effluents. The large-scale field application of this technol-
ogy warrants an improved understanding of the mecha-
nisms involved in resistance and reduction of co-occurring,
which could be further studied.
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