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Abstract

Abstract

Metal containing wastewater such as acid mine drainage (AMD) has severe effects on the

environment if discharged without proper treatment. On the other hand, such wastewater can serve
as an excellent source for recovering the metals. This is mainly important because the naturally
found metal ores are depleting due to ever increasing demand of metals for different application.
Hence, alternative sources of metals is of atmost important. To fulfill the requirement, treatment
of heavy metal-containing wastewater for both removal and recovery is an interesting option.
Characterization of AMD shows it has a low pH and high concentration of sulfate and heavy metals
including cadmium, copper, iron, nickel, lead, zinc. However, presence of one or more metals

depends on the location and source of AMD.

Biological method for heavy metal removal by sulfate reducing bacteria is well-known. However,
less focus has been given to the recovery of metals. Biological sulfide precipitation has many
advantages over the conventional chemical hydroxide and carbonate precipitation processes, e.g.,
(1) no use of harmful chemicals (2) low amount of secondary sludge generation (3) cost-effective.
During biological sulfide precipitation, a highly insoluble metal sulfide precipitate is formed under
anaerobic conditions by sulfate-reducing bacteria (SRB). SRB utilizes sulfate present in such waste
streams to produce different sulfide species (S2~, HS™, H.S) and the sulfide produced reacts with
metals to form metal sulfide precipitate in the system. Such metal sulfide precipitate can be
recovered from the system for metal extraction. Recovery of metal nanoparticles from wastewater

by sulfide precipitation is interesting option from economic and environmental perspectives.

The current thesis demonstrated successful removal and recovery of different heavy metals in the
form of nanoparticles from simulated wastewater by anaerobic biomass containing SRB. Initially,
anaerobic biomass from three different sources were screened on the basis of their metal removal
and sulfate reduction efficiencies. At low metal loading conditions, the biomass obtained from a
laboratory scale anaerobic rotating biological contactor (An-RBC) reactor treating metallic
wastewater showed a maximum metal removal (95 % .50%), sulfate reduction (90 = 1.56%) and
COD removal (80 * .88%); however, the values decreased at a high metal concentration for all the
biomass. The major mechanism of metal sulfide formation involved the binding of metals to
sulfide produced outside the cell surface due to sulfate reduction. The metal bioprecipitates formed

external to the bacterial cell surface showed easy recovery for potential application.
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Further, heavy metal removal and recovery from synthetic wastewater containing Cd?*, Cu?* Fe**,
Ni2*, Pb?* and Zn?* was investigated using two continuously operated sulfidogenic anaerobic
inverse fluidized bed reactors (referred as R1 and R2) supplied with influent of pH 7.0 and 3.0,
respectively. IFBR with influent pH 7.0 (R1) performed better than R2 with influent pH 3.0 in
terms of metal recovery from wastewater. Maximum recovery of Cu was obtained followed by
that of Pb and Cd. The overall order of the metal recovery was Cu > Pb > Cd > Zn > Ni > Fe. This
study proved that IFBR has the potential not only to treat heavy metal laden acidic wastewater but
also the ability to recover heavy metals in the form of nanoparticles.

In order to purify the copper sulfide nanoparticles (CuS NPs) obtained from synthetic wastewater
by biological sulfate reduction, an indigenous low-cost ceramic membrane was used. Pretreatment
using probe sonication was found effective for an efficient purification of the nanoparticles by
releasing the CuS NPs from contaminating impurities. Microfiltration using the ceramic membrane
showed 92% purification efficiency of the CuS NPs with a flux of 77x10* m%m?s. Excellent
characteristics of the CuS NPs in terms of crystallinity, size, shape and purity established its
potential industrial application. Porosity (40%), pore size distribution, water permeability (3.758
x10® m/skPa), resistance against acidic and alkaline solution as well as low-cost ($160/m?) of the
indigenously prepared ceramic membrane further established its potential application for large-

scale purification of CuS NPs and for other industrial use.

A novel adsorbent based on biogenic metal sulfide nanoparticles (MeSNPs) from sulfate rich
metallic wastewater was evaluated for treating dye-containing wastewater. The MeSNPs showed
a very high capacity to adsorb the azo dyes Direct Red 80 (DR 80) and Mordant Blue 9 (MB 9)
from aqueous solution even at their high initial concentration and within a short contact time. More
than 99% removal efficiency of both the dyes was achieved by using MeSNPs at the following
optimum conditions: 200 mg dosage, pH 2, 6 min contact time, and 100 mg/L initial dye
concentration. Mechanism of dye sorption onto MeSNPs was shown to involve electrostatic
interaction between the dyes and the adsorbent. Dynamic adsorption of the dyes was studied using
a fixed-bed column with the MeSNPs as a function of liquid flow rates. The results showed an
increase in breakthrough time with a decline in the flow rates for both DR 80 and MB 9 and the

breakthrough behavior was explained using Thomas, Clark, and Yoon-Nelson models.
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To check the application potential, biogenic CuS NPs from synthetic wastewater were synthesized
and evaluated as a catalyst in click reaction to produce triazoles. The optimum condition for
triazole formation was 0.1 mole% CuNPs, water as a solvent, 12 h reaction time. The best triazole
yield (94%) was obtained in a reaction between azidobenzene and propargyl chloride. The catalyst
was characterized using different techniques such as FESEM, FETEM, XRD, TGA, EDX which
revealed its potential industrial applications. Recycle and reuse of the spent PVA-SA-CuNPs
catalyst in the study for upto five cycle resulted in a slight decrease in triazole yield with every

subsequent run.

The toxicity analysis as induced oxidative stress in R. opacus PD 630 due to biogenic PbS NPs
and CdS NPs was studied. A dose-dependent increase in PbS NPs and CdS NPs uptake by the
bacterium was observed upto a maximum of 16.4 and 15.6 mg/(g cell), corresponding to 98% and
95% uptake. A dose-dependent increase in intracellular levels of hydroxyl radicals (‘OH) were
also observed. Besides, increase in TAG accumulation by R. opacus PD 630 due to oxidative stress
induced by biogenic/chemical PbS NPs and CdS NPs was observed. Hence, this study shows that
both biogenic and chemical metal sulfide nanoparticles exert almost similar effect on the

industrially relevant bacteria.
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Chapter 1

1.1 Introduction

Increasing demand of metals in industrial sectors has led to the depletion of metal and mineral
resources. Metallic wastewater from industrial activities such as mining, metallurgy, galvanization
of iron products, electroplating, and alloy manufacturing can serve as a potential source for
recovering valuable metals. Low pH, low COD and high concentration of heavy metals categorize
the metallic wastewater (Johnson and Hallberg 2005; Cotoras et al., 2017; Kiran et al., 2017).
These metals (e.g. cadmium, lead, copper etc.) are toxic in nature and non-biodegradable, but can
be transformed into less toxic insoluble form (Kiran et al., 2017). If discharged into the
environment without proper treatment, potentially toxic metal containing wastewater may pose
many adverse effects on the environment as well as on human health, such as respiratory problems,
diarrhea, stomatitis, paralysis, vomiting, depression, and pneumonia (Verma et al., 2013).
Therefore, the treatment of heavy metal containing wastewater is necessary prior to its release into

the environment.

Metallic wastewaters rich in sulfate and low in pH, e.g. acid mine drainage (AMD) are usually
treated by chemical precipitation with sodium hydroxide because of its following advantages: i)
easy operation, ii) requirement of low-cost chemicals and iii) simple process control (Fu and Wang
et al., 2011). On the other hand, it suffers from certain limitations including i) production of
unstable metal hydroxides, ii) difficulty with recovery of metals and iii) secondary sludge disposal
problem (Johnson et al., 2000; Esposito et al., 2006). lon exchange, electrolysis and reverse
0smosis are among the other processes used to treat heavy metal containing wastewater, but these
are not commonly used due to one or more drawbacks, such as requirement of high capital
investment, secondary sludge disposal problems and need for further treatment (Aziz et al., 2008;

Fu and Wang et al., 2011). Hence, recent research is focused towards biological sulfate reduction
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for both removal and recovery of valuable metals using sulfate reducing bacteria (SRB). In this
technique, sulfate is first reduced to sulfide by the action of SRB; sulfide then reacts with metals

and forms insoluble metal sulfide precipitates.

Sulfide precipitation by SRB is advantageous over the conventional methods due to the following
reasons: (i) formation of insoluble salts even in low pH (2.5-3.0) condition (Villa-Gomez et al.,
2013); (i) selective metal recovery is possible as metals differ by their solubility product with
sulfide (Sampaio et al., 2009); (iii) high settling rate, excellent thickening and dewaterability

characteristics (Djedidi et al., 2009) and (iv) low capital investment.

Under anaerobic environment, SRB consume SO4?" as the terminal electron acceptor by oxidizing
simple organic compounds and, as a result, it produces sulfide which then reacts with dissolved
metals present in the wastewater and forms highly insoluble metal sulfide precipitate. Metal sulfide
formation can be described as represented in Eq. (1.1) and (1.2), and the solution pH increases due

to alkalinity produced during the process (Eq. 1.3)

2CH,0 4 S02~ — H,S + 2HCO3 (1.1)
Where CH2O0 is organic matter (electron donor)

H,S + M2t - MS + 2H* (1.2)
Where M?* is metal, e.g. Cd?*, Mn?*, Pb?*, Cu?*, etc.

HCO3 + H* - C0,(g) + H,0 (1.3)

Thus biological sulfate reduction for metal removal from wastewater is attractive for recovering
the metals in the form of nanosized (10-50 nm) insoluble metal sulfide precipitates. Nanoparticles
are usually characterized by small size, high reactivity, and large specific surface area, and metal

2
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sulfide nanoparticles find many applications in various fields. For example, Shamraiz et al. (2016)
used copper sulfide nanoparticles for degradation of dyes, and Gong et al. (2016) used iron sulfide
nanoparticles for the removal of other heavy metals from wastewater. Therefore, recovery of metal
nanoparticles from wastewater by sulfide precipitation is both attractive from economic and
environmental perspectives. Synthesis of metal nanopowders by sulfate reduction process is a new
topic of research and has not been widely reported since earlier studies were focused on sulfate
reduction and metal removal. It has been recognized recently that recovery of valuable metals such
as Zn, Cu, Cd, Ni, etc. from wastewater can be achieved in nano-size range by precipitation as
metal sulfide using SRB.

Tabak (2003) and Gallegos-Garcia (2009) studied different configurations of sulfidogenic
bioreactors for metal removal including single and multi-stage systems. In a single-stage reactor
system, both sulfate reduction and metal precipitation are carried out in a single bioreactor unit
(Kaksonen et al., 2003), whereas in a multi-stage system sulfide generation and metal precipitation
units are separated (Bhagat et al., 2004; Sierra-Alvarez et al., 2006). Among the different reactor
configurations, fluidized bed and gas lift reactors are known for efficient recovery of heavy metals
from wastewater. Although, the concept of sulfate reduction and metal removal by sulfide
precipitation is not new, the recovery of heavy metals using a single stage bioreactor system is

quite recent and not widely reported.

Hence, there is a need to develop a suitable bioprocess for sulfate reduction and metal removal
which can also be efficiently used to recover heavy metals from wastewater. The recovered metals
in the form of nanoparticles need some further processing before its application in different fields.
For purification, there is need to apply cost effective method such as microfiltration using ceramic

membrane. Also, the application potential of the recovered nanopowders need to be investigated.
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1.2 Aim and objectives

This study was aimed at developing an efficient bioprocess for removal and recovery of metals

from metallic wastewater in the form of nanopowders and its potential applications.
To achieve this aim, the following investigations were carried out:

i.  Screening of anaerobic biomass collected from different sources for heavy metal removal

and recovery under sulfate reducing condition

ii.  Performance evaluation of sulfidogenic inverse fluidized bed reactor system for heavy

metal removal and recovery

iii.  Purification of biologically synthesized copper sulfide nanoparticles by low-cost ceramic

membrane

iv.  Preparation, characterization and application of biometal nanopowders from metallic

wastewater for azo dye removal from aqueous solution
v.  Biological synthesis of copper catalyst for click reaction from metallic wastewater

vi.  Induced oxidative stress of PbS NPs and CdS NPs in the oleaginous bacteria Rhodococcus

opacus

1.3 Organization of thesis

The present work is divided into nine chapters. The first chapter presents the general introduction,
aim, and objectives of the work. Chapter 2 presents the available literature on heavy metal removal
and recovery, different reactor combinations used for heavy metal recovery, the effect of different
process parameters on heavy metal recovery, and the application of recovered metal nanopowders
in various fields, etc. In Chapter 3, screening of anaerobic biomass capable of sulfate reduction
and heavy metal removal, heavy metal recovery, and characterization of recovered nanopowders
are reported. Chapter 4 describes the performance evaluation of the inverse fluidized bed (IFB)
bioreactor for simultaneous heavy metal removal and recovery. The effect of different process

parameters is also discussed in this chapter. Chapter 5 reports the fabrication of a low-cost ceramic
_________________________________________________________________________________________________________________________________|
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membrane to purify biologically synthesized copper sulfide nanoparticles. Preparation,
characterization, and application of biometal nanopowders from metallic wastewater for azo dye
removal from aqueous solution are reported in Chapter 6. Chapter 7 describes the application of
biologically recovered copper sulfide nanoparticles for click reaction. In Chapter 8, induced
oxidative stress of lead and cadmium sulfide nanoparticles in the oleaginous Rhodococcus
opacus by. Chapter 9 provides a summary and appropriate conclusions based on the previous

chapters. This chapter also includes some recommendations for future research in this area.
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2.1 Heavy metals

Metals are naturally occurring elements with relatively high density and atomic weights. Due to
wide application of heavy metals in different fields along with depletion of natural sources of metal
ores, there is an increasing demand for metals around the world (Villa-Gomez et al., 2011). On the
other hand, their extensive use has raised concerns over their effects on human health and the
environment. Some heavy metals, such as iron, cobalt, zinc, etc., are considered essential nutrients
at trace quantities, whereas other heavy metals, such as cadmium, mercury, and lead, are highly
toxic even at very low amount (Kieu et al., 2011). Therefore, removal and recovery of heavy metals

from wastewater is important from both environment and industrial perspectives.

2.1.1 Sources of metals in environment

Metals are naturally occurring elements present throughout the earth’s crust. Anthropogenic
activities such as mining, industrial production, and agricultural use of metals and metal-
containing compounds can lead to human exposure and environmental contamination. Heavy
metal pollution can also occur through metal corrosion, atmospheric deposition, soil erosion of
metal ions, leaching of heavy metals, sediment re-suspension, etc. (Kieu et al., 2011) from water
resources to soil and groundwater. Heavy metal contamination also occurs through natural
phenomena such as weathering and volcanic eruptions. Some industrial sources of heavy metal
pollution include electroplating, metal processing in refineries, coal burning in power plants,
petroleum combustion, nuclear power stations and high tension lines, plastics, textiles,
microelectronics, wood preservation, and paper processing plants, etc. Electroplating and coal
burning power plants generate significant amount of wastewater containing various heavy metal

such as copper, cadmium, lead, nickel, zinc, chromium etc. (Kiran et al., 2017). The wood
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e
preservation industry use chromated copper arsenate wood treatment which produces copper and
arsenic containing wastewater; pigment industry produces wastes containing cadmium sulfide;
petroleum refinery generates conversion catalyst contaminated with nickel and chromium; textile
industry uses color pigments for textile dyes which generates waste containing heavy metals such
as lead, cadmium, copper and chromium. Table 2.1 presents different anthropogenic and natural

sources of heavy metals in the environment.

Table 2.1 Anthropogenic and natural sources of metal in environment

Anthropogenic sources Metals found Reference

Pesticides and Fertilizers Cadmium, lead, copper, Hariprasad etal., 2013
zinc, cobalt, arsenic etc.

Biosolids (municipal sewage sludge) Cadmium, copper, lead, Smithetal., 2009
nickel, zinc etc.

Industries such as paints, pigment, Copper, cadmium, lead, Kieuetal., 2011

steel plant, varnishes, thermal power nickel, zinc, chromium, Kiranetal., 2017

plant, pulp and paper, tannery, iron, cobalt etc.

distillery, rayon, cotton textiles,

rubber, galvanization of iron

products and mining industries

Metal mining & milling process Cadmium, copper, iron, Johnson etal., 2003
nickel, lead, zinc,

chromium, aluminium etc.

Natural sources

Seepage from rocks into water Lead, iron, nickel, copper, Akcil et al., 2006
lead etc.

Volcanic activity Arsenic, mercury, etc Vermaet al., 2013

Forest fire Nickel, manganese and Vermaetal., 2013
cobalt etc.

|
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2.1.2 Environmental effects of metal containing wastewater

Metal containing wastewater generated from various industries generally has a high concentration
of heavy metals. Due to high metal concentration, it causes severe toxic effects on the aquatic
environment. The presence of iron precipitate increases the turbidity of water streams, limits
oxygen diffusion, and reduces light penetration (Johnson et al., 2000). It also affects water quality
in agriculture, industries, and recreational purposes. It further affects humans and can cause
reduced mental and central nervous function, kidney and liver failure, lungs problem, blood

composition damage, etc.

Long-term exposure may result in physical, muscular, and neurological disorders that mimic
Alzheimer's disease, Parkinson's disease, muscular dystrophy, and multiple sclerosis. Allergies are
not uncommon, and repeated long-term contact with some metals or their compounds may even
cause cancer (International Occupational Safety and Health Centre 1999). Table 2.2 presents the

permissible limit of different heavy metals in drinking water.

Table 2.2 Permissible limits of metals in drinking water (mg/L)

Parameter (mg/L) Indian standard Central pollution ~ World health
institution control board organization
(India)
Iron 0.3 1.0 0.1
Copper 0.05 1.5 1.0
Zinc 5.0 15.0 5.0
Cadmium 0.01 No Relaxation 0.005
Lead 0.10 No Relaxation 0.05
Manganese 0.10 NA (Not available) 0.40
Nickel 0.02 NA NA
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2.2 Metal removal

2.2.1 Metal removal by Physico-chemical process

Metal containing wastewaters such as AMD is usually treated by chemical precipitation because
of its following advantages: i) process simplicity, ii) requirement of low-cost chemicals, and iii)
easy process control (Villa-Gomez et al., 2011). However, some major limitations of the method
are 1) production of unstable metal hydroxides, ii) recovery of metals is difficult, and iii) sludge
disposal problem (Esposito et al., 2006). lon exchange, electrolysis, and reverse osmosis are
among the other processes used to treat heavy metal containing wastewater, but these are not
commonly used because of one or more drawbacks such as the requirement of high capital
investment, sludge disposal problems, and requirement of further treatment (Aziz et al., 2008; Fu
and Wang et al., 2011). To overcome such limitations of conventional methods, research is
currently diverted towards biological sulfate reduction methods using sulfate reducing bacteria

(SRB).

2.2.2 Metal removal by biological sulfate reduction

Biological sulfate reduction by SRB is a well-known method for metal sulfide precipitation from
wastewater, especially when sulfate is present along with heavy metals in wastewater, e.g., AMD.
Biological sulfide precipitation requires an electron donor and essential nutrients for the growth of

SRB.

SRB can be divided into two groups, first is heterotrophic anaerobes, which use organic
compounds, and the other is autotrophic anaerobes, which use H; as an electron donor and CO> as
carbon source, capable of reducing sulfate to sulfide by a dissimilatory, bioenergetic metabolism

(Nagpal et al., 2000). SRB are prokaryotes, which are ubiquitous in water and sediments because

9
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of their ability to utilize a wide range of substrates and capability to survive in extreme conditions
(Schwartz 1985). For sulfate reduction using SRB, the following conditions are needed, an
anaerobic environment (redox potential < —200 mV), pH > 5.0, presence of organic substrate,

presence of appropriate sulfur species (as sulfate) to be reduced (Gibert et al., 2002).

Some SRBs (such as Desulfobacter, Desulfococcus, Desulfosarcina, Desulfonema, and
Desulfobacterium) can oxidize carbon sources into CO2. Some SRBs (such as Desulfovibrio,
Desulfomonas, Desulfobulbus, and Termodesulfobacterium) oxidize the carbon source
incompletely to acetate, CO2, and Hz. Some SRBs, such as Desulfotomaculum species, utilize

acetate as the sole carbon source for sulfate reduction.

In biological sulfate reduction, SRB use SO.* as terminal electron acceptor and convert it into
different sulfide forms (H.S, HS, S%) as respiratory products. These sulfide products are
responsible for metal precipitation as they combine with different metals and form insoluble metal
sulfide precipitate in the system. Bioreactors for sulfate reduction can be grouped depending upon
whether the biomass is suspended or in attached form. Different types of bioreactors have been
studied for sulfate reduction and each of these reactor types has some merits and demerits, which
are presented in Table 2.3. For simultaneous reduction of sulfate and heavy metals, down flow
fluidized bed reactor, also called inverse fluidized bed reactor, is advantageous over other reactors
in terms of ease of metal recovery (Villa-Gomez et al., 2011; Sinharoy et al., 2019; Negi et al.,

2020).

|
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Table 2.3 Merits and demerits of different bioreactor configurations studied for metal removal by biological sulfate reduction (Papirio

et al., 2013; Kiran et al., 2017)

Bioreactor type Merits Demerits References
Continuous stirred tank reactor Consistent and reliable High solid retention time Barnes et al., 1991; Lens et al.,
(CSTR) performance (SRT) results in a large 2002

reactor volume; biomass
washout

Gas lift reactor (GLR)

Packed bed reactor (PBR)

Membrane bioreactor (MBR)

High mass transfer efficiency,

very good mixing

High SRT result in lower
reactor volume than CSTR; can
be operated in up-flow or

down-flow mode

No need of sedimentation
basin; high biomass retention
high

degradation rate; avoids direct

results in substrate

contact between metals and
SRB

High pressure needed to

pump gas inside the reactor

Clogging; requirement of
high pressure for pumping the

flow

High manufacturing cost to

overcome the trans-
membrane pressure; requires
periodic backwash of the

membrane

Dijkman et al., 1999; Lens et al.,
2002

Anderson et al., 1990; Jong and
Parry et al., 2003; Zaluski et al.,
2003; Kolmert and Johnson et
al., 2001

Tabak and Govind et al., 2003;
Mack et al., 2004; Vallero et al.,
2005; Manconi and Lens, 2009

TH-2856_176106007
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Up-flow  anaerobic

blanket (UASB)

Bubble column reactor (BCR)

Fluidized bed reactor (FBR)

Anaerobic filter reactor (AFR)

sludge No clogging; good biomass

settling capacity; no

requirement of support material

Good mixing; applicable for

turbid medium and shear

sensitive cells

No channeling or clogging,
good biomass retention; high
biomass activity and treatment
efficiency is high

Low shear force; sludge
retention time is more than that
for CSTR; H>S stripping is

effective in downflow mode

Biomass  washout;  high

susceptibility to influent

characteristics

Not available (NA)

Energy needed to be spent for

carrier fluidization; shear
force can lead to detachment
of biomass; less volume
biomass
UASB

inert

available for
compared to the
reactor due to the

biomass carrier

Channeling of flow; large

pressure gradients

Lettinga et al., 1980; Speece et
al.,, 1983; Omil et al., 1996;
Vallero et al., 2003

NA

Speece et al.,, 1983; Yoda et
al.,1989; Anderson et al., 1990;
Melin et al., 1997; Marin et al.,
1999

Speece et al., 1983; Anderson et
al., 1990; Barnes et al., 1991

TH-2856_176106007
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Anaerobic digester (AD) Excellent biomass holding Biomass disintegrates into Speece et al., 1983

capacity as compared with the flocks and sludge

CSTR
Anaerobic  hybrid  reactor Less vulnerable to clogging Not available Steed et al., 2000
(AHR) compared with the AFR; sludge

removal easier than in the AFR;
biomass retention better than in

the UASB
Anaerobic  baffled reactor High sludge retention time; Not available Speece et al., 1983; Barber and
(ABR) reduced costs due to no Stuckey et al., 2000

biomass carrier; good tolerance
for shocks of hydraulic and

organic loading

|
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2.2.2.1 Single stage reactor systems for metal removal

Simultaneous removal of sulfate and metals can be achieved in a single bioreactor unit as shown
in Fig. 2.1. Villa-Gomez et al. (2011) used single-stage IFB reactor unit for heavy metal removal
from wastewater and achieved high removal of Cd (96.5%), Cu (99.1%), Pb (92.4%) and Zn
(91.3%) at 5 mg/L inlet concentration and at pH 7.0 and COD/sulfate ratio of 1. Similar results of
more than 99% removal efficiency of Fe, Zn and Cd was obtained by Gallegos-Garcia et al. (2009)
in a single unit system treating metallic wastewater at pH 5.0. Another example of the single-
system approach is a full-scale plant at the Budelco zinc refinery in Budel-Dorplein, Netherlands,

that remediates metal-containing groundwater (Dvorak et al., 1992; Kaksonen et al., 2007).

Different bioreactor types have been explored for simultaneous sulfate reduction and metal
precipitation in the last few years; only some of these have been applied for sulfate reduction and
metal precipitation in a single stage (Table 2.4). Single-stage metal sulfide precipitation process is
cost effective in comparison with two-stage systems but it has some limitations in treating
wastewater with low pH and high concentration of heavy metals. To overcome the limitations of
handling low pH wastewater, single unit systems are added with alkaline material to generate
additional alkalinity. In some other cases, two or more bioreactors are used in series to increase

the efficiency of sulfate reduction and metal removal.

Biological treatment using SRB often increases the pH of the wastewater by producing alkalinity
during the treatment process, and because of which low pH of the influent waste stream does not
affect the biological activity of the SRBs. Kaksonen et al. (2004) successfully reported the sulfate
reduction in wastewater at low pH of 3.8. However, for simultaneous sulfate reduction and metal
removal in a single-stage bioreactor system, the lowest influent pH of 5.0 has been reported
(Sahikaya and Gungor et al., 2010).

|}
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The main drawback with single-stage system is inhibitory effect of metals on SRB due to direct
contact between SRB and heavy metals. Depending on the sludge characteristics, SRB is capable
of actively metabolizing in removing a large amount of heavy metals. It has been shown that in a
single-stage system, biofilms are highly tolerant to heavy metals upon short-term exposure, but

when exposed for a long time SRB activity is completely inhibited (Teitzel et al., 2003).
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Fig. 2.1 Schematic showing single-stage treatment system for sulfate reduction and metal

precipitation.

Metal recovery is another major drawback of single-stage system since metal sulfide can
precipitate in the biomass itself. Although metals can be recovered from the metal sulfide
containing sludge, this implies biomass loss (Tabak et al., 2003). Table 2.4 summarizes the data
on different bioreactors used for treating sulfate rich metallic wastewater in a single-stage system
along with electron donor used, values of COD/sulfate ratio and HRT followed, sulfate and metal
removal efficiencies observed in these studies. As shown in Table 2.4, different carbon sources
have been examined for sulfate reduction and metal removal in various bioreactor configuration,
and lactate is the most preferred carbon source due to its high negative Gibb’s free energy change.

Kaksonen et al. (2003) achieved >99% removal efficiency of Zn and Fe using fluidized bed reactor
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_________________________________________________________________________________________________________________________________|
at very low influent pH (< 3.0), which proved SRB can grow and heavy metal removal is possible
at acidic pH. Villa-Gomez et al. (2011) tested different COD/SO4? of 1 and 5 using two similar
inverse fluidized bed reactors with different influent pH (7 and 3), and observed that the metal

removal efficiency in both the reactors did not vary much (Table 2.4).
2.2.2.2 Two-stage or multi stage system for metal removal

In a two-stage system, sulfate reduction to sulfide and subsequent metal precipitation due to the
sulfides formed in the previous step are separated as depicted in Fig. 2.2. A major advantage of
this two-stage system is that it avoids direct contact between the biomass and metals, thereby
overcoming the toxic effect of metals on biomass due to high acidity and metal concentration

(Johnson and Hallberg 2005).

A two-stage treatment system was first evaluated by Rowley et al. (1997) for treating AMD by
which sulfate reduction in a sulfigdogenic bioreactor was carried out followed by metal
precipitation in a separate unit. The authors achieved very high removal efficiency (>99%) of all
the metals such as copper, cadmium and zinc. In another work by Tabak et al. (2003), more than
99% removal of copper and zinc from AMD was obtained using a four-step precipitation process.
In the last decade, this technique has been evaluated for removing Cu and Zn from wastewaters
(Foucher et al., 2001; Al-Tarazi et al., 2005; Gramp et al., 2006; Esposito et al., 2006). Selective
metal recovery is also possible by controlling the pH and sulfide concentration (Sampaio et al.,

2009), which finds several applications in different industries (Grootscholten et al., 2008).
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Fig. 2.2 Schematic showing two-stage system for treating heavy metal containing wastewater by

sulfate reduction.
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Table 2.4 Performance of different sulfidogenic bioreactors studied based on different carbon sources for sulfate reduction and heavy
metal precipitation by SRB

Carbon source HRT T (°C) Influent COD/SOs COD Sulfate Metal Metal removal References
(h) pH ratio removal  removal (%)
(%0) (%0)
Upflow anaerobic sludge blanket reactor (UASB)
Stillage from distilleries 18 25 7.0 Not NA 93.75 Cd >99 Goncalves et al.,
Available Zn >99 2007
(NA)
Sodium NA 7585 2 NA 50 Pb 85-95 Hoa et al., 2007
lactate
Sodium 6 30 7.0 0.5 ~100 27-95 Se >95 Lenz et al., 2008
lactate
Ethanol 4 NA NA NA NA 79 Zn >99 Barnes et al.,
Cd >99 1991
Co >99
Cu >99
Ethanol 96 30 7.0 15 NA >91 Pb >99 Velasco et al.,
2008
Lactate 16 35 3.0 0.66 >08 NA Zn >909 Kaksonen
Fe >99 et al., 2003
Ethanol 24 30 45 1.28 90.5-85.8 NA Cu 100 Sierra-
Zn 99.5 Alvarez et
Ni 99.6 al., 2006
Inverse fluidized bed reactor (IFBR)
Lactate 24 27 7.0 NA 90 NA Se 98 Arindam et al.,
2019
Lactate 9 30 7.0 5 27 76 Cu ~98.4 Villa-Gomez et
Zn ~96.5 al., 2011
Pb ~96
Cd ~97.9
Lactate 9 30 7.0 1 68 17 Cu ~99.9 Villa-Gomez et
Zn ~08.6 al., 2011
Pb ~99.2
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Cd ~99.7
Lactate 24 35 4.0 1.25 55-95 40-88 Zn >99 Sahinkaya and
Cu >99 Gungor et al,
2010
Lactate and Ethanol 24 18-26 5-6 0.8 ~50 41 Fe >08 Gallegos-
Zn >08 Garcia et
Cd >99 al., 2009
Fluidized bed reactor (FBR)
Lactate and yeast extract 4 NA NA NA NA 73.8 Cd 99.8 Ma and Hua et
al., 1997
Ethanol 6.5 35 3-3.2 0.72 NA 76 Zn >08 Kaksonen
Fe >08 et al. 2004
Lactate 16 35 2.5 0.66 >08 NA Zn >99 Kaksonen
Fe >99 et al., 2003
Molasses 6.8 30-31 5.2 NA 99 91 Ni 93 Somlev and
U 66.7 Banov et al.,
Cu 93.3 1998
Cd 60
Zn 76.7
As 95
Pb 90
Lactate or ethanol 24 65 7.8 NA NA ~50 Fe >99 Sahinkaya et al.,
2007
Lactate 12 35 5.0 0.85 87-95 60-86 Zn >99 Sahinkaya and
Cu >99 Gungor et al.,
2010
Ethanol 12and 35 2.7-4.3 0.85 80 90 Al 99.9 Sahinkaya et al.,
24 Cu 99.9 2010
Ni 99.9
Pb 99.9
Zn 99.9
Mn 94
Anaerobic filter reactor (AFR)
Acetic acid 202 30 7.5 0.7 >95 NA Fe >99 Steed et al.
Zn >99 (2000)
Mn >97
]
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Cu >99
Cd >99
As >99
Pb >99
Cow manure, 115- 6.5 NA NA 80-98 Fe 84 Drury et al,
Saw dust, cheese whey 190 Mn 40 1999
Zn 99.7
Cu 99
Cd 99
As 89
Cow manure 50- NA NA NA 70 Zn 96-99 Farmer et al.,
100 Mn 71-91 1995
Cd 95-99
Gas lift reactor (GLR)
Lactate syrup 98.4 24-30 2.3 NA NA NA Fe >99 Hammack
Cu >99 etal., 1994
Zn >99
Al >99
MN >91
CO; 24.2 NA NA NA NA 90 Zn 99 Bijmans et al.,
2019
Upflow anaerobic packed bed reactor (UAPBR)
Acid washed mushroom 12 4.5 1.9 NA NA Ni >99 Hammack
compost and
Edenborn et al.,
1992
Lactate 16.2 25 4.5 2 NA NA Cu >97.5 Jong and
Zn >97.5 Parry etal.,
Ni >97.5 2003
As >77.5
Fe >82
Mg 0
Al 0
Compost 480 25 6.8 NA NA NA Fe <80 Chang et
Zn >99 al., 2000
Mn <1
]
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Cu >99
Cow manure 96 20- 26-29 NA NA NA Mg >99 Laetal.,
23.5 Fe >99 2003
Zn >99
Mn >94
Al >99
Cu >99
Cd >99
Lactate 16.16 25 4.5 NA NA NA Cu >97.5 Jong et al., 2003
Zn >97.5
Ni >97.5
Fe >82
As >77.5
Al NA
Mg NA
Anaerobic baffled reactor (ABR)
Ethanol - 35 7.0 0.67 85 40-65 Cu 100 Sahinkaya et al.,
Zn 83-98 2009
Upflow anaerobic membrane bioreactor (UAMBR)
Lactate 24 25 3.0 0.67 NA 84 Fe 86.2 Bai et al., 2013
Cu 99.9
Mn 52.6
Bubble column reactor (BCR)
N2-H.S NA NA 7.1 NA NA NA Ni >90 Lewis et al,
Co >90 2006
Packed bed reactor (PBR)
H.S NA 25 6.6 2 NA NA Fe 91.3 Jimenez-
Cu 96.1 Rodriguez
Zn 79 et al., 2009
Al 99
Anaerobic packed bed reactor (APR)
Lactate NA 30 7.0 0.67 92.8 85 Cu >70 Kiran et al,
Cd 60 2015
Ni >70
Fe >70
Pb >70
]
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Zn >70
Anaerobic biological contactor reactor (An-RBC)
Lactate 48 25 7.0 0.67 68-82 53-77 Cu 97 Kiran et al.,
Cd 90 2017
Ni >77
Fe >77
Pb >77
Zn >77
Upflow biofilm sulfidogenic bioreactor (UBSB)
Glycerol 47 NA 3.6 NA NA NA Cu >99 Nancucheo et
Zn >99 al., 2012
Glycerol 47 NA 2.2 NA NA NA Cu >99 Nancucheo et
Zn 8.0 al., 2012

*NA = Not available
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2.3 Metal recovery by biological sulfate reduction

Metals are non-renewable resources and its recovery from heavy metal containing wastewater such
as AMD is important from ecological as well as economical points of view. Metal recovery can be
achieved by using any of the reactors presented in Table 2.5. For selective metal removal by
precipitatation, pH and sulfide concentration are the most important factors; and for metal
recovery, a multistage system in which sulfate reduction is separated from metal precipitation
proves helpful. For instance, Tabak et al. (2003) reported that Fe, Zn Cu, Al can be precipitated
separately in a four-stage system using different concentrations of sulfide in the respective units.
Similarly, Sampaio et al. (2009) reported 100% sequential precipitation of Cu and Fe at pH 2 and

3 using a CSTR. Thus, metal recovery can be achieved using either single or multistage system.

2.3.1 Metal recovery in a single-stage system

Heavy metal removal by sulfate reduction in single-stage system of different reactor configurations
has been widely studied, but only a few studies have been carried out on recovery of metals from
metallic wastewater. Gallegos-Garcia et al. (2009) reported 99.7%, 99.3%, 99.4% removal
efficiencies of Fe, Zn and Cd, respectively, using IFBR operated at an influent pH 5. Recovery

efficiency of more than 90% for Fe, Zn and Cd as metal sulfide was obtained.

The recovered metals were present as metal sulfides only; no metal hydroxides or carbonates were
recognized. The study reported for the first time the feasibility to recover metal sulfides separated
from the biomass using a single stage reactor system (Gallegos-Garcia et al., 2009). IFBR is found
to be highly effective as heavy metal containing wastewater reacts immediately with the produced
sulfide which causes precipitation of the metals at the bottom of the reactor for an easy separation
and recovery. For metal recovery, the metal sulfide precipitate obtained is first dried in an oven at
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105 °C followed by incineration at 550 °C for 1 h to remove all the volatile composites. The total

ash obtained is then used for calculating the fixed solid balance.

In another study, Villa-Gomez et al. (2011) reported less than 50% recovery of Cu, Zn, Pb, Cd
using an IFB reactor, which was less compared with the results reported by Gallegos-Garcia et al.
(2009). This difference could be attributed to the different SRB species used by Gallegos-Garcia
etal. (2009) in their study. Another reason could be due to the method employed for metal recovery
by Gallegos-Garcia et al. (2009) assuming that the total suspended solids (TSS) concentrations
equal the metal sulfide composition (Kaksonen et al., 2003; Gallegos-Garcia et al., 2009). On the
other contrary, Villa-Gomez et al. (2011) showed that in addition to the metal precipitates, salts
present in the mineral medium as well contributed to the total suspended solids, which slightly
increased the actual metal recovery value. Therefore, in order to exclude the salts present in the
TSS for calculating the metal recovery value, Villa-Gomez et al. (2011) acidified the recovered
solids before analysis of the metals present. Thereby resulting in accurate determination of metal

recovery efficiency in the study.

Bijmans et al. (2008) studied selective recovery of nickel from nickel and iron containing solution
by sulfate reduction at low pH (5.0) using a single-stage gas lift bioreactor. The results showed
selective removal of nickel (>83 %) as nickel sulfide (NiS). At pH 5.5, the metal recovery obtained
was more than 99.9%; however, iron removal and recovery as FeS could not be achieved at this
pH value. Hence, controlling the bioreactor pH allows selective metal precipitation from

wastewater.

Although by controlling the pH, selective recovery of different heavy metals can be achieved using

a single-stage system, SRB are inhibited even at a slightly acidic pH (<5) due to increase in toxic
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effect of sulfide and acetate at low pH. Copper can be precipitated as CuS even at an extremely

low pH (<1) whereas zinc does not precipitate as ZnS until pH 1.3 (Sahinkaya et al., 2009).

Although single-stage bioreactor system for selective heavy metal removal at low pH has several

advantages such as low-operation cost, simple process design, homogeneous distribution of sulfide

inside the bioreactor, etc. it is difficult to operate sulfidogenic bioreactor at low pH (<4). Hence, it

is necessary to separate biological sulfide reduction step from metal precipitation to achieve both

SRB activity (pH 7.0-8.0) and selective metal precipitation (pH 1.0 -7.0). Table 3 summarizes the

results of metal removal as well as metal recovery efficiencies obtained using different single-

stage bioreactor systems.

Table 2.5 Metal removal and metal recovery efficiency values obtained using different single-

stage bioreactor systems

Reactor type

Metals

Metal removal (%)

Metal recovery (%)

References

Inverse fluidized Se
bed reactor
(IFBR)

Inverse fluidized Cu
bed reactor 7
(IFBR)
Pb
Cd

Inverse fluidized Fe
bed reactor 7n
(IFBR)

Cd

Gas lift reactor Ni
(GLR)

98.0

99.9
98.6
99.2
99.7
99.7
99.3
99.4

Not available (NA)

58.0

41.1
44.2
60.3
47.4
~90.0
~90.0
~90.0
>09.9

Sinharoy et al.,
2019

Villa-Gomez et
al., 2011

Gallegos-Garcia
etal., 2009

Bijmans et al,
2008
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2.3.2 Metal recovery in two-stage or multistage system

In order to avoid the afore-mentioned drawbacks with single-stage system for metal recovery,
Tabak et al. (2003) used a two-stage system for selective, sequential precipitation (SSP) of metals,
such as copper, zinc, aluminum, iron and manganese, as hydroxides and sulfides from Berkeley
Pit AMD and followed additional processing of the recovered metals into marketable precipitates
and pigments. The system involved a separate unit for sulfate reduction and metal precipitation;
whereas the bioreactor was used to produce hydrogen sulfide in the first stage, the metal

precipitation was carried out in a separate stage using the H»S produced in the first stage.

The metal recovery percentage obtained using the SSP process was: 100% Zn (as sulfide), 99.8%
Cu (as sulfide), 99.7% Al (as hydroxide), 97.1% Fe (as sulfide), 99.7% Cd (as sulfide), 99.1% Co
(as sulfide), 97.1% Mn (as sulfide) and 47.8% Ni (as sulfide). The purity percentage of the different
metal precipitates were: 92% copper sulfide, 81% ferric hydroxide, 97% zinc sulfide, 95%
aluminum hydroxide and 75% manganese sulfide. Following the SSP treatment of the wastewater,
Tabak et al. (2003) reported sulfate and sulfide concentrations below permissible limits and only

calcium and magnesium were present in the effluent.

In another study on multi-stage system for recovery of Cu and Zn from AMD, Sahinkaya et al.
(2009) utilized anaerobic baffled reactor (ABR) and the metals were precipitated separately based
on their solubility product with gaseous sulfide produced in the first stage. The bioreactor was fed
with ethanol (1340 mg/L) and sulfate (2000 mg/L) which yielded 65% sulfate reduction, 85%
COD removal and 320 mg/L sulfide production values. Whereas Cu was precipitated separately
using sulfide produced from ABR at low pH (<2) within 60 min, Zn did not precipitate at this pH.
Following Cu removal, Zn recovery was achieved based on sulfide/Zn ratio with a Zn removal
efficiency in the range 84-98%. Cu and Zn were precipitated as CuS and ZnS, respectively, with a
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particle size in the range 10-50 um. Table 2.6 presents the metal removal and recovery values with

multi-stage bioreactor systems reported in the literature.

Table 2.6 Metal recovery using different multi-stage bioreactor systems

Reactor type Metal Metal removal Metal recovery  References
(%) (%)
Hollow fiber Al Not available 99.8 Tabak et al.,
z::g:)rane bioreactor cd (NA) 99.7 2003
Co 99.1
Cu 99.8
Fe 97.1
Mn 87.4
Ni 47.8
Zn 100.0
Anaerobic baffled Cu 84-98 NA Sahinkaya
reactor (ABR) 7n 100 etal., 2009

2.3.3 Single-stage vs multi-stage system
Table 2.7 compares the different parameters on metal sulfide precipitation using single-stage and

multi-stage systems for the treatment of heavy metal containing wastewater by biological sulfate

reduction.

Single-stage system is less labor intensive, quick, cost-effective and involves low operation as well
as maintenance costs (Johnson et al., 2006; Villa-Gomez et al., 2011). Moreover, single-stage
system has low area requirement, but the main advantage of multi-stage system is easy and

selective metal recovery (Tabak et al., 2003).
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Table 2.7 Comparison of advantages and disadvantages of single vs multi stage reactor systems

Parameter Single stage system  Multistage system
Labor requirement Low High
Treatment area Less More
Metal recovery Difficult Easy
Cost Low High
Operation and maintenance Low High

expenditure

Inhibitory effect on SRB Low High

2.4 Selection of sulfidogenic bioreactor for metal removal and recovery

Many different bioreactors have been reported for heavy metal removal but only a few have been
evaluated for metal recovery purpose. The overall metal removal process involves metal
precipitation followed by the accumulation of precipitate at the bottom of a reactor system. The
metal bioprecipitate settled at the reactor bottom forms the basis for its recovery. However, most
of the bioreactors designed for metal removal are not suitable for collecting the metal precipitate
at the bottom for an easy recovery of the metals. Hence, single-stage bioreactors need to be
modified for metal recovery, and one such example of a modified single-stage bioreactor system

is inverse fluidized bed reactor (IFBR).

In FBR, growth of microbial community occurs on carrier support material within the reactor such
that biomass is retained within the reactor. Moreover, in this bioreactor, liquid mixing and substrate
transport is efficient due to upward movement of carrier support material by liquid upflow in the

bioreactor (Gallegos-Garcia et al., 2009).
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In FBR, the term fluidization is usually related to two or three-stage system wherein solid support
are fluidized upward using any gas or liquid at high velocity against the gravity. Synthetic
polymeric granules, silicate minerals and iron chips are some examples of carrier support used in
FBR (Kaksonen et al., 2003). To achieve proper fluidization and high upflow velocity inside the
FBR, not only influent but also effluent from the reactor is recycled from the top to bottom of the
reactor. Advantages of FBR over other anaerobic reactors for metal removal are: (1) high removal
efficiency (2) no risk of channeling or clogging (3) excellent biomass growth (4) low risk of shock
load (5) good biomass retention (Kaksonen et al., 2006). In addition, FBR uses small carrier
particles which allow sufficient microbial growth even with fluidization owing to large biofilm-
liquid interfacial area, good mass transfer characteristics and high interfacial velocity. Schematic

of a FBR system is depicted in Fig. 2.3.

In standard fluidization system, solid carrier support has higher specific density than the liquid
inside. But in the case of downflow fluidized bed reactor, also knows as inverse fluidized bed
reactor (IFBR), the carrier particles are less denser than liquid and expansion of bed happens
downward as influent moves top to bottom (Karamanev and Nikolov et al., 1992). Inverse
fluidization was invented in 1970 (lIbrahim et al., 1996) but it received less attention than standard
fluidized bed reactors. The inverse fluidized bed reactors consist of floatable carrier particles
which fluidize downwards, and following inoculation biofilm develops on the support material
which remains on the top of the reactor during its operation (Fig. 2.3). Classical examples of carrier
support used in IFBR are Kaldness-K1 (Arindam et al., 2019), polyethylene (Gallagos-Garcia et
al., 2009; Villa-Gomez et al., 2011), cork (Garcia-Calderdn et al., 1998), polystyrene spheres
(Nikolov and Karamanev 1987), and extendosphere (Buffiere et al., 2000; Arnaiz et al., 2003).
Most of the earlier studies on hydrodynamics in IFBR employed non-biological particles with no
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attached biofilm onto the carrier support (Chern et al., 1982; Fan et al., 1982; Ibrahim et al., 1996;
Karamanev and Nikolov 1992a,b; Karamanev et al., 1992). The carrier support bed should
facilitate a high biomass growth inside the bioreactor and also provide prolonged mean cell
residence time without clogging problems (Shieh and Hsu 1996). But the main concern associated
with the natural process of biofilm formation due to biomass accumulation is that it can enlarge
the carrier particle diameter. It can also increase particle specific density because wet particle
density with attached biofilm will be higher than the specific density of carrier particles devoid of

any biofilm.

(a) Outlet (B)  Inlet

Fluidized
Liquid support
flow l
o direction
Fluidized
support

—Conical bottom—

Inlet Qutlet

Fig. 2.3 Schematic of (a) up-flow and (b) inversed fluidized bed reactor (Kaksonen and Puhakka,
2007).

Many authors have evaluated different bioreactor configurations for metal precipitation. However,

metal recovery was difficult because metals precipitates are usually associated with the biomass
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which hampers their recovery. IFBR has been the most promising single-stage reactor
configuration thus far for both metal removal and recovery. Villa Gomez et al. (2013) first
investigated removal and recovery of heavy metals by sulfate reduction using IFBR. Support
material with the biofilm remains at the top of the reactor and metal precipitate in the form of metal
sulfide separated from the biomass and settled at the bottom. This unique feature is however

uncommon in conventional high rate sulfidogenic reactors.
2.5 Effect of key factors on heavy metal removal and recovery in sulfidogenic bioreactors
2.5.1 Biomass composition

Microbial community in the biomass plays a vital role in the removal of sulfate and metal, thus
affecting its recovery. Compared with single bacterial species, mixed microbial consortium offers
several advantages such as: (1) no problem of contamination, (2) complete utilization of carbon
source, (3) easy maintenance of culture condition, (4) robust performance. Hence, it is very
important to select the finest consortium for achieving maximum heavy metal removal and

recovery.
2.5.2 Reactor pH

pH is one of the most important factor affecting not only biological sulfate reduction for metal
sulfide precipitation but also recovery of the metal precipitates. Different heavy metals precipitate
at different pH as metal sulfides. As shown in the Eq. (2.1) and (2.2) the aqueous sulfide species
(HS™ and S?) depend upon the solution pH. In acidic condition for metal removal, solubility of
gaseous sulfide is very less, which lowers the available sulfide for metal precipitation (Villa-

Gomez et al., 2011).
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The thermodynamic equilibrium involved in metal sulfide precipitation can be expressed as

follows:
Kp1 - +
H,S eo HS™ + H* Ky, = B pr — 6.99 2.1)
[H2S]

HS™ 5827+ HY Ky, =S i =174 22

p2 - [HS—] p 2 — " ( . )
M?* +S%7 & MS(s) (2.3)
M?2* + HS™ & MS(s) + H* (2.4)

Where M?* is any bivalent metal ion.

The solubility of different metals at a specific pH can lead to selective recovery of metals from
solution containing a mixture of heavy metals (Bijmans et al., 2009; Sahinkaya et al., 2009; Tabak
et al., 2003). The solubility constant (Ks) values of different metals sulfide (CuS, PbS, NiS, ZnS,
FeS and CdS) are as follows: 6 x 1073¢, 8 x 10728, 3 x 107°, 2 x 107%, 6 x 10 *® and 8 x 10°%,
respectively. Table 2.8 shows pH values at which selective recovery of different metals as metal

sulfide can be achieved.

Table 2.8 Effective pH for metal recovery by precipitation with hydrogen sulfide

Metal pH References
Fe ~6.0 Tabak et al., 2003; Sampaio et al., 2009
Cu 2.8and 3.0 Foucher et al., 2001; Sampaio et al., 2009
Zn 5.5-6.0 Foucher et al., 2001; Sampaio et al., 2009
Ni 7.5-8.0 Samapaio et al., 2009
Cd 4.5-5.0 Gharabaghi et al., 2012
Pb 7.5-8.5 Hoa et al., 2007
Mn 9.4 and 10.3 Tabak et al., 2003
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The low pH of metallic wastewaters such as AMD can limit the metal recovery efficiency in a
single-stage system due to the following reasons: (1) inhibition of SRB activity, (2) inhibition of
biomass growth and (3) low sulfate reduction efficiency. However, highly acidic wastewater (pH
2.5-3.0) is neutralized to pH 6-8 due to alkalinity produced by SRB in FBR (Kaksonen et al.,
2003b). Djedidi et al. (2009) reported that metal sulfide precipitate formed at neutral pH exhibits
better characteristics than the precipitates formed at a low pH, which are as follows: (1) good
settling rate, (2) excellent solid-liquid separation, (3) high concentration of settleable solids and
(4) agglomeration over crystallization. Villa-Gomez et al. (2014) observed similar results of
increase in the precipitate amount from 5.1 to 9.4 mL/L due to an increase in the solution pH from

3to7.

2.5.3 Other influent parameters

In addition to solution pH, other influent parameters such as sulfate and metal concentrations,
chemical oxygen demand (COD)/sulfate ratio have been shown to influence metal removal and
recovery in sulfidogenic bioreactors. A high concentration of sulfate can adversely affect the SRB
growth, whereas low sulfate concentration can promote methanogenic activity (Kiran et al., 2017).
Visser et al. (1993) reported complete suppression of methanogen activity due to addition of sulfate
in anaerobic granular sludge based reactor. High metal concentration also inhibits SRB activity,
thereby affecting not only sulfate reduction efficiency but also metal removal and recovery

efficiencies (Hao et al., 2000; Kiran et al., 2017).

Optimum COD/sulfate ratio is critical for interaction of SRB with sulfate and carbon source. The
ideal theoretical value of COD/sulfate for complete removal of sulfate is 0.67. Hence, selecting a
proper COD/sulfate ratio is key for the treatment of heavy metal and sulfate rich wastewater. Villa-
Gomez et al. (2011) studied metal removal and recovery at two different COD/sulfate values of 5
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and 1 using two identical sulfidogenic bioreactors. In both the bioreactors, the metal removal and
recovery did not vary with COD/sulfate ratio. The metal removal efficiency was about 95% and
the metal recovery efficiency was <50% for all the metals tested, e.g., Cu, Pb, Zn and Cd in both
the bioreactors. Velasco et al. (2008) studied the effect of different COD/sulfate ratio between 1.5
and 2.5 on lead removal, and achieved >99% lead removal with COD/sulfate ratio of 1.5. In
another study, Barbosa et al. (2014) obtained more than 90% removal of Ni, Cu and Mn with
COD/sulfate ratio of 0.67, 1.0, 1.5 and 2.0, suggesting that enough sulfide was produced at all the

ratio for an efficient removal of the metals.
2.5.4 Reactor design and operating conditions

Two main operational factors which affect the growth of SRB and its ability to tolerate metal
toxicity are reactor pH and temperature. High temperature is advantageous as it is known to
suppress the growth of methanogens.

High sulfide concentration is toxic to the growth of SRB, which consequently affects the metal
removal and recovery efficiencies. At a high sulfate concentration, the presence of fine particles
surrounding the SRB hinders the uptake of sulfate and other nutrients into the cell. Continuous
stirring may affect the metal removal and recovery by affecting the SRB growth and rate of
substrate uptake. Upflow liquid velocity reactors such as FBR and GLR are more vulnerable to
biomass washout than down flow reactors such as IFBR.

Another factor that can affect the reactor performance is selection of suitable carbon source. Heavy
metal containing wastewater has low amount of dissolved organic carbon, and therefore, requires
addition of external organic carbon source for its treatment, increasing the overall cost of treatment
(Gibert et al., 2004; Zagury et al., 2006). Choice of carbon source depends on different factors
such as (i) cost of substrate used, (ii) substrate favorability for SRB, (iv) availability in sufficient
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quantity, (v) pollution load in case of incomplete substrate degradation (Dries et al., 1998; Dijkman
etal., 1999; Kiran et al., 2017).

SRB utilize low molecular weight compounds with simple structure as electron donor e.g.
hydrogen, methanol, ethanol, lactate, glycerol and simple carbohydrates (glucose or sucrose).
From Table 2.9, glycerol and lactate are the most favored carbon source for biological sulfate
reduction owing to its high negative Gibb’s free energy change and high energy biomass
production. Bertolino et al. (2014) compared glycerol and lactate as the sole carbon source for
sulfate reduction using fluidized bed reactors. Results obtained in the study showed that glycerol
and lactate yielded the same sulfate reduction efficiency (~90%), suggesting that glycerol can serve
as a low cost alternative to lactate (Bertolino et al., 2014). However, compared with the commonly
used carbon sources (lactate and ethanol) for sulfate reduction, glycerol has not been explored
much (Johnson et al., 2006; Bertolino et al., 2015).

Furthermore, a wide variety of SRB can utilize lactate as electron donor, and it produces
bicarbonate, which helps in neutralizing the effluent acidity in a better way. On the other hand,
drawbacks of using lactate are (i) more expensive than the alternative substrates, e.g. ethanol or
acetate, (i) it does not dissociate in acidic wastewater such as AMD and (iii) it can inhibit SRB
activity (Kiran et al., 2017). Ethanol is the second most favorable carbon source for sulfide
precipitation and it is easily available and cheaper than lactate (Kaksonen et al., 2004). Sulfate
conversion efficiencies of more than 80% has been achieved in many previous studies. Ethanol is
completely oxidized by Desulfovibrio desulfuricans and Desulfobacter postgatei. However, its
utilization results in low biomass growth yield and acetate formation, which increases the acidity

of the treated water.
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Table 2.9 Values of Gibbs free energy change for sulfate reduction using different energy sources (Villa-Gomez et al., 2011, Bertolino

etal., 2014)
Sulfate reduction with different carbon sources AG® (kJ/mol)
4H, + S03~ = HS™ +4H,0 -38.1
Acetate + SO3~ - 2HCO3 + HS™ -47.6
Propionate + 3/4S05~ — Acetate + HCO3 + 3/4HS™ + 1/4H* -37.7
Butyrate + 1/2S05~ — 2Acetate + 1/2HS™ + 1/2H* -27.8
Lactate + 1/2S05~ — Acetate + HCO3 + 1/2HS™ + H* -80.0
Ethanol + 1/2S05~ — Acetate + HCO3 + 1/2HS™ + 1/2H* + H,0 -66.4

Glycerol + 5/4S0%~ — 1/2Acetate + 3/2H,CO5 + 1/2HCO3 + 5/4HS™ + 3/40H™ + 1/4H,0 -424.5
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2.6 Attached growth sulfidogenic bioreactors, bioprecipitate characterization and formation

of metal sulfide nanoparticles

Wide range of industrial wastewater can be treated by sulfidogenic bioreactors for simultaneous
removal of metal, sulfate and COD. Such reactors have advantages of easy sludge disposal and
metal recovery (Gallegos-Garcia et al., 2009). The treatment efficiency and recovery capacity
highly depend on the microbial composition of the biofilm in attached growth systems
(Tekerlekopoulou et al., 2013). The biofilm is multipurpose and heterogeneous in nature. The
biofilm enables sulfide production, metal sorption, mineral precipitation (Konhauser et al., 1993)
and plays a key role in the formation of metal sulfide nanoparticles. Biofilm is usually composed
of 25% bacteria and 75% extracellular polymeric substances (EPS) (Kiran et al., 2017). EPS forms
gel type film and surround the bacteria and supporting material. The biofilm also comprise of
different things such as bacteria cells, minerals and EPS (Flemming et al., 1995; van Hullebusch

et al., 2003).

Under anaerobic condition in sulfidogenic bioreactors, biofilm on the support material mainly
contains sulfate reducing bacteria. SRB structure typically consist of cytoplasm, murein, outer
membrane and inner membrane. SRB is Gram negative bacteria and its outer membrane consists
of lipopolysaccharides, lipids and protein. SRB secretes EPS in defense to toxicity produced by
heavy metals or other toxic compounds. EPS mainly contains carbohydrates, proteins (protein with
cations amino groups like ammonium and anions like phosphoryl, carboxyl groups) and enzymes
(van Hullebusch et al., 2003; Kiran et al., 2017).

Yue et al. (2015) characterized EPS secreted by SRB called D. desulfuricans and reported the
presence of polysaccharide, protein and nucleic acid as its major components. EPS also help in

metal sequestration on the cell wall of the SRB by binding the freely suspended metal ions to the
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anionic groups present on it. Vijayaraghavan et al. (2008) proposed two-step metal sulfide
nanoparticle formation mechanism: (1) freely suspended metal ions bind to anionic groups present
in EPS; (2) attached metal ions serve as nucleation site for more metals ions to get deposited.
Therefore, SRBs cell wall act as nucleation site for metal aggregation and formation of metal
sulfide nanoparticles. SRB use carbon source to reduce sulfate into sulfide as the respiratory
product, and sulfide react with metals present on the cell wall of the bacteria or in the suspension
to form metal sulfide nanoparticles (Kiran et al., 2015).

In another study, Murray et al. (2017) prepared biogenic zinc sulfide nanoparticles from AMD
wastewater using batch serum bottles as well as in continuous sulfidogenic bioreactor operated at
pH 4.0 with glycerol as the carbon source. Analysis of the ZnS nanoparticles using the TEM, XRD
and particle size distribution confirmed that diameter of the ZnS nanoparticles was in the range 5-
15 nm. Optical properties of the ZnS NPs revealed that it can be used as quantum dots (QDs). Such
ZnS QDs have many applications in the field of optoelectronics as light emitting diodes and in
solar photovoltaics (Smet et al., 2010; Murray et al., 2017). Spherical shaped zinc sulfide
nanoparticles of size 2-5 nm in diameter were found synthesized in natural biofilm of sulfate

reducing bacteria (Labrenz et al., 2000).

Weber et al. (2009) conducted microcosm experiments to examine the dynamics of freshwater
floodplain soil contaminated with multi-metal such as Cd, Cu, Pb, Ni and Zn under a realistic
sulfate-limited flooding regime. It was observed that CuS precipitate was the dominant sulfide
formed in the flooded soil. Results suggested that Cd, Pb, Ni and Zn were also sequestered in
sulfide precipitates and their sequestration pattern followed ascending order of solubility product

of the respective metal sulfide.
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2.7 Purification of metal sulfide bioprecipitate

In the biogenic sulfate reduction process, heavy metals can be removed as well as recovered as
metal sulfide bioprecipitate. The metals present in metal sulfide bioprecipitates are in the nano-
size range and can be efficiently recovered from the wastewater using an inverse fluidized bed
reactor (IFBR) (Gallegos-Garcia et al., 2009; Villa-Gomez et al., 2011). However, metal sulfide
nanoparticles are found attached to exopolysaccharide (EPS) secreted by SRB around the cell wall
(Kiran et al., 2017). Hence, further processing of the bioprecipitate is required to extract the metal

sulfide nanoparticles in pure form for its potential application in industries.

Conventional methods used to separate metal sulfide precipitate include solid-liquid separation,
performed by gravitational clarifiers (thickeners) or filters, and SART (Sulfidization,
Acidification, Recycling, and Thickening), which is another conventional method used in
industries. These traditional processes have drawbacks such as large equipment size, high
variability of the separation performance, complex operational conditions, and fine and colloidal
particles remain in the suspension, promoting poor quality of clarified solutions. To overcome the
limitations of conventional processes, membrane separation processes such as microfiltration
(MF) and ultrafiltration (UF) using ceramic membranes are a valid alternative. Such techniques
have many advantages like high yield, minimum separation steps, low working time, no need to
use clarifying agents, easy cleaning and maintenance of equipment, and waste product reduction.
In addition, membrane processes are characterized by their high efficiency, simple equipment, and

low energy consumption.

Microfiltration based on membrane separation is an unexplored technique to purify metal sulfide

nanoparticles from bioprecipitate (Suchecka et al., 2003; Monash et al., 2011). Mavrov et al.
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(1998) used a microfiltration membrane to remove microorganisms from water for drinking water
application, which resulted in a significant reduction in the microbial population. In another study,
complete removal of E. coli was achieved by microfiltration using a polysulfone membrane (pore
size 0.1 um) (Karim et al., 2008). Lebleu et al. (2009) studied the removal efficiency of bacteria
by polycarbonate microfiltration membranes. Similar reports on the separation of microbial
biomass using polymeric membranes from aqueous solution can be found in the literature, but less
attention has been given to the use of ceramic membranes, in particular, the purification of metal

sulfide nanoparticles from contaminating biomass.

2.7.1 Conventional purification methods for metal sulfide precipitates

The metal sulfide precipitate can be clarified using the solid-liquid separation method. It has many
advantages such as low solid content in treated solution, formation of concentrated slurry or cake,
which needs to be further processed or disposed. The separation efficiency and quality of the
treated solution should be high to minimize metal loss during the process, and it must satisfy the
effluent discharge limit. Conventionally, solid-liquid separation is performed using gravitational
clarifiers (thickeners) or filters (Estay et al., 2020). Lamella clarifiers are used as an alternative to
gravitational clarifiers to overcome the complexity of metal sulfide precipitates. To improve the
efficiency of solid-liquid separation, many studies are conducted to understand these metal sulfide
precipitates with different characteristics (Chen et al., 2018; Gim-Krumm et al., 2019). Separation
efficiency depends on operation conditions, solution chemistry, supersaturation control, and
interaction of metal sulfide with water (Gim-Krumm et al., 2019; Wrighton-Araneda et al., 2019).
On the other hand, metal sulfide precipitate is strongly influenced by the solution characteristics,
especially particles with colloidal behavior. Some metal sulfides, such as copper sulfide, has high
aggregation capacity, which increases its particles size in the system and improves its settling
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efficiency (Quilagueo et al., 2019). These findings reveal that fine and colloidal particles remain

suspended, and has poor settling characterization in solid, liquid separation system.

To overcome the drawbacks of gravitational clarifiers, some studies have tried to transform the
characteristics of suspension to enhance the settling performance. The following factors have been
explored for different metals and systems, e.g., addition of other metal ions, addition of precipitates
seeds to support better nucleation (Yan et al., 2017), use of calcium or magnesium ions to improve
particle size and settling characteristics (Deng et al., 2020), and use of UV light irradiation during

the precipitation process (Peng et al., 2019).

At an industrial level, the SART process is used for metal sulfide precipitation and solid-liquid
separation. The SART technology uses conventional gravitational clarifiers to separate the
suspension formed in the precipitation reactor. It also recirculates underflow to the reactor to
increase the particle size of the precipitates (Estay et al., 2018). Clarification is the main
challenging step in the SART technology for wider application (Breuer et al., 2015). The
clarification performance is affected by the complex nature of precipitates, e.g. low settling

velocity, and large equipment size (Estay et al., 2018).

2.7.2 Membrane based separation for purification of metal sulfide precipitates

Membrane separation techniques such as microfiltration (MF) and ultrafiltration (UF) are the most
effective methods to overcome the limitations of conventional clarification process. The
membrane process has many advantages, such as high yield, fewer processing steps, etc. In
addition, they involve less working time, no use of clarifying agents, easy cleaning and
maintenance of equipment, and reduction in waste byproducts (Estay et al., 2021). Also, membrane

processes are characterized by their high efficiency, simple equipment, and low energy
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consumption (Li et al., 2010). Microfiltration is used to filtrate particles ranging from 0.1 to 10
pum and operate at low-pressure conditions. Ultrafiltration operates at higher pressure (2-10 bar)
and can separate molecules higher than the molecular weight of 1-1000 kDa (Cassano et al., 2014).
The drawback associated with membrane filtration is the retention of some particles leading to
their accumulation on the membrane surface, causing membrane fouling, which results in the
reduction of permeate flux. The flow reduction causes loss in efficiency, increase operational costs,

and demands maintenance (Saad et al., 2014).

2.7.2.1 Modes of operation in a membrane separation process

There are different operation modes in membrane processes. Fig. 2.4 represents the different

modes of operation.

2.7.2.1.1 Dead-end filtration mode

This is the primary mode of membrane separation operation. The feed is forced to pass through
the membrane using external pressure, and the filtered matter is accumulated on the top of the
membrane surface. This mode of operation is called a batch process because filtered material
accumulates on the membrane surface and clogs the pores, ultimately reducing the membrane
efficiency and necessitates cleaning of the membrane surface. Nevertheless, dead-end filtration is

a highly useful method for concentrating solids (Vasanth et al., 2011).

2.7.2.1.2 Cross-flow filtration mode

The technique is called "cross-flow" because the feed flow is perpendicular to the filtration flow
direction. In this mode of operation, primarily tubular configuration of membranes is used. The
high feed through the membrane surface act as a driving force to filter the feed, and a high flow

rate creates high turbulent conditions. The higher pressure-driven feed flow restrains filtered
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particles to retain on the surface of the membrane. The cross-flow mode is generally used for the

feed having high filterable matter (Estay et al., 2021).

2.7.2.1.3 Hybrid-flow filtration mode

Hybrid-flow filtration mode combines both dead-end and cross-flow modes, and it consists of two

phases: production and flushing. The production phase involves dead-end mode of operation, and

the flushing phase consists of cross-flow mode. In flushing mode, both ends of the tubes are open,

and the part of the feed that doesn’t pass through the membrane is eliminated to clean the

membrane surface. This type of filtration mode is generally used for feed with a high concentration

of suspended matter.

()

Feed

EERR

Permeate

Permeate

ttttt

NERR

Permeate

Permeate

tt 1ttt

RERR

Permeate

Permeate

Vil

.o omp

ttttt

Permeate

Fig. 2.4 Various modes of membrane separation operation (a) dead end (b) cross-flow (c-d) hybrid.

TH-2856_176106007

43



Chapter 2

2.7.2.2 Membrane Modules

A membrane module is a way the membrane is incorporated into a filtration device for filtration.

The following modules are commonly used in industries:

e Flat sheet modules
e Tubular modules

e Hollow fiber modules
These are the module design developed by manufacturers for various applications based on the
type and characteristics of feed. The flat sheet membranes resemble filter paper. Similarly, tubular
membrane resembles the single hollow tube of circular cross-section, in which the wall of the tube
works as the membrane. Hollow fiber membranes also look like tubular membranes, but their
diameter is very small compared to tubular membranes. The hollow fiber membranes have a

typical diameter of 1 mm (Cui and Muralidhara 2010).
2.7.2.3 Membrane materials

The two most common membrane materials used to prepare symmetric membranes for industrial
applications are polymeric and ceramic materials. The asymmetric membrane is prepared from

symmetric polymeric and symmetric ceramic membrane material.
2.7.2.3.1 Polymeric membranes

Polymeric membranes have a thin film-like structure with a thickness of 10-100 um. Various types
of polymers are used to prepare the polymeric membrane, such as polyacrylonitrile (PAN),
polyamide (PA), polyetherimide (PEI), cellulose acetate (CA), polypropylene (PP), polysulphone

(PSUV), etc. Table 2.10 presents advantages and disadvantages of polymeric membrane.
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Table 2.10 Advantages and disadvantages of polymeric membrane

Advantages Disadvantages

Different pore size ranges are available Low life span

Low cost Low solvent resistance
Easy to fabricate Low corrosive resistance
Easy to scale up Temperature sensitive

2.7.2.3.2 Ceramic membranes

Ceramic membranes are made from inorganic materials such as kaolin, alumina, zirconia, silica,
titania, etc. The ceramic membrane provides good thermal, chemical, and mechanical stability.
The pore diameter of commercially available ceramic membrane ranges from 10 nm to 10 pm, and
thickness ranges from 2 to 5 mm depending on the type of application. Advantages and

disadvantages of ceramic membrane are presented in Table 2.11.

Table 2.11 Advantages and disadvantages of ceramic membrane

Advantages Disadvantages

High corrosive resistance Brittle in nature

High temperature resistance High cost

High solvent resistance Most ceramic membranes are available in pore

diameters within the MF and UF range (0.010 — 10
pm)

High life span

High mechanical strength
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2.7.2.4 Polymer vs. Ceramic membranes

Comparing the advantages and disadvantages of polymeric and ceramic membranes, polymeric
membrane seem to be more useful for lab-scale application. For industrial applications, cost and
life span of the membrane are the two most important factors that need to be considered along with
their efficiency. The life span of polymeric membranes varies from 12 to 18 months, and that of
ceramic membranes is ten years (Mulder 1991). Therefore, life span of ceramic membranes are on
the higher side if we consider their industrial application. Though the separation characteristics of
ceramic membranes are similar to the polymeric membrane, they are not widely used in industries
due to their higher costs. So the development of low-cost membranes with an increased life span
is anticipated to drive the economic competitiveness of ceramic membranes in industries. The
membrane filtration process has not been applied for filtration of metal sulfide precipitate formed
by biogenic sulfate reduction despite the fact that the membrane filtration process has many

advantages over conventional clarification processes.

From the detailed literature review, it is clear that the main focus has been given to treat heavy
metal and sulfate-containing metallic wastewater and recovery of heavy metals in the nanopowder
form employing IFBR. Although few literature reports are available for metal recovery using
sulfidogenic reactors, the influence of specific process parameters such as influent with low pH,
hydraulic retention time, low/high metal loading, etc., on metal recovery using IFBR has not been
reported so far. Moreover, detailed characterization of metal bioprecipitates obtained from
sulfidogenic reactors treating wastewaters for potential industrial application is limited. Also,
purification of metal sulfide bioprecipitate recovered from IFBR using indigenous low-cost
ceramic membrane has not been reported in the literature. Furthermore, application potential of

metal sulfide nanoparticles recovered by sulfate reduction process need to be examined.
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2.8 Applications of metal sulfide nanoparticles

Following removal and recovery of heavy metals as precipitate using sulfidogenic bioreactor, the
precipitate mostly contains metal sulfide in nano-size range (Gallegos-Garcia et al., 2009). Table
2.10 summarizes the various application of metal sulfide nanoparticles in different fields along

with synthesis methods and size of nanoparticles obtained.

2.8.1 Solar Cells

Metal sulfide nanoparticles find applications in solar systems because of its several distinguishing
features such as: high extinction coefficient and a wider band gap. Copper sulfide nanoparticles
(CuS NPs) are ideal for solar cell applications due to its absorbance peak in near infrared region
and whole visible range, as revealed from UV-visible spectroscopy (Singh et al., 2015). Nickel
sulfide nanoparticles (NiS NPs) were used in dye sensitized solar cells for its low cost and high
efficiency of converting solar to electric power (Sarkar et al., 2018). Copper, zinc and tin sulfides
nanoparticles forming thin films were investigated for solar cell modelling because of their unique
morphological, structural and optical properties (Liu et al., 2014). Iron pyrite (FeS2) nanoparticles
can be used as a non-toxic photovoltaic material in the fabrication of efficient solar cell devices
(Bi et al., 2011). Cadmium sulfide nanoparticles (CdS NPs) has also proved to be potential for
solar cells due to its significant long-term stability in terms of greater resistance to oxygen
degradation (Dowland et al., 2013). The dielectric studies using biologically synthesised lead
sulfide thin films (PbS NPs) as reported by Sagadevan et al. (2014) prove their promising use in

solar cell applications (Fig. 2.5).
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Table 2.12 Application of metal sulfide nanoparticles in various fields

Metal Sulfide  Synthesis Methods Size and Shape Applications References
Nanopatrticles
(MeSNPs)

Iron (Fe) Surfactant assisted hot- Cubic shape with good Photovoltaic devices, Huber et al., 2005; Bi et al.,
injection method uniformity and size Labeling of biological 2011; Gong et al., 2016
(Chemical synthesis), distribution ranging 60- materials, Transformer core
High-energy  milling 200 nm materials, Environmental
(Mechanical method) remediation and deactivation

of radioactive heavy metals

Zinc (Zn) Lewis acid-base Spherical crystals having In vitro imaging, Light Zhao et al.,, 2004;
reaction average diameter of 5.5 emitting diodes, Bioactive Jayalakshmi et al., 2006; Yu
(Chemical _synthesis), nm coatings, Fuel cells et al., 2013; Shakil et al.,
Thio-urea  hydrolysis 2018
(Hydrothermal
synthesis), Metal-
organic framework
strategy

Copper (Cu) Biological synthesis, Different types-Spherical Dye degradation, Solar cells, Borkow etal., 2009; Liang et
Sonochemical particles of average size 4 Immuno-sensors, Drug- al., 2011; Zhao et al., 2012,
synthesis using nm; Triangular plates of therapy, Agriculture, Lithium Cai et al., 2014; Singh et al.,
ultrasonicator, In-situ average size 12 nm; ion batteries, Wound 2015; lbrahim et al., 2016;
growth by Distorted spherical to dressings, Catalyst (Click Sidhuetal., 2017
solvothermal method, oval shape with slight reaction),  Air filtration
Microwave irradiation, technology
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Cadmium
(Cd)

Lead (Pb)

Nickel (Ni)

Surfactant-based
synthesis, Enzymatic
treatment (Green
synthetic method)

Chemical precipitation
method, Sonochemical
method.

Chemical precipitation

method, Ultrasonic
irradiation.
Hydrothermal
synthesis,

Solvothermal method
using domestic

microwave oven.

aggregations and size (8-
14) nm.

Varies from cubic to
hexagonal crystalline
structure  with  size
ranging from 2.4 nm to
6.2 nm

Uniform nanowires of
average diameter 40nm
and length 5u

Sphere like structure with
average crystallite size of
22 nm

Solar cells, Fluorescent probe,
Water purification

Solar cells,
Telecommunications
Dye-sensitized solar cells,

Infrared detectors.

El-Kemary et al., 2009;
Dowland et al., 2013;
Barman et al., 2016

Karami et al., 2013;

Sagadevan et al., 2014

Sarkar et al.,
Nagaveena et al., 2013

2018;
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2.8.2 Biomedical applications

Copper sulfide nanoparticles (CuS NPs) find several applications in biomedical field which
includes detection of food borne pathogens, biomolecules (DNA), glucose, etc (Cai et al., 2014).
These are extensively used as immunosensors, tools for in vivo molecular imaging, specific
targeted drug therapy (Cai et al., 2014) and as an agent for photo-thermal ablation of cancer cells
(Chen et al., 2010). Zinc sulfide nanoparticles (ZnS NPs) were reported to be widely acceptable
for both in vitro imaging, and high resolution tumor-targeted imaging due to its biocompatibility
(Yu et al., 2013). FeNPs proved to be highly potential in biomedical field including contrast
intensification of magnetic resonance imaging, medical treatments like hyperthermia, and even
labeling and magnetic separation of biological materials (Huber et al., 2005). Among different
semiconductor nanoparticles, CdS NPs have been studied for quantitative determination of drug

molecule contents as a fluorescent probe (EI-Kemary et al., 2009).

2.8.3 Agriculture

In this recent era of continuous exploration of safe, eco-friendly techniques, CuS NPs are gaining
attention for increasing wheat germination, improving tomato growth and quality. These
nanoparticles were also used for evaluating antifungal activity against several phytopathogenic

fungi (Sidhu et al., 2017).

2.8.4 Electronics

CuS NPs nanoparticles were found to be favorable as cathode materials for lithium ion batteries
due to its high specific capacity (Zhao et al., 2012). As a conventional semiconducting phosphor
material, ZnS NPs were extensively used in light emitting diodes, displays, di-electric filter,

sensors and lasers (Jayalakshmi et al., 2006). Even ZnS NPs implanted in porous carbon matrices
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has shown remarkable performance as an anode material in lithium ion batteries (Fu et al., 2015).
FeS NPs were commercially applied in magnetic recording tapes, transformer core materials, etc.
(Huber et al., 2005). CdS NPs has gained interest in manufacture of nanowires, nanospheres and
nanobelts. NiS NPs find application as cathode materials for use in high energy batteries, infrared
detectors, and designing of batteries (Nagaveena et al., 2013). Uses of PbS NPs in electronics
include optical switches, telecommunications, photograph lasers, gas sensing agents in solid state

sensors and also LED devices (Karami et al., 2013).

2.8.5 Bioactive coatings

ZnS NPs are used for coating multi walled carbon nanotubes (Zhao et al., 2004). CuS NPs were
coated over cellulose films for imparting antibacterial activity against different bacterial sp. such
as S. aureus and E. coli (Jia et al., 2012). CuS NPs are also effective as wound dressings and socks

due to their biocidal properties (Borkow et al., 2009).

2.8.6 Catalytic Reactions

CuS NPs have been used as catalysts because of its low toxicity, affordability and regenerability
(Rubilar et al., 2013). CuS NPs can be applied as an excellent catalyst in alkyne-azide
cycloaddition “Click reaction” (Liang et al., 2011). CoS NPs also proved efficient as powerful
catalyst for photoelectrochemical generation of hydrogen from water at neutral pH (Sun et al.,
2013). ZnS and CdS nanoparticles combined with graphene forming nanohybrids were useful in
photocatalytic reactions, including in water splitting, CO2 reduction, textile wastewater
degradation in presence of a photocatalyst (Thangavel et al., 2016). Iron-catalyzed sulphoxidation
were also proved to be remarkably good under very simple reaction conditions in presence of

aqueous H20- (Legros et al., 2004).
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2.8.7 Environmental remediation

FeS NPs have been applied for environmental remediation of both groundwater and soil by
reductive conversion of organic pollutants, and deactivation of radioactive heavy metals (Gong et
al., 2016). CuS NPs were considered as antimicrobial compounds in air filtration technology to
eliminate bio-aerosols through the process of ventilation (Ibrahim et al., 2016). CdS NPs in
combination with zinc oxide proved to be efficient in water purification as they showed
antimicrobial activity against water-borne pathogens (Barman et al., 2016). ZnS and Ag2S bi-
metallic nanoparticles have been successfully applied as cheap, renewable and interesting options

to commercialized agents for decomposition of environmental pollutants (Abbasi et al., 2018).
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Fig. 2.5 Major application of MeS nanoparticles in various fields.
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2.8.8 Fuel cells

The activity and stability of the most important cathodic reaction (O2 reduction reaction) in fuel
cells were improved by CoS NPs as reported by Bai et al. (2016). Similarly, ZnS NPs have several
potential applications in fuel cells due to their excellent physical and chemical properties (Shakil

etal., 2018).
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ABSTRACT

Biological sulfate reduction and heavy metal removal process is an emerging technique to recover
heavy metals from wastewater. In this study, anaerobic biomass from three different sources were
initially screened on the basis of their metal removal and sulfate reduction efficiencies. The effect
of metal loading on the removal of sulfate and COD by sulfate reducing bacteria (SRB) present in
the anaerobic biomass was further examined. At low metal loading conditions, the biomass
obtained from a laboratory scale anaerobic rotating biological contactor (An-RBC) reactor treating
metallic wastewater showed a maximum metal removal (95 + .50%), sulfate reduction (90 £
1.56%) and COD removal (80 = .88%); however, the values decreased at a high metal
concentration for all the biomass. Metals were then subsequently recovered in the form of
nanopowder from bioprecipitates and the metal recovery efficiency was in the order Cu > Pb > Cd
> Zn > Ni > Fe > Mn. Analysis of the bioprecipitates revealed the presence of metal sulfide, which
was further confirmed by field emission scanning electron microscope (FESEM) and energy
dispersive X-ray spectroscopy (EDX) analysis. Size, shape and crystallinity of the nanoparticles
were confirmed by field emission transmission electron microscopy (FETEM) and X-ray

diffractometer (XRD) which indicated its excellent potential for industrial reuse and application.
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3.1 Introduction

Increasing demand of heavy metals in industrial sectors has led to the depletion of metal and
mineral resources. To compensate for this loss, heavy metals need to be recovered from wastewater
discharged from industries, particularly mining and metallurgy, which usually contains a high
concentration of heavy metals (Kiran et al., 2018). Mine wastewater, commonly known as acid
mine drainage (AMD), is characterized by its low pH, high sulfate and high metal content (Kieu

et al., 2011; Kastyuchik et al., 2016; Kiran et al., 2017).

The most important factor which makes AMD an environmental threat is its ability to convert
relatively inert ore into tremendous volumes of hazardous waste, extending its life and extreme
difficulty in managing its flow (Johnson et al., 2005). Owing to the presence of toxic heavy metals,
acid mine drainage (AMD) impact the environment due to ecological destruction of watersheds
and heavy metal pollution of ground and surface water globally (Beyenal and Lewandowki et al.,
2004; Kieu et al., 2011; Kiran et al., 2017). Hence, there is a need to not only treat heavy metal

containing wastewater but also recovery of heavy metals before discharge into the environment.

Available physiochemical methods, including lime neutralization, adsorption, oxidation-reduction
and chemical precipitation, to treat AMD and other metallic wastewater have one or more
drawbacks, such as high cost, low removal efficiency, generation of high sludge volume, etc.
(Kiran et al., 2015; Taseidifar et al., 2017). In this context, biological sulfate reduction using
anaerobic sulfate reducing bacteria (SRB) is an effective method for both metal removal and
recovery from wastewater. It is considered an effective alternative to conventional methods e.g.
hydroxide precipitation due to its low capital cost and formation of highly insoluble salts

(Kaksonen and Puhakka et al., 2007; Gallegos-Garcia et al., 2008).
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_________________________________________________________________________________________________________________________________|
Under anaerobic environment, SRB oxidize simple organic compounds by utilizing sulfate as an
electron acceptor and generate sulfide and alkalinity. The biogenically produced sulfide is capable
of reacting with dissolved metals to form highly insoluble metal sulfide precipitates since the

solubility of the metal sulfides are generally very low.

Thus, there is an increased interest in the potential application of biological sulfate reduction as an
alternative method for heavy metal removal and recovery from wastewater (Castillo et al., 2012;
Sanchez-Andrea et al., 2014; Lefticariu et al., 2015). However, the potential use of SRB for
synthesis of metal nanopowders through biogenic sulfate reduction has not been explored as most

of the earlier studies are limited only to metal removal or sulfate reduction.

The problem with the sulfate reduction process for metal removal is the generation of insoluble
metal precipitates, which may leach out and adversely affect the environment. However, metal
recovery from such insoluble metal precipitate is an option. Moreover, metal recovery in the form
of nanoparticles could serve as an incentive to industries that discharge heavy metal containing
wastewater. Such metal nanoparticles have also shown to be toxic towards animals and other living
organisms, thereby necessitating its recovery from wastewater. These nanoparticles are
characterized by their small particle size, large specific surface area, and high surface reactivity,
and hence, these metal nanoparticles find many applications in different areas. For example, nickel
sulfide and copper sulfide nanoparticles can be used for dye degradation (Molla et al., 2016;
Shamraiz et al., 2016) and iron sulfide nanoparticles can be used for the reduction of chlorinated

organic compounds and heavy metal removal (Gong et al., 2016).
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Hence, this study was aimed at screening of different anaerobic biomass with SRB for
simultaneous removal and recovery of metals in the form of nanoparticles from heavy metal

containing wastewater.
3.2 Materials and methods
3.2.1 Screening of anaerobic biomass for heavy metal removal and recovery

Anaerobic biomass collected from three different sources were screened for heavy metal removal
and recovery as nanopowder from aqueous solution. These sources were: (1) large scale upflow
anaerobic sludge blanket (UASB) reactor (located in Kavoor, Mangalore, Karnataka, India)
treating sewage and wastewater from small scale industries, (2) a wastewater treatment plant
(WWTP) situated in 1IT Guwahati, Guwahati, Assam, India, and (3) a laboratory scale anaerobic
rotating biological contactor (An-RBC) reactor treating heavy metal containing wastewater. The

collected anaerobic biomass was stored at 4 °C in a refrigerator until further use.

For initial activation of microorganisms present in the biomass, 10% (v/v) of the respective
anaerobic biomass from different sources was added to 1 L aspirator bottle containing modified
Postgate media, which is commonly used for cultivating SRB, such as Desulfovibrio and
Desulfotomaculum species. After purging with nitrogen, the bottles were incubated in an orbital
shaker set at 30 °C and 150 rpm for one week. 60% (v/v) of sodium lactate was used as the carbon
source and electron donor for culturing these biomass types. Sulfate was added as Na>SOs at
COD/S04? ratio of 0.67. The active biomass was subsequently tested for heavy metal removal and

recovery experiments, as detailed later in the next section.

Composition of the modified Postgate medium for anaerobic growth of the biomass was as follows

(9/L): ammonium chloride (1.0), potassium dihydrogen phosphate (0.5), sodium sulfate (1.47),
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calcium chloride dihydrate (0.1), ascorbic acid (0.1), sodium citrate (0.3), ethylene diamine
tetraacetic acid (0.3), ferrous sulfate heptahydrate (0.289), and yeast extract (1.0) (Postgate 1984).

The pH of the media was adjusted to 7.0 using 2 N NaOH.

3.2.2 Heavy metal removal and recovery experiments

Batch experiments for heavy metal removal by sulfate reduction were performed using serum
bottles of volume 120 mL each and sealed with polytetrafluoroethylene (PTFE) septum. The
bottles were incubated in orbital shaker set at 30 °C and 150 rpm for five days. The bottles were
purged with nitrogen gas prior to the experiment with 10% (v/v) biomass as the inoculum. Bottles
containing biomass and carbon source but without any added metal served as the control in these

batch experiments.

Individual metal stock solutions of Cu(ll), Cd(l1), Ni(ll), Fe(ll), Pb(ll), Mn(Il) and Zn(Il) of
10,000 mg/L concentration each were prepared using copper chloride dihydrate, cadmium nitrate
tetrahydrate, nickel chloride hexahydrate, iron chloride tetrahydrate, lead nitrate, manganese
chloride tetrahydrate and zinc chloride, respectively. Serum bottles containing the Postgate
medium as mentioned earlier were added with the individual metal-containing stock solution to
obtain desired metal concentrations. Initial metal concentration in these experiments was chosen
based on the composition of acid mine drainage from Makum Coalfield area located in North-East

India (Equeenuddin et al., 2010). Table 3.1 provides the metal concentration tested in this study.
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Table 3.1 Metal concentration tested in this study (pH 7.0)

S.No. Metal Concentration (mg/L)
1 Fe 50 - 150
2 Cu 5-15
3 Mn 5-15
4 Cd 1-5
5 Ni 1-5
6 Pb 1-5
7 Zn 1-5

Samples were taken at regular intervals during the experiments for analysis of mixed liquor volatile
suspended solids (MLVSS), chemical oxygen demand (COD), pH, metal concentration, volatile
fatty acid (VFA), sulfate and dissolve sulfide contents. All these batch experiments were conducted
in triplicate and results reported are average of triplicate sample analysis. Among the biomass
collected from different sources, it was found that the biomass obtained from An-RBC reactor was
very efficient in terms of metal removal and sulfate reduction. Hence, metal sulfide precipitates
obtained using this biomass type were subsequently used for recovering the metals present. The

following equation was used to evaluate the metal recovery efficiency:

My

Metal recovery efficiency (%) = x 100 (3.4)

total

Where My, is metal (mg) recovered in the form of precipitates and Mtal is the total metal (mg)

added prior to the experiment.
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3.2.3 Metal nanoparticle characterization

To verify potential application of metal nanopowders obtained in this study, its composition
analysis and detailed characterization were carried out using technigues such as Fourier-transform
infrared spectroscopy (FTIR), field emission scanning electron microscopes-energy dispersive X-
ray (FESEM-EDX), field emission transmission electron microscopy (FETEM) and rotating anode

X-ray diffractometer (XRD).

For FTIR analysis, control biomass and metal loaded biomass were centrifuged at 10,000 rpm for
10 min followed by washing of pellet obtained with distilled water. The samples were finally dried
under vacuum for FTIR analysis (IR affinity-1S, Shimadzu, Japan). Samples treated similar to that
for the FTIR analysis were used for FESEM-EDX (Zeiss, Sigma, Germany) analysis to check the
morphology of the metal precipitates. In order to check the internal structure and morphology of
the metal precipitates by FETEM analysis, control and metal loaded biomass was centrifuged
thrice at 5,600xg for 10 min each followed by washing with distilled water after every run. The
final pellet obtained was placed on copper grid and analyzed using EDS integrated FETEM (JOEL,
JEM2100, Japan). Structural characterization of the samples were carried out by drying the sample
at 120 °C and then grinding it to a powdered form, followed by analysis using a rotating anode
based powder X-ray diffractometer (XRD) (Rigaku TTRAX III, 18 kW) with Cu K, radiation

(A=0.1542 nm).

3.2.4 Analytical methods

Biomass was estimated as mixed liquor volatile suspended solids (MLVSS) as per the method
defined in the American Public Health Association (APHA, 2005). Sulfate concentration was

determined using the standard barium chloride based turbidimetric method (APHA, 2005),
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whereas COD in the samples was determined by the closed reflux method (APHA, 2005). Sulfide
was measured based on a method described by Cord-Ruwisch (1985). Acetate was measured by
high pressure liquid chromatography (Biorad, Shimadzu) after sample filtration through 0.45 pm
nitrocellulose filter (Millipore). The HPLC was fitted with aminex hpx 87 h column and the mobile

phase was 5 mmol H2SO4 at 0.6 mL/min flow rate.

Metal concentration in the samples was determined by atomic absorption spectroscopy (Varian,
AA240, Netherlands) as per the APHA (2005) after passing the sample through 0.45 pm
nitrocellulose filter (Millipore). To determine the metal recovery percentage in this study, the metal
precipitates were first collected by withdrawing the liquid above and then the precipitates were
acidified using 20% HNOz to ensure complete dissolution of the metal precipitates. The soluble
metals were determined as mentioned earlier. All chemicals used in this study were of analytical

grade (AR).
3.3 Results and discussion
3.3.1 Heavy metal removal

Fig. 3.1 shows the metal removal efficiency obtained using the three anaerobic biomass types at
different low and high initial metal concentration. At a low initial metal concentration, more than
95% metal removal efficiency was achieved for all the metals, except with iron (90%), using the
anaerobic biomass from An-RBC. Similar results were obtained using the anaerobic biomass
obtained from UASBR after 120 h of incubation. The metal removal efficiency was less than 80%

in case of WWTP hiomass for all the metals.
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Fig. 3.1 Metal removal profile by anaerobic biomass from different sources at low (solid lines)

and high (dotted lines) initial concentration of different metals (a) Cd, (b) Cu, (c) Fe, (d) Mn, (e)
Ni, () Pb, (g) Zn.
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These removal values were, however, lower at a high metal concentration for all the biomass types
(Fig. 3.1). More than 92% metal removal efficiency was achieved for all the metals using An-RBC
biomass, but in case of iron the value was slightly low (88%). UASBR biomass resulted in 80%
removal with all the metals, except with cadmium and iron, in which case it was 75% and 69%,
respectively. More than 60% removal of copper, manganese, lead and zinc was achieved using
WWTP biomass, whereas the removal of cadmium, nickel and iron was only 55, 58 and 50%,

respectively.

3.3.2 COD and sulfate removal

The results of sulfate reduction and COD removal by anaerobic biomass in the presence of
different metals at a low initial concentration are depicted in Figs. 3.2 and 3.3, respectively. An-
RBC and UASBR showed very high sulfate reduction efficiency (91% and 85%, respectively)
with all the heavy metals, except with iron. On the other hand, sulfate reduction was low (55%)
with WWTP biomass. However, at a high initial metal concentration, the sulfate removal
efficiency reduced to 80%, 68% and 46% with An-RBC, UASBR and WWTP biomass,

respectively (Fig. 3.2).

Fig. 3.3 depicts the COD removal in the presence of different metals at low and high initial metal
concertations. At a low initial metal concentration, COD removal of more than 80% was achieved
for all the metals using the An-RBC reactor biomass. Using the biomass from UASB reactor and
WWTP, the COD removal was more than 70% at low concentrations of the metals, except for lead
and cadmium and, the value for these two metals was slightly less than 70%. But, at a high initial
metal concentration, the COD removal efficiencies slightly decreased (70%, 65% and 54% for An-

RBC, WWTP and UASBR biomass, respectively) (Fig. 3.3).
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Fig. 3.2 Sulfate reduction profile by anaerobic biomass from different sources at low (solid lines)

and high (dotted lines) initial concentration of different metals (a) Cd, (b) Cu, (c) Fe, (d) Mn, (e)

Ni, (f) Pb, (9) Zn.
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Fig. 3.3 COD removal profile by anaerobic biomass from different sources at low (solid lines) and
high (dotted lines) initial concentration of different metals (a) Cd, (b) Cu, (c) Fe, (d) Mn, (e) Ni,

(F) Pb, (g) Zn.
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3.3.3 Heavy metal recovery

Metal removal efficiency using the An-RBC reactor biomass was almost 90% for all the metals
tested, and, the metal precipitates obtained were further examined to recover the metals. The metal
recovery percentage was calculated for low inlet metal concentration. It could be seen that the
metal recovery from the precipitates was nearly 70% in the case of Cu and Pb. The value was
slightly low in the case of the other metals. Fig. 3.4 shows the recovery efficiency of the different

metals removed by sulfide precipitation using biomass collected from An-RBC reactor.
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Fig. 3.4 Metal recovery percentage for different metals from bioprecipitates obtained using the

An-RBC reactor biomass.

3.3.4 Sulfide and VFA production

Fig. 3.5 shows the dissolved sulfide concentration produced at the end of the experiments carried
out in the presence of the different metals. At low metal concentration, a very high amount of 39.5
mg/L dissolved sulfide was produced in the presence of copper, but at a high initial metal

concentration, the dissolved sulfide concentration was low (35.20 mg/L for copper). The high
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amount of sulfide produced correlates well with the results of sulfate removal efficiency obtained

in this study.
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Fig. 3.5 Changes in sulfide concentration at (a) low and (b) high initial metal concentration.

Fig. 3.6 shows the concentration of volatile fatty acids (VFA) produced in the presence of different

metals at low and high initial concentration.
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At a low initial metal concentration, the maximum VFA produced as acetic acid was 302 mg/L

with zinc as the heavy metal and the value was closely followed by that due to copper (250 mg/L),
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cadmium (201.45 mg/L) and nickel (160.2 mg/L). However, with iron a very less amount (60
mg/L) of VFA was produced. At a high initial metal concentration, a maximum VFA production
of 350 mg/L obtained in the case of copper, followed by that with zinc (310.5 mg/L) and nickel

(215 mg/L).
3.3.5 Characterization of metal bioprecipitates

Metal bioprecipitates obtained using the An-RBC biomass, which yielded a maximum sulfate and
metal removal efficiency, were further characterized by using different techniques. Fig. 3.7 shows
FTIR spectra of the metal precipitates in the range 500 - 4000 cm™* wave number, which reveals
the different functional groups responsible for metal removal by sulfide precipitation. The broad
band centered at 1100 cm™ shows the presence of sulfate (Feio Maria et al., 2004; Kiran et al.,
2015). A broad and deep band present in the range 3000 - 3700 cm™ shows the presence of the
hydroxyl group (-OH). Band stretching from 1600 to 1700 shows the presence of C=0 carboxyl
group. The band stretching from 1500 to 1580 cm™ indicates the presence of the amide group (-

NH) in the precipitate (Hongen et al., 2013; Kiran et al., 2018).

120
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20 T T T
4000 3000 2000 1000
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Fig. 3.7 FTIR spectra of An-RBC biomass with different heavy metals.
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Fig. 3.8 shows FETEM images of the different metal nanoparticles obtained by using the An-RBC
biomass, which shows a polycrystalline nature of these nanoparticles. The nanoparticles were of

different size and shape depending on the heavy metals present.

Fig. 3.8 FETEM images of the different metal bioprecipitates obtained in the study (a) cadmium,
(b) copper, (c) iron, (d) manganese, (e) nickel, (f) lead, and (g) zinc. Particle size distribution is

shown as insert to these figures.

Particle size distribution of the different nanoparticles revealed that CdS and CuS nanoparticles
were 12-14 nm diameter; in the case of NiS and ZnS nanoparticles, their size was 15-17 nm,
whereas for MnS it was in the range 9-11 nm. Similarly, the size of FeS and PbS nanoparticles

was in the range 8-10 nm (Fig. 3.8).

Elemental composition and morphology of the metal bioprecipitates were further analyzed by
using FESEM-EDX. The results shown in Fig. 3.9 revealed the presence of individual metals and

sulfide, signifying that the nanoparticles were formed due to the formation of metal sulfides. All
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these images also showed small peaks due to carbon, iron, oxygen, sodium, etc., which were

present in the form of nutrients in the Postgate medium.

Fig. 3.9 EDX of the different metal bioprecipitates obtained in this study: (a) cadmium, (b) copper,

(c) iron, (d) manganese, (e) nickel, (f) lead, and (g) zinc.
___________________________________________________________________________________________________________________________________|
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Structure and crystallographic orientation of the metal sulfide precipitates were determined from
their XRD spectra obtained in the range of 10°-70° of diffraction angle (20) which are shown in
Fig. 3.10. For CdS NPs, the peaks observed in the XRD spectra at the diffraction angles of 26.6°,
28.3°,36.8°, 43.9°, 48.1°, 54.9°, 67.1° and 75.9° closely match with the (002), (101), (102), (110),
(103), (004), (203) and (105) planes confirming the polycrystalline nature of the hexagonal
structure of CdS in the reference pattern of ICDD PDF 80-0006 (Soltani et al., 2012). The spectrum
for CuS NPs shows diffraction peaks at 20 values of 26°, 31.75° 45.46°, and 55.4° which
correspond to the diffraction lines formed by (111), (200), (220) and (311) planes of the face-
centered cubic structure of CuS (JCPDS card No. 5-0592). This result confirms the polycrystalline
nature of the CuS nanoparticle and is in accordance with that reported in the literature by

Nezamifar et al. (2015).

The diffraction peaks for FeS appear at 20 values of approximately 29°, 33.20° and 35.6°
corresponding to (311), (200), (400) planes attributed to hexagonal FeS (JCPDS: 65-9124). This
result as well confirmed the polycrystalline nature of the FeS NPs (Akhtar et al., 2013). The
spectrum for MnS shows diffraction peaks at 20 values of 27°, 38.6°, 45.4°, and 55.33° which
correspond to the diffraction lines formed by (100), (102), (110) and (112) planes of the face-
centered cubic structure of MnS (JCPDS card No. 40-1289). This result confirms the

polycrystalline nature of the MnS NPs as reported by Dhandayuthapani et al. (2017).

The diffraction peaks for NiS appear at 20 values of approximately 19.6°, 26.1°, 32°, 33.1, 38.9°,
and 50.11°orresponding to (200), (221), (300), (041), (241), (410) planes, match well with
orthorhombic geometry of NiS NPs (JCPDS card No. 22-1193). The diffraction pattern reveals
that the NiS NPs formed were polycrystalline in nature (Shajudheen et al., 2016).The diffraction

peaks for PbS appear at 20 values of 25.85°, 29.8°, 41°, 50.48°, 53.36° and 70.74° corresponding
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to (111), (200), (220), (311), (222) and (420) planes which matched well with cubic form of PbS
NPs nanoparticles (JCPDS card No. 78-1901) (Lee et al., 2015). Fig. 3.10(g) shows the diffraction
peaks observed at 20 values of 28.50°, 33.12°, 47.45°, 56.30°, 69.41° and 76.70° corresponding to
(111), (200), (220), (311), (400) and (331) crystalline planes well-matched with face centered

cubic structure of ZnS (ICDD PDF 65-1691) (Soltani at al., 2012; Ye et al., 2017).
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3.3.6 Mechanism of sulfate reduction and heavy metal removal

Anaerobic biomass samples from three different sources were screened based on their metal
removal, sulfate reduction, and COD removal, and the results showed that all the three biomass
were capable of heavy metal removal by sulfate reduction. These results correlate well with the

solubility product values of the respective metal sulfides.

Heavy metal removal at a low initial concentration was better than at a high initial metal
concentration due to metal inhibition on the biomass activity. Among the three biomass sources,
the biomass obtained from An-RBC reactor showed the best result in terms of heavy metal removal
as it was previously acclimatized to treat heavy metal containing wastewater (Kiran et al., 2017).
Even at a low initial metal concentration (1-5 mg/L), the metals could not be completely removed
(100%) from solution. One probable reason could be the formation of small particles (<0.45 pm)
known as fines or hydrated colloidal particles, which do not settle at the bottom and remain
suspended. These fines and colloidal particles can contribute to the residual metals in the effluent

(Villa-Gomez et al., 2011).

The differences in COD and sulfate removal values due to an increase in the initial metal
concentration could be explained based on metal to sulfide (M/S?) ratio as reported by Mothe et
al. (2015). At a low initial metal concentration and a fixed concentration of sulfate, the sulfide
produced by SRB is sufficient such that the M/S%is low (less than 1) for precipitating the metals,
thereby avoiding any toxic effect on SRB. On the other hand, at a high initial metal concentration,
the M/S? is high (more than 1) with a high residual metal concentration in solution that may be

inhibitory to SRB for achieving a high efficiency of COD or sulfate removal.
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S —
The unutilized COD observed at the end of the experiment (Fig. 3.3) is mainly due to the
incomplete metabolism of lactate and production of organic byproducts (e.g., acetate and
bicarbonate) by SRB which correlate well with the results of VFA production shown in Fig. 3.6.
A similar observation on acetate production was made by Luptakova et al. (2015) for treating
AMD using SRB with lactate as the sole carbon source. Gallegos-Garcia et al. (2008) observed
acetate accumulation while treating heavy metal (Fe, Zn, and Cd) containing wastewater using
sulfidogenic down-flow fluidized bed reactor (DFFBR). Similarly, Nagpal et al. (2000) reported
acetate accumulation using ethanol as the sole carbon source in a fluidized bed reactor for treating

wastewater. However, no acetate consumers were found to be present in the biomass.

Biochemical reaction carried out by Desulfovibrio species as the predominant SRB present in the

An-RBC reactor biomass can be written as follows (Kiran et al., 2018):
Lactate + %504_ — Acetate + HCO3 + %HS‘ + H* (3.5)

It is often observed that acetate produced as a byproduct of lactate metabolism serves as a
secondary carbon source for sulfate reduction by SRB (Zhou et al., 2011). Some SRB such as
Desulfotomaculum species utilize acetate as the sole carbon source for sulfate reduction, which

can be represented by the following reaction (Liamleam et al., 2007; Sousa et al., 2018):
Acetate + SO;~ — 2HCO3 + HS™ (3.6)

In this study, acetate was utilized by the biomass for sulfate reduction (Fig. 3.6), suggesting it to
be a secondary carbon source for the SRB present in the biomass. Yildiz et al. (2019) used acetate
as the sole carbon source for AMD treatment using a laboratory-scale anaerobic up-flow reactor,
and observed that in the absence of a primary carbon substrate, acetate serves as a very good

substrate for sulfate reduction in the bioreactor system.
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In order to verify acetate conversion to bicarbonate in this study, the wastewater pH was monitored

during the experiments (Fig. 3.11).

The pH of the metal containing synthetic media was 7.0, which dropped up to 6.5 within the first
24 h (Fig. 3.12). During the later period, the pH gradually increased due to the formation of
bicarbonate ions as represented by Eqg. (3.5), i.e., one mole each of acetate and bicarbonate were
formed as a result of incomplete oxidation of lactate. The pH of the medium further increased
when the acetate produced was converted to 2 moles of bicarbonate by SRB present in the biomass
(see Eq. (3.6)). Finally, after five days of incubation, the media pH stabilized at different values
for the metals tested in this study. In case of zinc and copper, the media pH reached up to a
maximum value of 7.0, whereas with the other metals the final pH was slightly low but the value

was near neutral (Fig. 3.11).

These results of stabilization of pH of the wastewater thus suggest potential application of this
technique for treating acidic wastewater such as AMD. Besides, the alkalinity produced due to
lactate/acetate metabolism by the SRB present in the biomass may contribute to the heavy metal
removal (Goncalves et al., 2007; Neculita et al., 2007). However, heavy metal removal in this
study was primarily due to sulfide precipitation, and other mechanisms seem to play only a minor
role during the removal process (Radhika et al., 2006). FTIR spectra of metal precipitate revealed
the presence of sulfate species, which further confirms the role of biological metal sulfide

precipitation for removing the metals from solution (Feio Maria et al., 2004; Kiran et al., 2015).
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Fig. 3.11 Change in pH at (a) low and (b) high initial metal concentration.

3.3.7 Mechanism of metal recovery as nanopowders

FETEM images (Fig. 3.12a) showed the presence of curved rods and cylindrical shaped bacteria,

which was typical of Desulfovibrio sp. morphology in the anaerobic biomass. FETEM images also

showed that the shape and size of the metal sulfide nanoparticles formed varied depending upon

the heavy metals. The nanoparticle formation was mainly extracellular as the metal nanoparticles
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were found both freely suspended in the media as well as on the cell wall of the bacteria. The
FETEM images further revealed a polymeric layer around the bacterial cell wall that contributed

to the exopolysaccharides (EPS) (Fig. 3.12) (Kiran et al., 2015).

“Copper
Nanoparticles

Fig. 3.12 TEM images of SRB present in An-RBC biomass loaded with copper: (a) bacterial EPS
layer on the cell surface; (b) bacterial cell with CuS NPs deposited on its surface and (c) EDS

spectrum of a spot on the bacterial cell wall indicated by the arrows.

EPS is generally secreted by such bacteria in order to avoid toxicity due to heavy metals and other
compounds (Gupta el al., 2017), and it mainly contains proteins, carbohydrates and enzymes
(Sardar et al., 2018). These compounds also help heavy metal sequestration on the bacterial cell
surface. Metal ions which are freely suspended in the media bind with compound containing
anionic groups present in the EPS present, around the cell wall of the bacteria. Vijayaraghavan et
al. (2008) proposed a two-step mechanism for bacterial mediated metal sulfide nanoparticles
formation: (1) binding of metal ions with the active anionic groups present on the cell wall (2)
such bound metal ions serve as nucleation site for more ions to get deposited. Hence, bacterial cell
wall serves as a nucleation site for metal deposition and metal sulfide formation. SRBs use lactate

for sulfate reduction and produce sulfide which binds with metals present outside the bacterial cell
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and forms metal sulfide nanoparticles. In this study, the formation of these metal sulfide on the

outer surface of the bacterial cell wall was confirmed by the EDS peaks (Fig. 3.12c).

Moreover, the presence of individual metal and sulfide peaks in the EDX spectra and XRD patterns
of the bioprecipitates confirmed the presence of metal sulfide in the bioprecipitates (Fig. 3.9, 3.10).
Based on the results, a schematic of the detailed mechanism involved in metal sulfide nanoparticle

formation by SRB is depicted in Fig. 3.13.

/ Sulfate Lactate Nutrients \

l Metal sulfide nanoparticles
A — Flagella
[ ' o % /

<4 . Sz_ e
SO,.> + e donor =—| HS-
H,S

Ly S Exopolysaccharides layer

Bacterial cell wall

\ Sulfide + M2* ——— MS] /

Fig. 3.13 Mechanism of metal sulfide nanoparticle formation.

3.4 Significant findings

This study demonstrated successful removal and recovery of different heavy metals in the form of
nanopowders from simulated wastewater by anaerobic biomass containing SRB. The major
mechanism of metal sulfide formation involved the binding of metals to sulfide produced outside
bacterial cell surface due to sulfate reduction by the bacteria. The metal bioprecipitates formed

external to the bacterial cell surface were thus easily recovered for reuse application. However, a
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high initial metal concentration was detrimental to its own removal due to its inhibitory effect on

the biomass. Detailed characterization of the recovered nanopowders indicates its potential use in

the environment sector.
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ABSTRACT

Acid mine drainage (AMD) is a serious environmental hazard in many countries with historic or
ongoing mining industries. Biological sulfide precipitation is an emerging technique for both
removal and recovery of heavy metals from such wastewater. This study demonstrated heavy metal
removal and recovery from synthetic wastewater containing Cd?*, Cu?* Fe**, Ni?*, Pb?* and Zn?*
using two continuously operated sulfidogenic anaerobic inverse fluidized bed reactors (referred as
R1 and R2) supplied with an influent pH of 7.0 and 3.0, respectively. In case of R1, more than
95% metal removal efficiency was achieved for all the metals except for Fe* (90%) and Ni%*
(85%), and in case of R2 the removal was more than 90% for all the metals except with Fe** (88%)
and Ni?* (82%). The metals were subsequently recovered in the form of metal nanopowder from
the reactor bottom and equalizer, and the metal recovery was in the order: Cu > Pb > Cd > Zn >
Ni > Fe. However R1 yielded a good recovery percentage (50-65%) of the metals in comparison
with the reactor supplied with influent pH 3.0 (46-55%). Metal sulfides were recovered from the
conical bottom and equalizer of the IFB bioreactor. The presence of immobilized sulfate reducing
bacteria onto the support material in the bioreactors were identified using field emission scanning
electron microscopy. The size and shape of the biometal nanoparticles were confirmed using field
emission transmission electron microscopy, which revealed an excellent potential for industrial
application. This paper demonstrates successful recovery of metal sulfides in the form of

nanoparticles using IFBR.

80
TH-2856_176106007



Chapter 4

4.1 Introduction

Metal containing wastewater from industries such as mining, metallurgy, electroplating, alloy
manufacturing, etc. is characterized by low pH and high concentrations of sulfate and heavy metals
(Reddy et al., 2010; Kiran et al., 2018). Besides, chemical oxygen demand (COD) concentration
varies from few to 100 mg/L in such wastewaters (Sarti and Zaiat et al., 2011; Bai et al., 2013).
Heavy metals, including copper (Cu?"), iron (Fe**), zinc (Zn?*), nickel (Ni?*), lead (Pb?"), and
cadmium (Cd?*), found in such wastewaters are toxic and pose several adverse health effects even
at a low concentration (Oyekanmi et al., 2017; Adeleke et al., 2017; Oyekanmi et al., 2019). On
the other hand, these heavy metals need to be recovered for industrial reuse applications (Kiran et
al., 2018). Therefore, the treatment of heavy metal containing wastewater is mandatory prior to

its release into the environment.

Biological heavy metal removal by bioprecipitation using sulfate reducing bacteria is gaining
importance over conventional chemical neutralization and hydroxide precipitation methods, and
this is attributed to the many drawbacks of chemical precipitation such as: (1) production of bulky
sludge, (2) metal recovery is difficult and (3) high cost of chemical reagents (Villa-Gomez et al.,
2011). In this context, biological sulfide precipitation proves useful for metal recovery in addition
to metal removal. In this process, sulfate reducing bacteria (SRB) utilize organic matter or electron
donor to reduce sulfate to sulfide, which combines with metals and forms highly insoluble metal
sulfide precipitate, thereby facilitating the recovery of metals in the form of nanobioprecipitate

(Kiran et al., 2017).

Different reactor configurations have been studied for biological metal sulfide precipitation, which
include anaerobic filter (Jong and Parry et al., 2003), up-flow anaerobic sludge bed reactor

(Kaksonen et al., 2003), expanded granular sludge bed reactor (Sierra-Alvarez et al., 2007), and
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fluidized bed reactor (Kaksonen et al., 2003). However, these reactors are well known for sulfate
and metal removal but fail in terms of metal recovery. Compared with these reactor configurations,
the inverse fluidized bed reactor (IFBR) is an excellent alternative not only for metal precipitation
but also for metal recovery. Compared with other conventional sulfidogenic reactor systems, the
IFBR is based on floatable carrier materials, which are fluidized downwards due to liquid
recirculation from the top. Following inoculation of the reactor with SRB, biofilm develops over
the support materials. In contrast, metal sulfide formed due to the SRB activity gets precipitated
at the bottom of the reactor, thus facilitating the easy recovery of the metal sulfide (Gallegos-

Garcia et al., 2009).

The IFBR has been used for removal and recovery of heavy metals such as Cu?*, Pb?*, Zn?* and
Cd?* but only low recovery efficiency of 40-50% has been reported thus far at pH 7.0 (Villa-
Gomez et al., 2011). Hence, there is a need to intensify the process to achieve maximum recovery
of metals from wastewater. This is mainly important also considering the fact that acidic
wastewater such as acid mine drainage (AMD) has a low pH (Kiran et al., 2017). The low pH of
the wastewater directly affects the recovery of heavy metals in adverse manner by solubilizing the
metal sulfide (Zhang et al., 2018). Not only pH but also other factors, including hydraulic retention
time (HRT), metal loading rate and sulfide concentration can affect metal recovery in the IFBR
system (Villa-Gomez et al., 2011). Although a few studies on metal recovery using sulfidogenic
reactors have been reported in the literature, the influence of certain critical process parameters,
including influent with low pH, hydraulic retention time, low/high metal loading, etc. on metal
recovery using reactors, in particular IFBR, have not been reported thus far. Moreover, detailed
characterization of metal bioprecipitates obtained from sulfidogenic reactors treating wastewaters

for potential industrial application has not been reported.
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Therefore, the aim of this study was to evaluate the IFBR for metal removal and recovery from
acidic wastewater using an IFBR. The effect of different hydraulic retention time (HRT) (12 h, 24
h, and 48 h) on metal removal was further evaluated. In order to gain insight into the mechanism
involved in the process, biofilm was characterized through field emission scanning electron
microscopy (FESEM), Metal bioprecipitates formed at the bottom of the reactor after each
experimental run were characterized by FESEM-EDX and field emission transmission electron

microscopy (FETEM).
4.2 Materials and methods
4.2.1 Sulfate reducing biomass

Biomass used as inoculum and as a source of SRB was acquired from a laboratory scale
sulfidogenic anaerobic rotating biological contactor (An-RBC) reactor treating metallic
wastewater, as previously described in Chapter 3. The attached biomass from An-RBC reactor
regrown in Postgate medium (Postgate, 1984) and later used to inoculate the IFBR.

4.2.2 Synthetic wastewater composition

Composition of the synthetic wastewater used in the study was as follows (g/L): NH4CI (1.0),
sodium citrate (0.3), KH2PO4 (0.5), SO+* (1.47), yeast extract (1.0), CaClz-2H,O (0.1),
ethylenediaminetetraacetic acid (0.3) and FeSO4-7H20 (0.28) (Postgate, 1984). Sodium citrate was
added in the media to prevent the precipitation of metals in solution prior to the experiments.
Sodium lactate (60% v/v) was used as electron donor and the influent sulfate concentration was
1.47 g/L, and for which an equivalent amount of sodium sulfate was added at COD/SO4? ratio of
0.67. The pH of the media was adjusted to 7.0 using NaOH and 3.0 using HCI. Individual metal

stock solutions (10,000 mg/L concentration each) of Cd?*, Cu?*, Fe**, Ni?*, Pb?* and Zn?* were
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prepared using Cd(NOz)2:4H.0, CuCl2-2H20, FeCl3z-6H20, NiCl,-7H20, Pb(NO3)2, and ZnCly,
respectively. Desired concentrations of the individual metals in the experiments were achieved by
adding a known volume of the respective stock solution in the media. All reagents used in this
study were of analytical grade. All these experiments were conducted in triplicate, and the results

were represented in the mean + standard deviation format.
4.2.3 IFBR and start up

Two laboratory scale IFBRs (8 cm diameter, 60 cm height) (R1 and R2) with a total operational
volume of 3 L each were fabricated using polymethyl methacrylate (PMMA) material. The bed
expansion (30% of the reactor volume) was maintained by recirculating the liquid flow inside the
reactor at 600 mL/min. The IFBR was added with 500 mL of low-density polyethylene rings of 1
cm mean diameter and 340 kg/m?® density as the carrier support material. The IFBRs consisted of
columns with conical bottom, and the gas outlet and flow distributor were mounted on the top of
the reactors. The influent was pumped from the top of the reactor using a peristaltic pump
connected to the influent tank, whereas one of the reactor received influent at pH 3.0, other reactor
influent pH was maintained neutral (7.0) in order to compare their performances. Equalizer
connected to the reactors were used to avoid overflow and keep the liquid level constant inside the

reactors (Fig. 4.1).

Before operating the reactors under different process conditions, biofilm was grown on the support
material using biomass obtained from An-RBC reactor, for which Postgate medium without any
added metal solution was used. Nitrogen gas was purged to maintain anaerobic environment inside
the reactors. During initial startup of the reactors, freshly prepared Postgate medium was supplied
under semi-continuous mode every seven days for a total of 60 days. The reactors were operated

at an ambient temperature in the range 25-27 °C. Following the startup phase and biofilm
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formation on the support material, the IFBRs were operated under continuous mode with heavy
metal containing wastewater at the influent pH 7.0 and 3.0, respectively. Samples were collected
from effluent port at constant time intervals to analyze the sulfate, metal, COD and acetate

concentrations.

Support material

—’—g g Liquid
)

| outlet | Effluent
N, | A

o [
cylinder -

Influent Metal precipitates
N

Fig. 4.1 Schematic of inverse fluidized bed reactor.

4.2 .4 Effect of HRT

The effect of different HRT (48 h, 24 h and 12 h) on metal removal in the IFBRs was examined
using an inlet copper concentration of 10 mg/L, influent pH of 7.0 and 3.0 and COD/SQ4? ratio of

0.67.
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4.2.5 Experimental procedure for metal removal and recovery

The two reactors (R1 and R2) were operated for 150 days, respectively, at two different influent
pH values keeping all other parameters constant. Whereas the R1 was operated at influent pH 7.0,
R2 was operated at influent pH 3.0, both at HRT of 24 h for studying the heavy metal removal and
recovery. The inlet concentration for Cd?*, Ni%*, Pb2*, Zn?* were selected as 5, and 10 mg/L and
in case of Cu?* it was 25 and 50 mg/L. The concentration in case of Fe** were 50 and 150 mg/L

(Table 4.1).

Table 4.1 Operation time and other conditions followed for continuous metal removal and

recovery using R1 and R2

Operating conditions Start up Effect of HRT Metal removal and recovery
experiment

Operation time (days) 0-60 61-90 91-150

HRT (h) 24 48, 24, 12 24

COD/sulfate ratio 0.67 0.67 0.67

Individual metal added No metal added cu?* (10) Cd?* (5-10), Cu?* (25-50), Fe3* (50 —
in influent (mg/L) 150), Ni%* (5-10), Pb?* (5-10), Zn?*

(5-10)

Individual metal containing solutions of Cd?*, Cu?*, Fe3*, Ni?*, Pb?" and Zn?* were supplied as
influent to the continuously operated IFBRs for studying the removal and recovery of these metals
from the respective solutions. After completion of each metal removal experiment performed using

single metal containing solution as the influent, the corresponding metal precipitate was removed
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from the bottom and equalizer section of the reactors followed by washing of the reactor content
inside with Postgate media devoid of any added metals. For recovering the metal bioprocipitates
settled at the bottom and equalizer section of the reactors, both influent and the recirculation pump
to the reactors were momentarily suspended for a few minutes. However, small-sized (<0.45 um)
metal precipitates, known as fines, which do not settle at the bottom and escaped through the
reactor effluent, were not accounted for calculating the recovery efficiency in this study. The low
and high inlet heavy metal concentration values were selected based on the composition of acid

mine drainage.

4.2.6 Characterization of immobilized biomass and metal nanopowders

Characterization of support material used for immobilization of bacteria was carried out by
FESEM. Sample containing SRB immobilized support material was first fixed using 3%
glutaraldehyde and later dehydrated using ethanol for its characterization using FESEM (Sigma

300, Germany) (Kiran et al., 2017).

To verify potential application of metal nanoparticles recovered in this study, its composition
analysis and detailed characterization were carried out using techniques such as FESEM-EDX and

FETEM. The details of all these methods were provided in section 3.2.3 of Chapter 3.

4.2.7 Analytical methods

Biomass added for biofilm growth in the IFBR was determined as mixed liquor volatile suspended
solids (MLVSS) according to standard methods defined in American Public Health Association
(APHA) (APHA, 2005). COD of influent and effluent samples were determined using closed
reflux method (APHA, 2005). Sulfate was measured using standard barium chloride based

turbidimetric method (APHA, 2005). Dissolved sulfide in the effluent was determined using
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colorimetric method described by Cord-Ruwish (1985). Acetate concentration in the samples was

determined by HPLC with Aminex HPX-87H column (Bio-Rad Laboratories, USA).

Concentration of different metals in solution was determined by microwave plasma atomic
emission spectroscopy (Varian, 4210 MP-AES, Agilent Technologies) (Sungur et al., 2015). For
estimating the amount of metals recovered in the reactors, metal bioprecipitates settled at the
bottom and equalizer section of the reactors were collected and solubilized by acidification with
20% HNO3 (Villa-Gomez et al., 2011). All the reagents used were of analytical grade. The details

of all these methods were provided in section 3.2.4 of Chapter 3.
4.2.8 Calculations

The metal removal efficiency was calculated based on the difference in the metal concentration in

influent and effluent from R1 and R2, as represented in the equation (Eq. (4.1)) below:

Min—Mout

Metal removal efficiency (%) = X 100 (4.1)

n

Where Min and Mout are metal concentrations (mg/L) in the influent and effluent to the reactors,

respectively (Villa-Gomez et al., 2011).

The bioprecipitate obtained from conical bottom of the IFBRs and the equalizer was utilized to

calculate the recovery percentage using the following Eq. (4.2):

Miotal—(Meq+Mp)

M¢otal

Metal recovery (%) = x 100 4.2)

Where My and Meq are metal concentrations (mg/L) in the bioprecipitates collected from bottom
and equalizer section of the reactors and Miota IS the total metal concentration (mg/L) in the influent

(Villa-Gomez et al., 2011).
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1
4.3 Results and discussion
4.3.1 Characterization of immobilized biomass

Fig. 4.2 shows the low-density polyethylene support material before and after biofilm formation
in the IFBRs during the startup phase. A gradual increase in the sulfate removal efficiency (~50%)
along with change in color of the support material from white to black and that of liquid inside the
reactor from brown to black confirmed formation of sulfate reducing biofilm onto the support
material and anaerobic condition in the reactor, respectively. Startup phase with the reactor was
carried out using Postgate medium devoid of any added heavy metals for biofilm growth and
development. Fig. 4.3 shows FESEM images confirm the SRB biomass immobilized onto the

support material.

rm@ ® ®

Fig. 4.2 Image showing polyethylene support (a) before and (b) after biofilm formation.
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Fig. 4.3 FESEM images of biofilm on the support material in R1 (a-b) and R2 (c-d).
4.3.2 Effect of HRT for metal removal

The effect of different HRT on copper removal was first examined using the reactors. The results
showed that at 48 h HRT, 99% copper removal efficiency was obtained, whereas at 24 h HRT, the
value slightly reduced to 97.8%. The metal removal efficiency dropped to a very low value of 70%
at 12 h HRT. Similar results of copper removal were obtained in the IFBR operated with influent
pH 3.0, COD/SO4* ratio 0.67 and copper concentration 10 mg/L. Hence, 24 h HRT was selected
for carrying out further experiments on metal removal and recovery using the two IFBRs (Fig.

4.4).
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Fig. 4.4 Effect of different HRT on copper removal using (a) R1 and (b) R2.
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4.3.3 Heavy metal removal

Fig. 4.5 shows the time profile of inlet and outlet metal concentration and percentage metal
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At all the low and high inlet metal concentrations, more than 95% metal removal was obtained in

case of Cd?*, Cu?*, Pb?" and Zn?* using R1, except for Ni?* and Fe*" (85% and 90%, respectively).

These heavy metal removal values were, however, slightly higher than the values obtained with
R2 for all the metals, but for copper the percentage removal value remained the same (Fig. 4.5).
In case of R2, more than 90% metal removal was obtained in case of Cd?*, Cu?*, Pb?* and Zn** at
all the low and high metal concentrations, except in the case of Ni?* and Fe** (82% and 88%,

respectively).
4.3.4 Effect of heavy metals on sulfate reduction and COD removal

Fig. 4.6 and 4.7 show the sulfate reduction and COD removal profiles in the presence of different
metal. At a low inlet metal loading in R1, sulfate reduction efficiency was 54-65%, and the value
was slightly low (52-58%) in case of R2. Fig. 4.7 shows the COD removal profile in the presence
of different metals. In case of R1, 68% to 80% COD removal was obtained at low inlet metal
loading. Whereas, in case of R2, the COD removal was in the range 66-76%. The pH of the effluent
from R1 was in the range 6.5-7.5 and in case of R2 it was more than 6.2-7.0 for all the metals used
(Fig. 4.11). Fig. 4.10 shows the results of acetate and sulfide produced in R1 and R2, which

matched well with afore-mentioned COD removal and sulfate reduction values.
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_________________________________________________________________________________________________________________________________|
4.3.5 Metal recovery

Table 4.2 presents the metal recovery percentage from bioprecipitate obtained from bottom and
the equalizer of R1 and R2. As described previously, the accumulated bioprecipitate was removed
from conical bottom and the equalizer of the reactors, and the metal recovery values were
calculated after every experimental run for each metal. Metal recovery percentage using R1 was

in the range 50-65% and in case of R2 these values were slightly low (46-55%).

Table 4.2 Heavy metal recovery values obtained using R1 and R2

Metal Metal recovery (%) Metal recovery (%o)
using R1 using R2
Cd** 61.5 53.2
Cu® 65.2 55.9
Fed* 50.1 48.5
Ni2* 51.2 46.2
Pb* 64.8 53.4
Zn?* 58.2 51.6

4.3.6 Bioprecipitate characterization

In order to understand the morphology and elemental composition of the metal bioprecipitates
formed, FETEM and FESEM-EDX analyses were carried out with the individual metal
bioprecipitates collected from the conical bottom of IFBR R1. FETEM images of the

bioprecipiates are shown in the Fig. 4.8.
Size of the metal nanoparticles were different, and it ranged between 14 and 18 nm in case of
copper and cadmium, in the case of lead and nickel nanoparticles it was in the range 8-10 nm. Size
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of FeS NPs ranged between 10-12 nm and in case of ZnS NPs the size was 15-20 nm (Fig. 4.8).

These results of metal nanoparticle size were further confirmed by particle distribution analysis.

Fig. 4.8 FETEM images of bioprecipiates showing (a) cadmium, (b) copper, (c) iron, (d) nickel,
(e) lead and (f) zinc nanoparticles. Particle size distribution of the different metal nanoparticles are
shown as insert to these figures.

FESEM-EDX analysis of the bioprecipitates was performed for determining their elemental
composition and morphology. Fig. 4.9 shows morphology and composition of bioprecipitate
obtained from the conical bottom of the IFBR. EDX indicated presence of individual metals and
sulfide, which signifies that nanoparticles formed were of different metal sulfides. EDX images
also show small peaks due to carbon, sodium, potassium etc. initially present in the Postgate

medium.
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Fig. 4.9 FESEM-EDX of bioprecipiates showing (a) cadmium, (b) copper, (c) iron, (d) nickel, (e)
lead and (f) zinc nanoparticles.

4.3.7 Heavy metal removal, sulfate reduction, COD removal and sulfide production

Numerous reactor configurations have been employed for metal, COD and sulfate removal by
bioprecipitation but there are very limited reports on recovery of heavy metals from wastewater at
a low pH using IFBR (Gallegos-Garcia et al., 2009; Villa-Gomez et al., 2011). The main aim of
this study was to evaluate the metal recovery from wastewater at influent pH 3.0 using IFBR and

compare its performance with another reactor receiving wastewater at influent pH 7.0.
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The metal removal values were high at a low inlet metal concentration (more than 95% for all the
metals in R1 and R2) suggesting that IFBR is highly suited to treat wastewater at low initial metal
concentration despite the pH condition. Concentrations at which different metals exert toxic effect
on SRB are as follows: 5-50 mg/L for Cu, >60 mg/L for Fe, 25-40 mg/L for Zn, 75-80 mg/L for
Pb, 5-20 mg/L for Cd and 10-20 mg/L for Ni (Cabrera et al., 2006). In this study, toxic effect of
the metals on SRB activity was not observed as the inlet metal concentrations were lower than the
aforementioned values for the respective metals. Villa-Gomez et al. (2011) reported very high
removal of Cd?* (96.5%), Cu?* (99.1%), Pb®* (92.4%) and Zn?** (91.3%) at 5 mg/L inlet
concentration using IFBR at influent pH 7.0. The results of low value of metal removal efficiency
obtained at a high inlet metal concentration in both R1 and R2 can be attributed to one or more
factors, including formation of soluble metal polysulfide complexes, complexation with
metabolites formed in the reactor and the production of fines that can pass through the filters

(Lewis et al., 2010; Villa-Gomez et al., 2015).

Major mechanism of heavy metal removal by SRB involves metal precipitation as metal sulfide
by sulfate reduction using SRB. Fig. 4.5 shows the removal of different metals at low and high
inlet metal concentrations in R1 and R2. The metal removal efficiency is slightly low in both the
reactors at a high inlet metal concentration. Metal to sulfide (M/S*") ratio is known to play an
important role in the SRB mediated metal removal process (Kiran et al., 2017). High efficiency of
metal removal is achieved at low M/S? ratio (<1) due to high concentration of sulfide available
for precipitating the metals. Whereas, at a high M/S* ratio (>1), residual metal ions present in
solution exerts toxic effect on the SRB, thus reducing the sulfate reduction efficiency and,

therefore, its own removal (Villa-Gomez et al., 2015; Kiran et al., 2017). The results of low metal

99
TH-2856_176106007



Chapter 4

removal efficiency correlated well with the sulfate reduction and COD removal values. As per the

equation (Eq. (4.3)), acetate formed also served as an electron donor for sulfate reduction by SRB.

A high sulfate reduction efficiency (~65%) is observed at a low inlet metal concentration in both
R1 and R2, which yielded a high sulfide concentration (~250 mg/L) for precipitating the metals
(Fig. 4.6). A decrease in sulfate reduction efficiency (~50%) due to an increase in inlet metal
concentration is observed due to inhibitory effect on SRB. R2 showed lower sulfate reduction
efficiency in comparison with R1 at low as well as high inlet metal concentrations. It is reported
that a low pH (<5) of wastewater inhibits the activity of SRB irrespective of the carbon source
used and its concentration (Lopes et al., 2007). The reduced activity of SRB due to low pH is also

ascribed to a low metal removal efficiency, sulfide concentration and metal recovery in R2.

Sulfide production results obtained (250 £ 30 mg/L in R1 and 200 + 35 mg/L in R2) in this study
were same as that previously reported by Gallegos-Garcia et al. (2009). An increase in the sulfide
concentration thus indicated sulfate reduction to sulfide by SRB and a decrease in the sulfide

concentration indicates its utilization for metal precipitation (Fig. 4.6 and Fig. 4.10a).

The results of COD removal (68-80% in R1 and 65-76% in R2) and production of organic
byproducts matched well with the acetate concentration values (50-450 mg/L in R1 and 90-400
mg/L in R2) (Fig. 4.10b). Gallegos-Garcia et al. (2009) also observed that COD in their study was
not utilized completely due to incomplete breakdown of lactate to acetate and bicarbonate as the
byproducts by SRB. Zhou et al. (2011) reported that during lactate breakdown by SRB, acetate
was produced as a byproduct and it was utilized as a secondary carbon source by some acetate
utilizing SRB. Some SRB (e.g. Desulfotomaculum species) use acetate as carbon source for sulfide
precipitation process as shown in the equation (Eqg. (4.3)) below (Liamleam et al., 2007; Sousa et

al., 2018):
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Acetate + SO3~ — 2HCO3 + HS™ (4.3)

In this study, the consumption of acetate as electron donor by SRB for sulfate reduction is observed
from Fig. 4.10b. Fig. 4.10b clearly reveals that lactate was only partially converted to acetate. Fig.
4.10b also shows that in the presence of Cu and Fe, acetate was completely utilized, whereas, in
the case of nickel and lead, the acetate was not completely utilized indicating inhibitory action of

these metals on acetate-consuming bacteria for sulfate reduction.

The influent pH of the synthetic wastewater used in this study was 7.0 and 3.0 in R1 and R2; in
the case of R1, the pH dropped within the first 24 h, whereas in case of R2 it slowly increased (Fig.
4.11). An abrupt change in pH of R2 fed with influent containing iron is due to a high added initial
concentration of the metal (150 mg/L) which utilized all the available sulfide to form insoluble
iron sulfide precipitates. A similar observation on drastic change in pH of R2 fed with nickel can
be made. The pH slowly increased in both the reactors (R1 and R2) after the formation of

bicarbonate due to incomplete oxidation of lactate as shown in equation (Eq. (4.4)).

In both the reactors, increase in the influent pH was observed due to bicarbonate ions produced
and acetate consumption for sulfate reduction by SRB (Eqg. (4.3)). Finally, after 4 days the effluent
pH become stable at various values in both the reactors (Fig. 4.11). Similar observation were made
in a previous study treating acidic wastewater at inlet pH of 5 or even 2.5 and effluent pH in the
reactor was restored up to 7.0 due to alkalinity produced in the system (Jong and Parry et al., 2006;
Gallegos-Garcia et al., 2009). In both the reactor systems (R1 and R2), the effluent pH was found
to be around 6.5, which is well within the permissible limit for safe discharge of wastewaters into

the environment (Kumar et al., 2012).

Lactate +~S0%~ — Acetate + HCO3 +>HS™ + H* (4.4)
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4.3.8 Metal removal mechanism

The mechanism of heavy metal removal can be defined as follows (1) sulfide production from

sulfate by SRB and (2) formation of highly insoluble metal sulfide precipitate. In comparison to

other reactor systems, IFBR system used in this study offers advantage of heavy metal recovery
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as metal sulfide nanoparticles (Villa-Gomez et al., 2011). The formed metal sulfides precipitate
accumulates in the conical bottom and the equalizer of the IFBR in this study (Gallegos-Garcia et

al., 2009).

At all the initial metal concentration, copper removal efficiency was highest among all the different
metals examined in both the reactors. The reason behind its maximum removal is because Cu$S has
that least solubility product value among all the metal sulfides. Accordingly, the different metal
removal efficiencies correlated with the solubility product value of the different metal sulfides. In
the literature, it is reported that copper sulfide has the least solubility product of 8 x 107 (Yildiz
et al., 2019). Nickel and iron showed low removal percentage among the different heavy metals
owing to its high solubility product value with sulfide; hence, due to its high solubility product
value, iron recovery was also low compared with the other metals. In addition to solubility product
of the metal sulfides, formation of settleable solid is important in heavy metal removal. The
formation of settleable solids mainly depends on pH of the solution. In case of iron, the pH value
was lowest in comparison to other metals. Villa-Gomez et al. (2014) observed increase in the

settleable solids amount from 5.1 to 9.4 mL/L due to an increase in the solution pH from 3 to 7.
4.3.9 Metal sulfide recovery as nanopowders

The present study successfully demonstrated metal sulfide precipitation and recovery from
wastewater in the form of nanopowder at influent pH 7.0 and 3.0 using IFBR. Villa-Gomez et al.
(2011) reported less than 50% recovery of Cu, Zn, Cd and Pb using IFBR by direct measurement
of the metals following acidification of the recovered solids. In another study, Sinharoy et al.
(2019) used IFBR and obtained 58% selenium recovery from synthetic wastewater at pH 7.0 by
following the same acidification method. Gallegos-Garcia et al. (2009) used IFBR for Cd, Fe and

Zn recovery and reported a very high recovery efficiency in the range 75-97%, which was,
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however, attributed to the total suspended solids (TSS) present in the sample. In this TSS method,
for estimating metal recovery, the suspended solids present in the samples were considered to be
the same as metal sulfide present, but in reality TSS also contains salts from media which
significantly contributed to its total weight (Villa-Gomez et al., 2011). Therefore, in this study
direct measurement of metals following acidification of the recovered solids was followed for
determining the metal recovery. More than 50% recovery was obtained for all the metals tested at
influent pH 7.0 (R1) and a maximum recovery of 65% was obtained in case of Cu and Pb which
is very high compared to results reported in the literature on metal recovery using IFBR with
influent pH 7.0. In the case of R2, with low influent pH (3.0) slightly low recovery percentages of
Cu (55.9%) and Pb (53.4%) were obtained. The low recovery efficiency with R2 is probably due
to formation of fine particles with poor settling properties and formation of colloidal precipitates

at low pH (Gallegos-Garcia et al., 2009).

As the metal removal efficiency values in R2 with influent pH of 3.0 were low in comparison with
those in R1, the metal recovery values were also relatively low in R2. The low metal recovery with
R2 is also possible due to formation of fine particles with poor settling properties or formation of
the colloidal precipitates (Gallegos-Garcia et al., 2009). It is reported that low pH can solubilize
these metals and affect their recovery (Gallegos-Garcia et al., 2009). Esposito et al. (2006)
observed that the efficiency of ZnS precipitate formation decreased due to low pH (5.0) in a
chemostat fed with Na>S. Solution pH is known to affect the characteristics of metal precipitates
by inducing the effect due to macronutrients and dissolved organic matter (DOM) present in the
reactor. At low pH, binding of metals with DOM hampers agglomeration of metal sulfide particles
and induces crystallization. On the other hand, at a neutral pH value, metal sulfide particles tend

to aggregate and show high settling rates along with a high concentration of settleable solids in the
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precipitate. The precipitate thus formed at pH 7.0 exhibit better solid-liquid separation as compared

with precipitate formed at a low pH (Djedidi et al., 2009).

Metal precipitates formed at pH 7.0 settle quickly forming highly settleable solids and also show
good dewatering characteristics as compared with the precipitates formed at other pH values.
Villa-Gomez et al. (2014) observed similar result of increase in settleable solids concentration

from 5.1 to 9.4 mL/L with an increase in solution pH from 3.0 to 7.0.

The formation of CdS, CuS, FeS, NiS, PbS and ZnS nanoparticles in the bioprecipiates was
confirmed by FESEM-EDX analysis, which as well revealed that the precipitates were devoid of
any metal hydroxide or carbonate. Overall, IFBR showed good potential for heavy metal removal
as well as recovery through sulfate reduction process from both neutral and acidic metallic

wastewater.

4.3.10 Role of SRB in metal sulfide nanoparticle recovery

From the FESEM images shown in Fig. 4.3, the presence of immobilized SRB biomass onto the
support material can be clearly seen. These FESEM images also reveal the presence of cylindrical
and curved rod shaped bacteria (typically Desulfovibrio species) attached to the support material,
which is further confirmed from the FETEM images shown in Fig. 4.12. Hence, SRB biofilm
formation around the support material in R1 and R2 was achieved during the startup phase. The
well grown bacterial biofilm on the support material further resulted in a high removal and

recovery efficiency of metals in R2 even at a low influent pH of 3.0.

SRB play an important role in both sulfide precipitation and metal recovery from wastewater. SRB
first use sulfate to produce sulfide and sulfide combines with metals outside the bacterial cell wall.
It can be clearly seen from FETEM images (Fig. 4.12) that nanoparticles are accumulated outside
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as well as on the cell wall of the bacteria. The images also exhibited EPS kind of layer surrounding
the bacteria. It has been reported that EPS layer is bind with bacterial cell by both physically as
well as electrostatic interaction. The bacteria secrete EPS in defense against toxicity due to heavy

metals (Fig. 4.12) (Kiran et al., 2015).

The nanoparticles formed were due to metal sulfides as previously confirmed by EDX spectra of
the bioprecipiates (Fig. 4.9). Gallegos-Garcia et al. (2009) also reported that iron, zinc and
cadmium were precipitated as their corresponding sulfide salts in a sulfidogenic down-flow

fluidized bed reactor and no metal hydroxide or carbonates were present in the precipitates.

Fig. 4.12 FETEM images of bioprecipiate loaded with CuS NPs showing: (a-c) sulfate reducing

bacteria with EPS outside the cell surface. CuS NPs are also seen in both free form as well as

attached to the bacterial EPS around the cell wall.

Compared with the previous reports on metal recovery using IFBR with influent pH 7.0, the
present study achieved significantly high (65%) recovery efficiency of Cu and Pb. This study
further stablished that metals can be recovered from the AMD even at very low influent pH 3.0.
In addition recovered metals in the form of metal sulfide nanopowder showed excellent

characteristics for potential reuse application in industries.
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4.4 Significant findings

IFBR with influent pH 7.0 (R1) performed better than R2 with influent pH 3.0 in terms of metal
recovery from wastewaters. Maximum recovery of Cu was obtained followed by that of Pb and
Cd. The overall order of metal recovery was Cu > Pb > Cd > Zn > Ni > Fe. In both R1 and R2, the
effluent pH was ~6.5, thereby demonstrating that enough alkalinity was produced in the
bioreactors to neutralize the acidic wastewater and the effluent could be safely reused or discharged
into the environment. IFBR has the potential not only to treat heavy metal laden acidic wastewater
but also the ability to recover heavy metals in the form of nanopowder. However, more research
is warranted to purify the recovered metal sulfide nanopowder and check its potential applications.
Results obtained in this study will be useful to scale up the technology for metal recovery from
AMD. However, the results need to incorporate risks such as excess sulfide generation which may
cause residual pollution problems and necessitate a post-treatment step for removing the excess

sulfide from the effluent.
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ABSTRACT

Acid mine drainage (AMD) is a severe threat to the environment, human communities, and water
sources. On the other hand, AMD typically has a high amount of copper that can be recovered in
pure form for different industrial applications. Biological metal sulfide precipitation is an emerging
technique to both treat AMD and recover valuable metals. However, the problem with the metal
sulfide precipitation process is with the purity of metals. This study combined metal
bioprecipitation and microfiltration using an indigenously developed ceramic membrane for
recovering copper from AMD in a highly pure form. Different pretreatment methods were also
evaluated to obtain CuS nanoparticles (CuS NPs) in pure form, and probe sonication proved the
most effective. Microfiltration using the ceramic membrane showed 92% purification efficiency
of the CuS NPs with a flux of 77x10* m*m?s. Following its purification, the nanoparticles were
characterized using different techniques such as Fourier transform infrared spectroscopy (FTIR)
and field emission transmission electron microscopy (FETEM). The pure CuS NPs were
polycrystalline in nature with a size in the range 5-10 nm. The size, shape, and crystallinity of the
CuS NPs revealed its excellent industrial reuse and application potential. Furthermore, based on
the cost of the raw materials used to prepare the membrane, the membrane cost was estimated to

be $160/m?2.
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5.1 Introduction

Metallic wastewater such as acid mine drainage (AMD) generated from coal mines and mining
related operations is characterized by a low pH and contains a high concentration of metals, sulfate,
and low COD (chemical oxygen demand) (Kiran et al., 2017; Singh et al., 2020). Discharge of the
metallic wastewater into the environment is a serious problem if not treated properly. On the other
hand, heavy metal recovery from AMD is interesting from both economic and environmental
perspectives. Different methods have been used to treat the wastewater, including chemical
precipitation, ion exchange, adsorption, ultrafiltration, nanofiltration, coagulation, floatation, etc.
However, these methods have several drawbacks, e.g., high reagent cost, unpredictable metal

removal efficiency, generation of toxic sludge, metal recovery problems, etc. (Kiran et al., 2017).

To treat such sulfate rich, heavy metal containing wastewater, sulfide precipitation using sulfate
reducing bacteria (SRB) is a proven technique. It has many advantages over the chemical
precipitation method in terms of efficiency and treatment cost. In this method, sulfide is produced
by SRB, which combines with metals present to form insoluble metal sulfide precipitate. The
single-stage sulfidogenic inverse fluidized bed reactor (IFBR) system can be used to efficiently
recover the bioprecipitate (Paul et al., 2020). However, metal sulfide nanoparticles in the
bioprecipitate are found attached to exopolysaccharide (EPS) secreted by SRB around the cell wall
(Kiran et al., 2017). Hence, further processing of the bioprecipitate is required to extract the metal

sulfide nanoparticles in pure form for its potential application in industries.

Conventional methods followed to separate metal sulfide precipitate are mainly sedimentation or
filtration based. These methods require large equipment for operation and their separation
performance is also poor due to presence of fine and colloidal particles in suspension. To overcome

the limitations of the conventional processes, membrane separation processes viz. microfiltration
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(MF) and ultrafiltration (UF) are a valid alternative. These techniques offer many advantages such
as high yield, minimum separation steps, low working time, no requirement of clarifying agents,
easy cleaning and maintenance of equipment, and waste product reduction. In addition, membrane
processes are characterized by their high efficiency, simple equipment, and low energy

consumption.

Ceramic membranes offer excellent chemical, thermal, and mechanical stability as compared with
polymeric membranes and are, therefore, highly suited for industrial application (Kumar et al.,
2016; Saja et al., 2018). Important applications of the ceramic membrane in chemical and
biochemical processes are also due to its easy availability and high permeate flux. However, there
is still a need for low-cost raw materials and simple process for ceramic membrane preparation.
For instance, the commonly used alumina-based ceramic membranes are high-priced and involve
high sintering temperatures for preparation (Goswami et al., 2020). In order to keep the membrane
cost low, the focus has been shifted towards locally available natural clay materials for the

fabrication of ceramic membranes.

Different clay materials are available for membrane preparation, including kaoline (Zou et al.,
2021), natural raw clay (Kumar et al., 2019), tunisian clay (Kamoun et al., 2020), dolomite (Bessa
et al., 2017), and fly ash (Goswami et al., 2020). Among these materials, kaoline is both
inexpensive and suitable for preparing ceramic membranes with stable microfiltration
performance. Kaolin can be used as a starting material and mixed with other additives to prepare
a ceramic membrane. Monash et al. (2011) also provided the optimal formulation containing (dry
basis) kaolin, ball clay, quartz, feldspar, calcium carbonate, and pyrophyllite to fabricate

microfiltration ceramic membrane.
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Hence, this study focused on developing an indigenous, low-cost ceramic membrane for
microfiltration of bioprecipitate obtained by sulfide precipitation of synthetic AMD using SRB, to
get pure metal sulfide nanoparticles. The pure nanoparticles were characterized using various
techniques such as field emission transmission electron microscopy (FETEM), Fourier-transform
infrared spectroscopy (FTIR), particle size analyzer, Raman spectroscopy, and X-ray diffraction

(XRD) for the analysis of its shape, size, and crystallinity.

5. 2 Materials and methods

5.2.1 Raw materials

Kaolin (14.45 wt.%), quartz (26.59 wt.%), ball clay (17.58 wt.%), pyrophyllite (14.73 wt.%), and
feldspar (5.6 wt.%) were used as the starting materials in fabricating the ceramic membrane. These
materials were obtained from Kanpur, India. Calcium carbonate was purchased from Merck, India.
Kaolin delivers low plasticity and refractory property, quartz provides physical strength and makes
the support thermally strong, ball clay provides malleability and solidity to the green support,
calcium carbonate (CaCQg) is used to make the membrane porous, and feldspar provides hardness,

strength, and resistance against chemical corrosion (Goswami et al., 2020).

5.2.2 Synthesis and pretreatment of copper sulfide nanoparticles (CuS NPs)

A laboratory scale anaerobic sulfidogenic inverse fluidized bed reactor (IFBR) was used to
synthesize copper sulfide nanoparticles (CuS NPs) from synthetic AMD by sulfide precipitation.
The synthetic AMD was supplemented with anaerobic medium composed of (g/L): NH4ClI (1.0),
yeast extract (1.0), KH2PO4 (0.5), Na,SO4 (1.47), CaCl;-2H>0 (0.1), FeSO4-6H.0 (0.289),
NazCeHs0O7 (0.3) and EDTA (0.3) (Postgate, 1984). 60% (v/v) lactate was used as the electron
donor (carbon source) for sulfate reduction, and the influent pH was adjusted to 7.0 using sodium

hydroxide. The initial copper concentration in the feed was 50 mg/L. The crude bioprecipitate
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obtained was washed twice by centrifuging at 7000 x g for 15 min each to remove the minerals
and salts present. The washed bioprecipitate containing CuS NPs attached to the EPS and SRB
biomass was suspended in Millipore water and its pretreatment was evaluated by different
techniques, viz. centrifugation and heating, cell lysis using a French press, tip sonication, and bath
sonication to detach the nanoparticles from EPS and SRB biomass for further purification by
microfiltration. The different pretreatments followed are briefly mentioned as follows.

Pretreatment by centrifuge and heating was first carried by centrifuging the bioprecipitate at 12000

x g for 10, 20, and 30 min, followed by heating the mixture at 60 °C for 30 min (Mal et al., 2017).

Similarly, bath sonication was carried out using an Ultrasonic cleaner (LMUC-2A, Labman
Scientific Instruments, India) for different time periods (5, 10, 20 min), and cell lysis was
performed using a French Press (Constant Systems CF1, Constant systems limited, UK) at
different applied pressures of 200 and 400 MPa (Desaunay et al., 2014). For pretreatment by probe
sonication, a tip sonicator (VC 505 Ultrasonic Processor, Sonics & Materials Inc., USA) was
employed (Han et al., 2013). All these experiments were conducted in triplicate, and the results

were represented in the mean + standard deviation format.

5.2.3 Membrane fabrication and characterization

The membrane preparation process started with mixing the Kaolin (14.45 wt.%), quartz (26.59
wt.%), ball clay (17.58 wt.%), pyrophyllite (14.73 wt.%), and feldspar (5.6 wt.%) with 4 mL (2
wt. %) of aqueous polyvinyl alcohol (PVA) in a mixer grinder. After mixing, a desired amount of
the powder mix was pressed uniaxially in a hydraulic press at a pressure of 50 MPa, which yielded
a circular disk-shaped membrane. The freshly prepared membrane was first dried at room
temperature and then in a hot air oven at 200 °C for 24 h to remove moisture. The dried membrane

was subsequently sintered in a muffle furnace at 950 °C for 6 h with a heating rate of 2 °C per min,
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followed by polishing the membrane with silicon carbide abrasive paper to get a flat shape. After
polishing, the membrane was sonicated in an ultrasonic bath for 15 min to remove any loose
particles attached to the membrane (Zou et al., 2021). Fig. 5.1 shows a schematic of the steps

followed in fabricating the ceramic membrane.

i

-

Clay powder Mixing Moulding Compaction
(50 MPa)

B e
&:ﬁ

Membrane Ultrasonication Membrane polishing Membrane sintering
(15 min) (950 °C)

Fig. 5.1 Schematic showing membrane fabrication steps followed in this study.

The ceramic membrane was then characterized by different methods as follows: the Archimedes
method was first used to determine the porosity of the fabricated membrane, and for which dry
weight (W) of the membrane was estimated after drying at 110 °C for 6 h in a hot air oven to
remove moisture in the membrane. Following this drying step, the membrane was submerged in
water at room temperature for about 24 h, and its wet weight (W>) was determined after wiping it

with tissue paper to remove excess water from the surface.

The membrane porosity (¢) was thus calculated using the following equation (Purnima et al.,

2020).
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£ (%) = % x 100 (5.1)

w

where V is the volume of the membrane and pw IS the water density.

In order to determine chemical stability of the membrane, it was immersed in hydrochloric acid
(HCI) (pH 1) and sodium hydroxide (NaOH) (pH 14) solutions and, after one week, weight loss in
the membrane was calculated. Morphology of the sintered membrane was investigated using
Energy Dispersive X-ray integrated Field emission scanning electron microscopy (FESEM-EDX)

(Zeiss, Sigma, Germany).

A dead-end filtration setup (400 mL capacity) was used to conduct the pure water permeation test
of the membrane (Fig. 5.2). The filtration setup was made of stainless steel with cylindrical top
and bottom parts. The membrane was placed in the bottom part, and a neoprene "O" ring was
squeezed on top of the membrane to prevent any leakage. Filtration was affected by purging with
N2 gas at the desired pressure on top of the membrane. Prior to the test, Millipore water was passed
under high pressure to clean the membrane and remove any loose particles attached to the

membrane pores.

For calculating the membrane permeate flux, 300 mL Millipore water was filled from the feed
inlet to the top cylindrical compartment of the setup and pressurized with N2 gas. Finally, the time
required to collect 100 mL water in the permeate stream was noted. The water flux was thus

calculated as per the following equation:
Jw = 2a7 (52)

where Jy is the pure water flux (m3m?/s), Q is the volume of water permeated (m®), A is the

effective membrane area (m?), and AT is the sampling time (s).
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Fig. 5.2 Dead-end filtration setup used in this study.

5.2.4 Purification of CuS NPs by microfiltration

Microfiltration to obtain pure CuS NPs from the pretreated bioprecipitated was carried out at a
fixed applied pressure and ambient room temperature (24 + 2 °C). Prior to microfiltration, both
the membrane and dead-end filtration setup used were sanitized using sodium hypochlorite
solution (200 mg/L). The filtration setup and membrane were then washed using double distilled
water. In order to measure the permeate flux, the time required to collect 10 mL of permeate was
determined. At the end of the microfiltration experiment, the membrane was cleaned using sterile
water at a high pressure until the original water flux was restored. The following equation was

used to calculate the purification efficiency of the membrane:
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M;—Mg
M;

Purification efficiency (%) = x 100 (5.3)

where M; and My are copper concentrations (mg/L) before and after microfiltration of the

pretreated bioprecipitate.

In order to verify the purity and potential application of CuS NPs obtained in this study, its
composition analysis and detailed characterization were performed by field emission transmission
electron microscopy-energy dispersive spectroscopy (FETEM-EDS), Raman spectroscopy, and X-

ray diffraction (XRD).

5.2.5 Characterization of CuS NPs

FETEM images and selected area diffraction (SAED) patterns of CuS NPs were obtained by EDS
integrated FETEM (JEOL JEMZ2100, Japan) by casting a sample of it onto 200 mesh size copper
grid followed by air-drying to remove excess water from the sample. For XRD analysis, the CuS
NPs obtained was freeze-dried, grinded, and then dried in an oven at 120 °C to remove any extra

moisture from the sample.

The chemical bond and groups present in the CuS NPs were analyzed by FTIR (IR affinity-1S,
Shimadzu, Japan). Vibrational properties, crystal phase, and crystallinity of the CuS NPs were
examined by micro Raman spectroscopy. For this analysis, the sample was freeze-dried and finely
ground before analysis using a Laser micro Raman spectrometer (Horiba JobinVyon, Model
LabRam HR, France) with argon (Ar) ion laser at 515 nm and an incident power of 50 mW for

excitation. The details of all these methods were provided earlier in Chapter 3.
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5.2.6 Determination of biomass and copper concentration

Biomass (SRB) concentration in the bioprecipitate was determined as mixed liquor volatile
suspended solids (MLVSS) as per the standard method detailed in the American Public Health
Association (APHA) (APHA, 2005). Copper concentration in the bioprecipitate, before and after
purification, was determined by microwave plasma atomic emission spectroscopy (Varian, 4210
MP-AES, Agilent Technologies, USA) following filtration of the samples through a 0.45 um
nitrocellulose filter (Millipore) (Sungur et al., 2015). Reagents used in the study were of analytical

grade, and all sample analyses were done in triplicate.

5.3 Results and discussion

5.3.1 Membrane characterization

Fig. 5.3 illustrates FESEM images of the ceramic membrane prepared in this study, which reveal
that the membrane surface is devoid of without any pinhole cracks or defects. It is reported that
ceramic membrane sintered at a low temperature exhibits a porous structure, whereas, at a high
sintering temperature, the particles tend to agglomerate, resulting in a highly consolidated ceramic
body (Kumar et al., 2019). It is worth mentioning here that in the process of sintering, firstly, the
contact between the particles increases and bridging of particle takes place through neck formation
and grain growth (Diana et al., 2020). When the sintering temperature raises from 800 to 950 °C,
the contact between particles increases further, causing a shrinkage and densification of the
membrane. The entire process of necking, shrinkage and densification during the process of
membrane sintering improves the membrane strength (Zou et al., 2019). In this study, a sintering
temperature of 950 °C is thus found suitable for fabricating the membrane with good surface

properties. EDX image of the membrane shown in Fig. 5.3c reveals the presence of different
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elements present in the membrane, which are derived from the inorganic clay materials used as

raw materials in preparing the membrane.

2pm EHT= 300kV WD=44mm  Mag= 800KX SignalA=InLens ZEISS

10 pm EHT= 300kV WD= 44mm  Mag= 300KX SignalA=inLens

M Spectrum 5
Wt% o
05
03
0.8

79 02
08 0.1

Fig. 5.3 (a-b) FESEM images showing the surface morphology of the membrane at different

magnifications (8 K and 3 K), and (c) EDX image showing elements present in the membrane.
_________________________________________________________________________________________________________________________________|
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The FESEM images were further analyzed for pore size distribution and average pore diameter of
the membrane using ImageJ™ software (open source software provided by the National Institute
of Health (NIH), weblink: http://rsbweb.nih.gov/ij/download.html) (Fig. 5.3). A similar pore size
distribution as reported by Vasanth et al. (2011) was obtained in this work, which confirms
monodisperse nature of the prepared membrane; and a maximum number of pores (60—75%) were

in size range 0.5 - 0.8 um. The average pore size of the membrane was found to be 1.01 um.

The chemical stability of the membrane was determined based on weight loss due to immersion in
an acidic or alkaline solution. Two major observations were noticed from the results of this
chemical stability test: the acidic solution resulted in a weight loss of around 5%, whereas the
value was negligible in the alkali solution. These chemical stability results reveal that the

membrane is highly resistant against both acidic and alkaline agents (Vasanth et al., 2011).
5.3.2 Pure water permeation test

From the results of the pure water permeation test, permeability (Ln) and average pore size of the

membrane were determined using the following expression:

er2AP
sutl

T = L,AP (5.4)

where Jy represents liquid flux (m3/m?s), AP represents a change in trans-membrane pressure
across the membrane (kPa), Ln represents hydraulic permeability, W is viscosity of water (sPa), 1
represents tortuosity factor, | represents pore length (m), which is taken as thickness of the
membrane, € is porosity of the membrane.

The pure water permeability, porosity, and the average pore diameter of the membrane were thus
found to be 3.758 x10° m/skPa, 40%, and 1 pm, respectively. Fig. 5.4 shows that water flux

linearly correlates with the applied pressure, which is in accordance with the Darcy’s rule. The
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average pore diameter of the membrane calculated in this test also matches with the pore diameter
obtained previously by FESEM analysis (Fig. 5.3).
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Fig. 5.4 Results of pure water permeability test with the membrane.

5.3.3 CuS NPs purification by microfiltration

Microfiltration to obtain pure CuS NPs from the bioprecipitate was carried out at a constant applied
pressure of 172 kPa, which was found effective in avoiding blockage of pores and retention of EPS
and bacteria on the membrane due to their large size as compared with the CuS NPs. SRBs are
curved rod, cylindrical, or vibrio-shaped bacteria with a diameter of 2-3 um (Kushkevych et al.,
2019), and it is larger than the average pore size (1 pum) of the ceramic membrane used in this
study. A similar result on the complete removal of E. coli from lysate solution is reported to be

achieved by microfiltration, but using a polysulfone membrane (Karim et al., 2008).

Prior to the microfiltration experiment, the effect of different pretreatment methods was examined.
Fig. 5.5 shows the effect of centrifugation and heating, bath sonication, and cell lysis using a

French press on microfiltration to obtain pure CuS NPs.
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A maximum CuS NPs purification efficiency of 32% was achieved by centrifugation at 12000 x g
and subsequent heating at 60 °C. No significant change in the purification efficiency was observed
beyond 20 min of centrifugation time followed by heating and microfiltration, whereas 21% pure
CuS NPs were obtained by bath sonication for 20 min. In the case of cell lysis using a French

press, purity of CuS NPs was 39% (Fig. 5.5).

Probe sonication as a pretreatment of the bioprecipitate was carried out for different time period,
and the results are shown in Fig. 5.5. Very high purification efficiency of 92% is obtained for a

sonication time of 90 min, and beyond which the value remained the same.
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Fig. 5.5 Effect of different pretreatment techniques on CuS NPs purification: (a) centrifugation

and heating, (b) bath sonication, (c) cell lysis and (d) probe sonication.
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Hence, the best results were observed in the case of probe sonication, which was followed by cell
lysis using a French press, centrifugation and heating, and bath sonication. Probe sonication
involves high power ultrasound in a liquid medium and causes cavitation, which resulted in the
release of CuS NPs from SRB and EPS for easy separation by microfiltration (Yang et al., 2019).
Compared with probe sonication, bath sonication uses low power ultrasound, which did not yield

a high separation efficiency of the CuS NPs.

In a recent study by Estay et al. (2021), a monotubular ceramic membrane was used for purifying
chemically synthesized CuS NPs. As the chemically synthesized nanoparticles were free from
biomass or any other compressible solids as impurities, a very high purification efficiency (100%)
reported in the study is likely. As compared with this report, pretreatment of the biologically

synthesized CuS NPs is found to be essential in the present work for obtaining it in a pure form.

It is reported that for heavy metal removal by sulfide precipitation, SRB secretes EPS in the form
of a layer around the bacterial cell wall and onto which CuS NPs attach (Kiran et al., 2016). EPS
is characterized as a gum kind of layer around the bacteria and comprises protein, carbohydrate,
and amino acids (Sardar et al., 2018). EPS is also secreted into the medium by the bacterium in
defense against metal toxicity (Gupta et al., 2017). Fig. 5.6 shows FETEM images of the
bioprecipitate before pretreatment by probe sonication, which clearly shows CuS NPs attached to
EPS around the cell wall of SRB as well as some of the nanoparticles in free form. Based on the
results obtained in this study, a schematic showing mechanism of CuS NPs purification by probe

sonication and microfiltration is depicted in Fig. 5.7.
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Fig. 5.6 FETEM images of the bioprecipitate showing: (a) SRB, (b) SRB with EPS around the cell

surface and (c) CuS NPs attached to EPS.
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Fig. 5.7 Schematic showing the mechanism involved in CuS NPs purification by probe sonication

and microfiltration.

Microfiltration of suspension containing bacteria and nanoparticles by using ceramic membrane is
very limited. Table 5.1 compares microfiltration performance of different membranes reported in
the literature with the membrane used in this study. Escherichia coli was successfully separated

from water using a ceramic membrane (Vasanth et al., 2011). In another study, Karim et al. (2008)
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used hollow fibre commercial polysulfone membrane and achieved 100% retention of bacteria
cells. Similarly, Mwabi et al. (2012) used a commercially available ceramic filter to remove
bacterial cells. Hence, it could be said that the indigenous ceramic membrane used in this work,
which was prepared using cheap substrates, is competitive in term of its performance as compared

with polymeric or other ceramic membranes reported in the literature.

Table 5.1 Comparison of performance of the indigenous ceramic membrane with those reported

in the literature

Membrane type Pore size Permeability = Separation/ Reference
(um) (L/m?sPa) Rejection
(%)

Kaolin, B-Quartz, CaCOs (flat 1.3 6.38 x 10”7 85 Vasanth et
membrane) al., 2011
Hollow fibre commercial poly sulfone 0.1 NA 100 Karim et al.,
membrane (Not available) 2008
Commercial ceramic filter 0.2 NA 99-100 Mwabi et
(Headstream Water Holdings) al., 2012
Monotubular ceramic membrane 1.4 9.2x10 99.9 Estay et al.,

2021
Polypropylene, cellulose diacetate, and 0.2 and NA 100 Suchecka et
polycarbonate hollow fibre 0.4 al., 2003
membranes
Kaolin, ball clay, quartz, calcium 1.0 3.758x10° 92 This study

carbonate, feldspar, and pyrophyllite
(flat membrane)
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5.3.4 Characterization of CuS NPs

FTIR spectra shown in Fig. 5.8 reveal the presence of hydroxyl group (-OH), represented by the
band present at 3000-3600 cm™ in the bioprecipitate (before microfiltration), and the peak was
nearly absent in case of the pure CuS NPs. The band at 1050 cm™* shows the presence of sulfate
group (SO4%) in the bioprecipitate, indicating that the CuS NPs were formed due to sulfate
reduction by SRB (Kiran et al., 2016). The bands at 1500-1580 cm™ and 1600-1700 cm™ reveal
the presence of amide (-NH) and carboxyl (-C=0) groups in the bioprecipitate, which were absent
in the spectra of pure CuS NPs (Kiran et al., 2017). The bands at 1107 cm™ and 618 cm™ indicate
the presence of Cu-S bond (Liang et al., 2018). These results of FTIR analysis confirms the purity

of CuS NPs as compared with the crude bioprecipitate.

120
CuSNPs
Bioprecipitate
A100
§
Qo
O 80
c
©
=
€
2 60
1107
E 3390
40 -
o /
1050 615
20 T T T
4000 3000 2000 1000

Wavenumber (cm'1)

Fig. 5.8 FTIR spectra of crude bioprecipitate and pure CuS NPs.
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Fig. 5.9 shows the FETEM images of CuS NPs obtained by microfiltration of the bioprecipitate,
which confirm the spherical shape of the nanoparticles. Whereas the average size of the
nanoparticles was determined to be 5-10 nm by size-distribution analysis, elemental analysis using
EDS confirmed the presence of pure elemental copper in the nanoparticles (Fig. 5.9c).
Polycrystalline nature of the nanoparticles present in the permeate was further verified by the

selected area electron diffraction (SAED) pattern as depicted in Fig. 5.9a (right side top panel).

Furthermore, the FETEM and FESEM images confirmed the absence of any impurities such as

debris in the CuS NPs.

Spectrum 1

0 6
ull Scale 22644 cts Cursor: -0.989 (0 cts)

Fig. 5.9 (a) FETEM images at 20, 50 and 100 nm resolutions (particle size distribution and SAED
pattern are shown as insert to al and a3) (b) high resolution TEM image and (c) EDS spectra of

CuS NPs.
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Crystallinity, surface condition, and homogeneity of CuS NPs were analyzed by Raman
spectroscopy analysis. In general, crystallinity of a sample is identified by a sharp peak, whereas
amorphous or polycrystalline samples yield broad Raman peaks. Raman spectrum presented in
Fig. 5.10a shows a broad peak at 472.6 cm™, which characterizes the S-S stretching mode of S;

ions at 4e sites of the CuS NPs (Chaki et al., 2014; Yadav et al., 2019).
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Fig. 5.10 (a) Raman spectrum and (b) XRD pattern of CuS NPs.
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Fig. 5.10(b) shows X-ray diffraction (XRD) pattern of CuS NPs. The diffraction peaks at 26 values
of 26°, 31.7°, 45.6° correspond to different lines formed by (111), (200) and (220) planes and are
ascribed to those of cubic CuS (JCPDS no. 04-0836). The diffraction peaks of the XRD pattern
indicate the crystalline nature of CuS NPs (Nezamifar et al., 2015). All these results further confirm

that the CuS NPs were obtained in pure polycrystalline form from AMD.
5.4 Analysis of membrane cost for CuS NPs purification

Table 5.2 presents the detailed manufacturing cost analysis of the ceramic membrane prepared in
this study. The ceramic membrane manufacturing cost was assessed based on preliminary
economic evaluation at the research level (Winter et al., 1969). The actual manufacturing cost can
be calculated by adding all direct and indirect costs involved in manufacturing the membrane. The
direct manufacturing costs include the cost of raw materials, electricity, labor, maintenance, and
laboratory. The raw material cost is assessed by the sum of the costs due to different individual
raw materials used to prepare the membrane. Labor cost is calculated based on the number of
persons involved and man-hour per day. The maintenance cost is evaluated as 1% of the capital
cost, and the laboratory cost is evaluated as 20% of the labor cost (Liang et al., 2018). The indirect
manufacturing cost (capital cost), counting with the depreciation cost, is calculated using a
straight-line method. Thus, the total manufacturing cost of the prepared ceramic membrane is
estimated to be 1.0 $/membrane (or 160 $/m?). As compared with this study, the cost of a-alumina
membrane tubes (1-6 um pore size) is $500/m? and that of stainless steel asymmetric membrane
is $3000/m? (Kumar et al., 2015). The reason for the high industrial cost of the symmetric tubular
membrane is because of the highly expensive a-alumina and complex process involved in

preparing the membrane.
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Table 5.2 Manufacturing cost analysis of the fabricated ceramic membrane

Items Calculation for preparing hundred membranes US$

Direct manufacturing cost

Raw materials Raw materials Unit price Amount of Cost (US$)
(US$/kg) materials
utilized ()

Kaolin 0.096 216.7 0.020

Ball clay 0.055 263.7 0.014

Feldspar 0.069 84.0 0.006

Quartz 0.14 398.9 0.056

Calcium 257.1 0.882

carbonate 3.43

Pyrophyllite 0.082 220.9 0.020

Total cost of raw materials: 1.0
Labor (including supervisory) Labor cost = cost X total h 54.4
=6.8x8

Electricity Furnace:

48 h x 4 KW = 192 kWh

192 x US$ 0.12 =23.04

Mixer grinder:
0.17 h x 0.75 kW = 0.13 kWh

0.13 x US$0.12 =0.02
Hot air oven:

24 h x 2.4 kW =57.6 kWh

57.6 x US$ 0.12 =6.91

Ultrasonicator:
0.25 h x 2 kW =0.5 kWh

0.5xUS$0.12 =0.06
L]
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Hydraulic press:
3.33h x 1.49 kW =4.96 kWh
4,96 x US$ 0.12 =0.60
Total electricity cost:

30.63
Maintenance Maintenance cost = (Capital cost x 1%)/day
Mixer grinder =34
Hydraulic press = 1364
Hot air oven =546
Furnace = 2200
Ultrasonicator =350
Capital cost = 4494
Total maintenance cost: 0.13
Laboratory Laboratory cost = 20% of labor cost
Laboratory cost: 10.88
Indirect manufacturing costs:
Depreciation Calculated by straight line method, 0.50
V-V,
d=
n
where, d - annual depreciation cost, V - original cost, Vs -
Salvage cost, n - service life.
Total manufacturing costs Direct manufacturing costs + Indirect manufacturing costs 97.54
Estimated manufacturing cost for one membrane 0.98
Estimated manufacturing cost for one membrane (Round off value): US$ 1
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The presented values of the cost of the membrane prepared in this study are conceptual in nature
and depend on factors such as (1) fouling characteristics, (2) working time period, and (3)
durability of the ceramic membrane for industrial application. Hence, the ceramic membrane used
in this study is not only less expensive in comparison with the alumina-based membranes but also
offers excellent industrial application potential, as demonstrated in this study for the purification

of biogenic CuS NPs.

5.5 Significant findings

Pure CuS NPs were prepared from synthetic AMD by biological sulfate reduction and
microfiltration using indigenous low-cost ceramic membrane. Pretreatment using probe sonication
was found effective in releasing the CuS NPs from contaminating impurities for an efficient
purification of the nanoparticles. Excellent characteristics of the CuS NPs in terms of crystallinity,
size, shape and purity established its potential industrial application. Porosity, pore size
distribution, water permeability, resistance against acidic and alkaline solution as well as low-cost
of the indigenously prepared ceramic membrane further established its application for potential

use for large-scale purification of CuS NPs from AMD and for other industrial use.
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Synthesis and characterization of biogenic metal nanopowder from

wastewater for dye removal application
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ABSTRACT

A novel adsorbent based on biogenic metal sulfide nanoparticles (MeSNPs) was synthesized from
metallic wastewater and examined for azo dyes removal from aqueous solution in batch and
continuous systems. The size of the MeSNPs was in the range of 8-10 nm, with an average specific
surface area of 120.4 m?/g. Batch adsorption study was initially carried out using Direct Red 80
and Mordant Blue 9 as the model azo dyes by varying MeSNPs dosage, contact time, pH, and
initial dye concentration. More than 99% removal efficiency of both the dyes was achieved by
using MeSNPs at the following optimum conditions: 200 mg dosage, pH 2, 6 min contact time,
and 100 mg/L initial dye concentration. The batch sorption isotherm results were described using
the non-linear Sips model, and the maximum predicted capacity values of 143.7 and 198.3 mg of
dye per gram of adsorbent for DR 80 and MB 9, respectively were obtained using the model.
Besides, the sorption Kinetic data for both the dyes followed the pseudo-second-order rate model.
Furthermore, maximum desorption efficiency values of 93% for DR 80 and 97% for MB 9 were
achieved using an aqueous solution of pH 12, thus indicating that the adsorbent can be regenerated
and reused further. Dynamic adsorption of the dyes was studied using a fixed-bed column with the
MeSNPs and as a function of liquid flow rates. The results showed an increase in breakthrough
time with a decline in the flow rates for both DR 80 and MB 9. The breakthrough behavior of the

dyes was explained using Thomas, Clark, and Yoon-Nelson models.
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6.1 Introduction

Around 700,000 — 800,000 tons of dyes of almost 10,000 different varieties are produced annually
(Samsami et al., 2020). Classification of dyes is based on the origin of dye material used, type of
chromophores present, and application method. Chromophores are the group of atoms responsible
for color, and the most important chromophores present in dyes are azo, anthraquinone, indigo,
nitro, nitroso, and triarylmethane. Chromophore strongly attaches to fiber through auxochorme via
a chemical bond. Examples of the most significant chromophores are: carbonyls, nitrile, esters,
ethylene, acetylene, and acids, and chromogen are the compounds which bear them (Kumar et al.,
2018). Among the different chromophores, azo (70%) and anthraquinone (15%) are the largest
classes of dyes. Azo dyes are organic compounds containing R-N=N-R’ linkage and are widely
used in the textile, leather, and food industries. On the other hand, azo dyes are highly mutagenic
and carcinogenic, and their presence in the environment can lead to various adverse effects on
humans and other life forms (Dai et al., 2018). Moreover, industries involved in the manufacture
of paper, dyestuffs, textile, plastic, etc., are known to discharge colored wastewater with a high
content of chemical oxygen demand (COD). Color due to dyes present in the wastewater is
unaffected by temperature, light, and other environmental conditions and therefore recalcitrant
against treatment (Ghaedi et al., 2015; Kumar et al., 2018). Hence, proper choice of treatment of

dye containing wastewater is essential before its release into the environment.

Various physicochemical and biological methods such as biodegradation, ion exchange, Fenton
oxidation, adsorption, etc., have been examined to treat dye containing wastewater (Samsami et
al., 2020). Among these methods, adsorption is used widely to treat colored wastewater because
of its high efficiency and easy operation (Samsami et al., 2020). Different types of natural as well

as synthetic adsorbents have been used to treat colored wastewater. Among the different
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adsorbents, agricultural waste, fly ash, and activated carbon have been extensively studied and
used to treat dye containing wastewater; in particular, activated carbon is the most thoroughly
investigated adsorbent. However, these conventional adsorbents have one or more drawbacks,
including high cost and difficulty to reuse, which restrict their use, particularly for large-scale
applications (Yu et al., 2020). Hence, adsorbents that are both efficient and low cost are of recent
interest. In this context, nano sized materials have emerged as the best alternative due to their
several advantages, such as small diameter, large specific surface area, and high reactivity.
Different nanomaterials have been reported to remove pollutants from various kinds of wastewater,
including for dye removal (Singh et al., 2020). However, there is no study reported yet on
biofabricated nano materials for dye removal. Moreover, preparation cost of such nano biosorbent
can be kept low if waste residue or biomass can be used as the starting material. Hence, this study
focused on biogenic metal sulfide nanoparticles (MeSNPSs) obtained by biological sulfate reduction
of metallic wastewater for dye removal application. Biological sulfide precipitation of metal

produces highly insoluble bioprecipitate containing metal sulfide in nano form.

The MeSNPs used in this study comprised of six different metal sulfides, i.e., zinc sulfide (ZnS),
iron sulfide (FeS), copper sulfide (CuS), lead sulfide (PbS), cadmium sulfide (CdS), and nickel
sulfide (NiS), and synthesized by sulfide precipitation from wastewater using sulfate reducing
bacteria. The azo dyes Direct Red 80 (DR 80) and Mordant Blue 9 (MB 9) were tested for their
removal using the nanopowder as there is no report available on their removal using such biogenic
MeSNPs (Table 6.1). Effect of different factors, e.g., initial dye concentration, contact time,
solution pH, and nanoparticle dosage on the removal of DR 80 and MB 9 were studied, followed
by the analysis of the dye sorption isotherm and kinetics. Dynamic removal of DR 80 and MB 9

by the MeSNPs was conducted using a fixed-bed column operated at different flow rates, and the
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breakthrough curve behavior was described by suitable models reported in the literature for a better

understanding of the process.

Table 6.1 Literature reports on removal of DR 80 and MB 9 by adsorption

Dye Adsorbents Condition  Adsorption capacity  References
(gmax) (Mg/g)
DR 80 Soy meal hull 20°C,pH 2 17857 Arami et al., 2006
DR 80 Orange peel 25°C 21.05 Arami et al., 2005
DR 80 Mixture almond shell 20 °C 22.42 Ardejani et al., 2007
DR 80 MeSNPs 25°C,pH2 1437 This work
MB 9 Activated carbon 30°C 93.00 Martins et al., 2015
(Panreac-Ox)
MB 9 Fenton-activated 25°C Not available (NA) Pervez et al., 2019
persulfate
MB 9 MeSNPs 25°C,pH2 198.3 This work

6.2 Materials and methods

6.2.1 DR 80 and MB 9

The azo dyes DR 80 and MB 9 were procured from Sigma Chemicals (St. Louis, MO, USA); their
chemical structure and other properties are presented in Table 6.2. Stock solutions of the dyes (1
g/L each) were prepared using double distilled water, and suitably diluted to a desired
concentration in the sorption experiments. Initial pH of the dye solution was adjusted to a desired

value using 1 N hydrochloride acid or 1 N sodium hydroxide solution.

136
TH-2856_176106007



Chapter 6

Table 6.2 Molecular structure and properties of the azo dyes used in this study

Properties DR 80 MB 9
Chemical CasH26N10Nas021Se C16H9oCIN2Na20gS:
formula
C.1 number 35780 14855
Molecular 1373.07 502.81
mass
Amax (nm) 528 516

SO,Na

Molecular

SONa NaO;§.
OH OH
\'aOﬁ@ N=N- NN, N=N- S=@ O g
NaO,S N
structure De De 3
NaOS: NHCONH SONa

OH

Cl

6.2.2 Synthesis and characterization of biogenic MeSNPs

The MeSNPs used in this study were obtained from synthetic sulfate rich, heavy metal containing
wastewater by anaerobic sulfate reduction process as detailed earlier in Chapter 3. The synthetic
wastewater consisted of six different metals, i.e. copper (Cu) (25 mg/L), cadmium (Cd) (5 mg/L),

iron (Fe) (50 mg/L), nickel (Ni) (5 mg/L), lead (Pb) (5 mg/L) and zinc (Zn) (5 mg/L).

For MeSNPs formation, SRB secretes exopolysaccharide (EPS) around the cell wall, and metal
ions in solution bind with anionic functional groups present in the EPS. Thus, the EPS functions
as the nucleation site for metal ions to get deposited in forming the MeSNPs. After a certain

incubation period, the bioprecipitate containing sulfide of different metals was centrifuged and
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washed thrice to remove media salts and other impurities, which was followed by drying to remove
excess water. The MeSNPs were further characterized before use in the dye removal experiments.

Fig. 6.1 shows the various steps involved in the synthesis of MeSNPs.

Metallic

wastewater
(Cd, Cu, Fe, Ni,
Zn, Pb)

Metallic Biological Sulfate Metal Bioprecipitate
wastewater reduction

Biogenic
MeSNPs Freeze drying Centrifugation

Fig. 6.1 Synthesis of biogenic MeSNPs by sulfide precipitation.

The biogenic MeSNPs were characterized by field emission scanning electron microscopy-energy
dispersive X-ray (FESEM-EDX), Fourier-transform infrared spectroscopy (FTIR), field emission
transmission electron microscopy (FETEM), zeta potential, X-ray diffraction (XRD) and
Brunauer-Emmett-Teller (BET) surface area analysis.

The sample preparation and sample analysis details for FTIR and FETEM are the same as

described earlier in Chapter 3. The Zeta potential of MeSNPs was measured by Litesizer-500
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(Anton-Paar, Austria). The specific surface area of MeSNPs was measured using a Brunauer—
Emmett-Teller (BET) surface area analyzer (Autosorb-1Q MP, Quantachrome) by nitrogen
sorption method. XRD analysis was carried out by using a rotating anode based powder XRD
(Rigaku TTRAX 111, 18 kW, Japan) after drying the sample at 110 °C and then grinding it into
powder form.

6.2.3 Batch adsorption experiments

The effect of different sorption parameters, viz. initial dye concentration, solution pH, incubation
time, and MeSNPs dosage, was studied by varying the levels of the parameters one at a time and
by keeping the other parameters at a constant level. All the batch adsorption tests were done in
triplicate. The examined values of the different variables were as follows: contact time (1-30 min),

initial dye concentration (50-300 mg/L), MeSNPs dosage (25-1000 mg), and solution pH (2-12).

Batch experiments on dye removal by adsorption using MeSNPs were conducted using 250 mL
Erlenmeyer flasks. The test was conducted for each model dye by adding MeSNPs to 100 mL of
dye containing solution, and the mixture was incubated at a constant temperature (25 + 2 °C) in an
orbital shaker incubator maintained at 200 rpm. Following adsorption, the dye loaded MeSNPs
were collected by centrifugation, and the supernatant obtained was analyzed for the residual dye
concentration by using a UV-vis spectrophotometer (Antech, Ireland) at their respective Amax
values (Table 6.2). A standard graph plotted between absobance and dye concentration was used

to determine the sample dye concentration in the experiments.

Dye removal percentage was calculated using the following expression:

Co—Cs
Co

Dye removal (%) = x 100 (6.1)

Where, Coand Cs are the initial and final dye concentrations (mg/L), respectively.

|
139

TH-2856_176106007



Chapter 6

6.2.4 Adsorption isotherm

Utmost importance to any sorption process is the interaction of adsorbent and adsorbate, which
can be explained by adsorption isotherm (Samsami et al., 2020). Isotherm relates equilibrium
concentration of adsorbate in liquid phase and solid phase at a constant temperature. The three
most commonly known isotherm models viz. Langmuir, Freundlich, and Sips models were applied

to determine the dye sorption in this study.

For analyzing adsorption isotherm of DR 80 and MB 9, different concentration of the dyes in the
range 50-300 mg/L in water (100 mL) were taken in Erlenmeyer flasks and then added with 200
mg MeSNPs. The flasks were incubated at constant room temperature (25-27 °C) in an orbital
shaker incubator for 48 h to attain equilibrium, and residual dye concentration at the end of the
experiment was determined. The following equation was used to calculate the amount of dye

adsorbed:

_ (Cp=Ce)V

Qe = ——— (6.2)

m

where, e is the amount of dye adsorbed onto MeSNPs (mg/g), Co is the initial dye concentration
(mg/L), V is the volume of dye solution (L), Ce is the equilibrium dye concentration (mg/L), and
m is the mass (g) of dry MeSNPs added (Letterman et al., 1999).

Langmuir isotherm is based on a single solute system, and its adsorption is limited to a single
molecular layer onto the outer surface of an adsorbent. It also assumes that adsorption occurs at
specific sites on the adsorbent, and there is no interaction between the adsorbed molecules.
Langmuir isotherm can be described using the following linearized expression (Langmuir et al.,

1918):
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L (6.3)

de qmKL dm

Where, gm represents maximum quantity (mg/g) of dye that can be adsorbed on the monolayer
surface of the adsorbent, K. represents Langmuir adsorption constant (L/mg) which also defines
the affinity of dye to the adsorbent.

The Freundlich model (Freundlich et al., 1906) can be expressed as follows:

log q. = log K + % log C, (6.4)

where, the exponent n refers to the sorption intensity; Kr is a constant (L/mg) and represents the
adsorption affinity.

The Sips model is a combined form of the Langmuir and Freundlich models (Dotto et al., 2012):

1

mksCl
e = me (6.5)

1+ksCP
where ks is the Sips equilibrium constant (L/mg), gm represents Sips maximum adsorption capacity
(mg/g), and n is an exponent in the Sips model.

6.2.5 Adsorption kinetics

Dye sorption kinetics by MeSNPs in this study was examined by varying the contact time from 1
to 30 min, and keeping the initial dye concentration, pH and MeSNPs dosage in the experiments

fixed at 100 mg/L, 2.0 and 200 mg, respectively.

Data obtained was fitted to pseudo first-order rate and pseudo second order rate kinetics models

(Ho et al., 1999). The pseudo-first order rate is expressed as follows:

d
£ =ki(qe — q0) (6.6)
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Where, k1 is the pseudo-first order rate constant (1/min), ge is the adsorption capacity at equilibrium

(mg/g), qt is the adsorption capacity at time t (mg/qg).

The above equation can be integrated after applying the following initial and boundary conditions

t=0,0t=0;t=t,qt=qt

k
log (qe — q¢) =logq. — —=t (6.7)

2.303

The pseudo-first order rate constant (ki) can be determined from a plot of log (ge — qt) vs. t.

The pseudo-second order rate kinetics for dye removal involves physicochemical interaction

between adsorbent and adsorbate, and it can be expressed as follows:

d
= = ky(qe — q0)? (6.8)

Integration of the above equation between the boundary conditions, t =0, g:= 0; t =t, gt = q, gives:

t 1 t
t_ 1 .t 6.9
qac k203 qe (6.9)

Where ¢ is the amount of sorbate on the adsorbent surface at equilibrium (mg/g), k2 is the pseudo-
second order rate constant (g/mg/min), gt is the amount of sorbate on the adsorbent surface at time
t (mg/g). The pseudo-second order rate constant (k2) is determined from the intercept of a linear

plot of t/q:against t.

6.2.6 Dye desorption test

To test the potential reuse of MeSNPs following dye adsorption, dye loaded MeSNPs from a batch

adsorption experiment, performed earlier with an initial dye concentration of 100 mg/L, was
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separated from its mixture by centrifugation and then treated with water of different pH ranging

from 2 to 12. The amount of dye desorbed was assessed as described earlier in Section 6.2.3.

6.2.7 Continuous dye removal experiments

Continuous removal of DR 80 and MB 9 by adsorption using MeSNPs was assessed using a glass
column with an inner diameter of 10 mm and a column height of 120 mm, as shown in Fig. 6.2. A
desired amount of MeSNPs were packed between glass wool and glass beads in the column to hold
the adsorbent in place. Individual DR 80 and MB 9 dye containing solutions of certain initial
concentration were fed through the fixed-bed column by means of a peristaltic pump operated at
different speeds in order to study the influence of 0.33 mL/min, 1.0 mL/min and 2.5 mL/min flow
rates on the dye adsorption process. The MeSNPs bed height (1 cm), inlet dye concentration (25

mg/L), and inlet solution pH 2.0 were the same in this column study for both DR 80 and MB 9.

The following expression was used to calculate the total quantity of dye (miotar) input to the column:

_ CoFtiotal
Mygota] = 1000 (6-10)

Where Co represents inlet dye concentration (mg/L), F represents flow rate (mL/h), and tiotal

represents total time taken for the column to get saturated with the dye.

The following equation was used to estimate the amount of dye adsorbed into the column (Musah

et al., 2020):

CoF

t=t C
rotal = Too0 X (ttotal - ftzot“a‘c—;dt) (6.11)

where, tiotal represents time for exhaustion of the adsorbent in the column. Dye removal percentage
(YY) was calculated by dividing the total dye adsorbed (gotar) (Mg) to the total quantity of dye loaded

into the column (Miotar) (MQ) (Ravikumar et al., 2020):
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Y (%) = letal 5 100 (6.12)

q
Mtotal

Glass beads W
Glass wool ,f / / / ¥

Treated
water
MeSNP
Glass wool |/
(Glass beads

-

Feed
tank

Fig. 6.2 Schematic of the fixed-bed column used for continuous dye adsorption by MeSNPs.
Maximum dye sorption capacity of the column (Qeexp)) Was calculated by the ratio of amount of
dye adsorbed (qttal) (Mg) to the amount of adsorbent used in the column (W) (g) (Ajmani et al.,

2020).

Je(exp) = qt‘(;\;al (6 13)

Regeneration of the dye loaded MeSNPs in the column was achieved by passing 2 M sodium
hydroxide solution and analyzed for up to four continuous sorption-desorption cycles (Ajmani et

al., 2020). The bed regeneration step in each cycle was performed by washing the bed with distilled
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water until all the dye molecules were washed out of the column, and until the effluent pH reached
7.0. The following expression was used to calculate the regeneration efficiency (%) of the fixed-

bed column in this study (Ajmani et al., 2020):
Regeneration efficiency (%) = Q& x 100 (6.14)
0

where, Qo and Q represent sorption efficiency (mg/g) of the adsorption column before and after
each regeneration step.

6.3 Results and discussion
6.3.1 MeSNPs characterization

Surface morphology of the biogenic MeSNPs synthesized in this study was analyzed using FESEM
and is shown in Fig. 6.3(a). EDX spectrum (Fig. 6.3b) of the biogenic MeSNPs reveals the
presence of the different metals in the sample, whereas the sulfur peak shown in the EDX spectrum
is attributed to the different metal sulfides present in the MeSNPs. Fig. 6.4 displays FETEM

images of the MeSNPs, and its particle size distribution revealed that its size was in the range 8-

10 nm.
2 (b)
10- S
3T Cu B/
g . / Pb
5= m/ Ni
- Fe Zn
cd /
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! 4 6 3 kv

Fig. 6.3 (a) FESEM image and (b) FESEM-EDX spectra of MeSNPs.
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Fig. 6.4 FETEM images of MeSNPs at different resolutions (a) 100 nm (b) 50 nm. Particle size

distribution is shown as an insert to Fig. 6.4(b).

Fig. 6.5(a) shows the FTIR spectrum of MeSNPs used for dye adsorption. For the FTIR analysis,
the sample was scanned between 500 cm™ and 4000 cm™ wavelength to check the occurrence of
different functional groups and diverse bonds responsible for the dye adsorption. The presence of
hydroxyl group (-OH) can be confirmed by the band present at 3000-3600 cm®. The presence of
sulfide group is indicated by the band present at 1020 cm™ (Kiran et al., 2017). Bands stretched in
the ranges 1500-1580 cm™* and 1600 - 1700 cm™ revealed the presence of amide group (-NH) and
carboxyl group (-C=0), respectively (Arami et al., 2005). The peaks detected at 1410 cm™, 1230
cm?, and 1100 cm™ revealed the possible presence of C-N stretching of aliphatic/ aromatic amines,

C-C bond of the aromatic ring, N-O bond of the nitro group.

Figure 5b and c further show that the bands mentioned above were shifted to a new position
following the adsorption of DR 80 and MB 9, which confirmed the involvement of these groups
in the dye adsorption process. For instance, FTIR spectra of MeSNPs following DR 80 adsorption
show bands stretched at 1060 cm™, 1550 cm™, 1640 cm™ and 3271 cm™, and in case of MB 9

loaded MeSNPs new bands appeared at 1015 cm™, 1590 cm™, 1670 cm™ and 3091 cm™ (Fig. 6.4b
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and c). The bands at 3271 cm™ and 3091 cm™ are due to the tensile frequencies of OH from alcohol

and phenol groups involved in the dye adsorption process (Cipriani et al., 2016).
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Fig. 6.5 FTIR spectra of MeSNPs (a) before dye adsorption and after (b) DR 80 adsorption and (c)

MB 9 adsorption.

The zeta potential measurements revealed that the isoelectric point (IEP) of MeSNPs was in
between 5 and 6, as shown in Fig. 6.6. Hence, in order to achieve maximum electrostatic
interaction between the positively charged MeSNPs and the anionic dyes, a low pH value of 2,
was chosen for their removal. The specific surface area of MeSNPs determined using the multiple

BET equation was 120.4 m?/g. XRD analysis further confirmed that the different metals were
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present as their corresponding sulfides, i.e., CdS, FeS, CuS, NiS, PbS and ZnS, in the MeSNPs

(Fig. 6.7).

Zeta potential (mV)

Fig. 6.6 Zeta potential analysis of MeSNPs.
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Fig. 6.7 XRD profile of MeSNPs.
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6.3.2 Effect of different variables on dye removal
6.3.2.1 Contact time

From the results shown in Fig. 6.8(a) it is apparent that a very high removal efficiency (80%) of
DR 80 is achieved in less than one minute of contact time, and the value quickly reached up to
100% without any further change. In the case of MB 9, the removal percentage was 50% in the
first minute, and complete removal was obtained in 6 min. Thus, complete removal and
equilibrium of both the dyes were obtained in 6 min. Such a short contact time is also preferred to
keep the operating cost low for large-scale applications. Moreover, the short contact time for
attaining equilibrium in this study with MeSNPs is less than the values reported for other
adsorbents in the literature (Arami et al., 2005; Ardejani et al., 2008; Martins et al., 2015).

The experimental results obtained were fitted to pseudo-first and pseudo-second order reaction
rate models in order to determine the rate and other kinetic parameters involved in the dye sorption
process. Fig. 6.9 shows linear plots of these kinetic models on the experimental data, and Table
6.3 summarizes the estimated model parameters and coefficient of determination (R?) values for
DR 80 and MB 9. These results reveal that the R? value due to the second order kinetic model is
greater than the R? value due to the first order rate kinetic model, signifying that the removal of
DR 80 and MB 9 using MeSNPs is governed by physico-chemical interaction between the dyes

and the adsorbent (Rebekah et al., 2020).
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Table 6.3 Estimated kinetic model parameters on the removal of DR 80 and MB 9 by MeSNPs

Model Parameters Value

DR 80 MB 9
Pseudo-first order k1 (1/min) 0.734 0.348
Qe,cal (MQ/Q) 19.49 19.29

R? 0.98 0.94
Pseudo-second order k2 (9/mg/min) 0.062 0.048
Ce,cal (MQ/Q) 52.63 49.50

R? 0.99 0.99

6.3.2.2 Effect of MeSNPs dosage

The effect of different MeSNPs dosage was evaluated to find the optimum dosage required for dye
removal. The values of the other parameters, i.e., initial dye concentration, pH and temperature,
were 100 mg/L, 2.0, and 25 °C in this experiment, and an equilibrium time of 6 min, as determined
earlier, was followed. As shown in Fig. 6.8(b), 25 mg/L dose of MeSNPs yielded 60% and 56%
removal efficiency of DR 80 and MB 9, respectively. Upon increasing the dose of the
nanoparticles, the removal efficiency of both the dyes also increased, and complete removal of
both the azo dyes was achieved above 200 mg of MeSNPs (Fig. 6.8b). The increase in dye removal
efficiency at a higher dose of MeSNPs is attributed to the availability of a large number of binding
sites for dye adsorption onto the adsorbent than at a lower dosage.

3.3.2.3 Effect of solution pH

The effect of different pH values was evaluated on the adsorption efficiency of DR 80 and MB 9

by MeSNPs. The results shown in Fig. 6.8(c) reveal that the maximum removal efficiency of both
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the dyes is obtained at pH 2, and the removal efficiency decreased with an increase in the solution
pH. The maximum removal of the dyes at a very low pH is attributed to the electrostatic interaction
between the negatively charged surface of the dyes (due to R-SOs™ species) and the positively
charged (due to H* ions) adsorbent surface. An increase in the solution pH reduces the number of
positively charged species on the adsorbent surface, which in turn leads to reduced interaction
between the adsorbent and the anionic dyes (Namasivayam et al., 2003). The low removal
efficiency of both the dyes at a high pH is also due to competition between OH" ions and the
anionic dyes for binding with the positively charged adsorbent. In the literature, similar results on
the effect of solution pH on the removal of Acid yellow 36 and Congo red dyes have been reported

(Namasivayam et al., 2003; Malik et al., 2003).
6.3.2.4 Effect of initial dye concentration

The effect of different initial dye concentrations (50-300 mg/L) on the removal of DR 80 and MB
9 was investigated in this study by fixing the other parameters at their respective optimum levels.
Fig. 6.8(d) displays a plot between dye removal efficiency and initial dye concentration, which
revealed that complete removal of both the dyes is obtained for 50 and 100 mg/L initial dye
concentrations. The removal efficiency of DR 80 and MB 9 decreased to 93% and 82%,
respectively, with an increase in their initial concentration up to 300 mg/L. These results also show
that the MeSNPs have more affinity towards DR 80 than MB 9, which can be explained based on
the fact that DR80 has a higher molecular mass than MB 9. Moussavi et al. (2009) also obtained
similar results on better removal of a high molecular mass dye compared to a low molecular mass

dye by adsorption using MgO nanoparticles.

151
TH-2856_176106007



Chapter 6

(a, 100 - (b) 100 |
— 90 i
© 80 | =
5 3 80
£ 70 - E
o g
9 60 | v 70 -
(a] a -
50 | —=a— Direct red 80 60 | —&— Direct red 80
® - Mordant blue 9 ~&- Mordant blue 9
40 T ‘ ‘ T T ‘ 50 T ‘ . ‘ ‘
0 5 10 15 20 25 30 35 0 200 400 600 800 1000
Contact time (min) MeSNPs dosaae (ma)
(€)oo (d) o }M
T 801 =< 80
© ©
3 60 s 60
= E
2 40/ 2 40|
o v
= - >
o 20 | —e— Direct red 80 [a) -
.- Mordant blue 9 20 —e— Direct red 80
#-- Mordant blue 9
0 T T T T . \ 0 : : : . ‘ T
0 2 4 6 8 10 12 14 0 50 100 150 200 250 300
pH Dye concentration (mg L")

Fig. 6.8 Effect of (a) contact time (b) MeSNPs amount, (c) solution pH, and (d) initial dye

concentration on the removal of DR 80 and MB 9.
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Fig. 6.9 Kinetic modeling of DR 80 and MB 9 removal by MeSNPs: (a) pseudo-first order and (b)

pseudo-second order rate models.
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Three commonly used isotherm models (Langmuir, Freundlich, and SIPs) were applied to define
the batch adsorption of DR 80 and MB 9 by MeSNPs. The coefficient of determination (R?) values
of linear regression plot obtained using the isotherm models and the experimental data were
estimated. The model constants and the R? values for both the dyes presented in Table 6.4,
indicates that the dye adsorption follows SIPs isotherm, which is consistent with the literature on

DR 80 and MB 9 dye removal by adsorption (Hayati et al., 2011; Tomic et al., 2014).

Table 6.4 Estimated isotherms model parameters on the removal of DR 80 and MB 9 by MeSNPs

Isotherm model Parameters Value
DR 80 MB 9
Langmuir Omax (MQ/Q) 294.11 121.95
KL (L/mg) 0.063 0.23
R? 0.91 0.95
Freundlich Kr (L/mg) 24 38.9
n 1.9 3.73
R? 0.98 0.95
Sips gm (Mg/g) 143.7 198.3
ks (L/mg) 0.039 1.509
n 1.17 1.21
R? 0.999 0.997

From the Langmuir model, which fitted the experimental data with R? value >0.90 for both the
dyes, the maximum adsorption capacity values were estimated to be 294.11 and 121.95 mg dye

per gm MeSNPs for DR 80 and MB 9, respectively. The values further confirmed the very high
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capacity of MeSNPs for dye adsorption (Table 6.4). The differences in DR 80 and MB 9 removal
percentage and maximum adsorption capacity of the adsorbent are due to their different chemical
structure, size, and properties (Table 6.2).

Comparison of MeSNPs with other adsorbents described in the literature for the removal of DR
80 and MB 9 reveals its better performance over the others (Table 6.1). In addition, a maximum
adsorption efficiency of the dyes within a short time further indicates an easy and quick operation
of the adsorption process.

6.3.3 Continuous dye sorption using fixed-bed column

The effect of different flow rates on dynamic sorption of DR 80 and MB 9 by MeSNPs was
investigated at 0.33 mL/min, 1.0 mL/min, and 2.5 mL/min, and by keeping the adsorbent bed
height and inlet dye concentration fixed at 1 cm and 25 mg/L fixed. Breakthrough behavior of the
dyes (Fig. 6.10) reveal that increase in the flow rate reduced both the breakthrough time and
exhaustion time for both the dyes.

Volume treated and removal efficiency of the dyes also decrease with an increase in the flow rate.
The dye sorption capacity reduced from 18.31 mg/g to 16.87 mg/g in the case of DR 80 and from
16.83 mg/g to 14.25 mg/g in the case of MB 9 with an increase in flow rate from 0.33 mL/min to
2.5 mL/min (Table 6.5). The effect due to flow rate is due to less time available for interaction
between the dye molecules and the adsorbent at a high flow rate.

The experimental breakthrough data was further analyzed using different models such as Thomas,
Adams-Bohart, Clark, and Yoon-Nelson models for describing the breakthrough behavior of the

dyes in the column.

|
154

TH-2856_176106007



Chapter 6

(a)
1.0
0.8 -
o 06 -
O
J 0.4 -
0.2 -
—— 25 mL/min
0.0 —a— 1.0 mL/min
—— 0.33 mL/min
0 10 20 30 40 50 60
Time (h)
(b)
1.0 -
0.8 -
o 06 -
o
6" 04 -
0.2 -
—— 2.5 mLU/min
0.0 - —+— 1.0 mL/min
—v— 0.33 mL/min

0 10 20 30 40 50 60
Time (h)

Fig. 6.10 Effect of different liquid flow rates on adsorption breakthrough behavior of (a) DR 80

and (b) MB 9 in the column study.
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Table 6.5 Effect of different liquid flow rates on the column performance for removal of DR 80 and MB 9 by MeSNPs

U F DR 80 MB 9

(cm/min) (mL/min)  tow  Miotal Qtotal Je(exp) Vet Y fiotal Mtotal  Qtotal Je(exp) Vet Y

(hy (mg) (mg) (mglg) (L) (%) () (mg) (mg) (mg/g) (L) (%)

0.42 0.33 55 270 1831 9155 1.09 67.81 48 234 16.83 84.15 095 71.90
1.27 1.0 18 30.0 18.00 90.00 120 60.00 14 27.0 15.00 75.00 0.84 55.55
3.18 2.5 5 18.7 16.87 84.35 0.75 90.21 45 168 1425 7125 0.67 84.82
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Thomas model is one of the most common and widely used models for experimental adsorption
breakthrough behavior in column studies. This model is based on second-order rate kinetics and
adsorption-desorption Langmuir isotherm (Thomas et al., 1944). This model is also used to
estimate the maximum adsorption efficiency of an adsorbent in column studies.

The following equation represents the Thomas model (Eg. 6.15)

In (- 1) = 2% e Cot (6.15)

t

where Krn is the sorption rate constant (mL/min/mg), and Qo is the maximum sorption capacity
(mg/g). W refers to sorbent quantity (g) used in the column. Co/C;is the ratio of the inlet to effluent
dye concentration. Dye adsorption capacity (Qo) and rate constant (kth) were determined from a
plot of In(Co/Ct — 1) vs. t, and their values are presented in Table 6.6. The Qo values for DR 80 and
Mb 9 are 1273.04 mg/g and 1056.72 mg/g for a flow rate of 0.33 mL/min, and the values increased
with an increase in the flow rate from 0.33 mL/min to 2.5 mL/min. A reverse trend is observed in
the case of krn value with an increase in the flow rate.

Clark’s model incorporates mass-transfer coefficient with Freundlich isotherm (Clark et al., 1987),

and it is expressed in its linear form as follows (Eqg. 6.16):

n-1
1n[(§—;) —1]= —rt+InA (6.16)

where n is the Freundlich constant; A (mg/L/min) and r (1/min) are the Clark model constants. As
given in Table 6.6, the r value obtained in this study increased with an increase in the flow rate for
both DR 80 and MB 9, which is due to the enhanced molecular diffusion and mass transfer rate at
a high flow rate. Rout et al. (2017) reported a similar result on variation in mass-transfer rate for

phosphate removal in a packed bed reactor operated under dynamic conditions.
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Adams-Bohart model is mainly applied to define the initial part of the breakthrough curve. It is
based on the assumption that the sorption rate depends on the solid residual capacity and dye

concentration (Bohart et al., 1920). The model equation is given by Eq. (6.17):

In (E—t) = kapCot — KapNag () (6.17)

where kag (mL/mg/min) represents kinetic constant, Nag (g/L) is the saturation concentration, Z
(cm) represents bed height, u is the linear velocity of liquid flow inside the column (cm/min). From
Table 6.6, increasing the flow rate from 0.33 mL/min to 2.5 mL/min, decreased the Nag value
from 3691.95 mg/L to 46.08 mg/L for DR 80 and in the case of MB 9 the values decreased from
3115.4 mg/L to 39.6 mg/L, kas value increased from 0.0029 mL/mg/min to 0.021 mL/mg/min for
DR 80 and from 0.0033 mL/mg/min to 0.031 mL/mg/min MB 9, with an increase in the flow rate.
However, among the different breakthrough models examined in this work, the Adams-Bohart
model did not accurately describe the dye adsorption in the fixed-bed column, and its R? value was
about 0.72 for both the dyes.

Yoon-Nelson model is another breakthrough model initially developed for the sorption of vapors
or gases using activated charcoal. It is based on the assumption that the sorption rate depends on
the sorbent adsorption capacity and the sorbate breakthrough (Yoon et al., 1984). Its linear form

can be expressed as follows:

C
In (Co_tct) = kynt — kynT (6.18)
where kyn represents Yoon-Nelson rate constant (L/min), and t represents the time to complete 50

% sorbate breakthrough (min).
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Table 6.6 Estimated breakthrough model parameters for the removal of DR 80 and MB 9 by MeSNPs in the column study

Flow rate Thomas model Clark model Adams-Bohart model Yoon-Nelson model
F Qo Kth R2 r A R2 NaB Kas R?2 KvynN T R?2
(mL/min) (mg/g) (mL/mg/ (I/min)  (mg/L/min) (mg/L)  (mL/mg/ (2/min)  (min)
min) min)

DR 80
0.33 1273.04 0.0088 0.967 0.216 651.97 0.969 3691.95 0.003 0.680 0.222 30.80 0.967
1.0 1237.02 0.0185 0.970 0.449 70.10 0.974 559.21 0.006 0.685 0.464 9.86 0.970
2.5 648.51 0.0925 0.950 2.231 83.93 0.956 46.08 0.022 0.576 2.313 1.85 0.950
MB 9
0.33 1056.72 0.0086 0.969 0.254 3294.46 0.990 3115.40 0.003 0.712 0.215 25.70 0.969
1.0 1061.55 0.0199 0.965 0.610 992.27 0.972 262.34 0.009 0.729 0.498 8.45 0.965
2.5 644.27 0.0908 0.955 2.69 1339.43 0.976 39.60 0.032 0.608 2.27 2.06 0.955

(bed depth = 1 cm and inlet dye concentration = 25 mg/L)
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The values of the parameters can be calculated from a plot between In(Cy/(Co-Ct) and t. Increasing
the flow rate from 0.33 mL/min to 2.5 mL/min resulted in an increase in kyn and a decrease in t
values in the case of both DR 80 and MB 9, which could be reasoned based on the less time
required to achieve a 50% breakthrough at a high liquid flow rate in the column (Table 6.6). R?

values due to the Yoon-Nelson and Thomas models were the same as both these models are

mathematically analogous.

6.3.4 Dye desorption

Dye desorption test was conducted to understand the dye adsorption mechanism invlolved and also
to explore the possibility of recovering MeSNPs for reuse in the dye adsorption process. Dye
desorption efficiency was maximum for both DR80 and MB 9 using the desorbing solution at pH
12 (Fig. 6.11), which is attributed to the excess negatively charged species on the adsorbent at an
alkaline pH and the resulting in electrostatic repulsion between the dye and the adsorbent.
Electrostatic interaction between the positively charged adsorbent surface and the anionic dyes

was the significant at a low pH 2.0, as determined earlier in section 3.2.2.3 also.
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Fig. 6.11 Desorption efficiency of DR 80 and MB 9 from dye loaded MeSNPs using desorption

solution of different pH (T = 25 °C).
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Following the batch desorption study, the sorption and desorption experiments were conducted
with MeSNPs in the fixed-bed column for up to 4 sorption/desorption cycles by keeping the
adsorbent bed height constant at 1 cm. Initially and during the first cycle, individual DR 80 and
MB 9 solution of 25 mg/L concentration was passed through the adsorbent bed at a flow rate of
2.5 mL/min. Following the desorption step in each cycle, excess amount of the desorbing agent in
the bed was washed off using distilled water.

Table 6.7 shows the results of breakthrough time and regeneration parameters obtained in the four
sorption-desorption cycles carried out in the column study for DR 80 and MB 9. With every
sorption-desorption cycle, the breakthrough time reduced from 300 min to 78 min for DR 80 and
in case of MB 9 the value reduced from 290 min to 72 min.

Table 6.7 Breakthrough time and regeneration parameters of the fixed bed column operated for

four sorption-desorption cycles

Cycle  Breakthrough Uptake Regeneration
number  time (min) capacity efficiency (%)
(mg/g)
DR 80
1 300 648.51 100
2 205 509.21 78.52
3 150 404.15 62.32
4 78 236.12 36.41
MB 9
1 290 644.27 100
2 196 484.81 75.25
3 141 383.98 59.60
4 72 228.58 35.48

|
161

TH-2856_176106007



Chapter 6

Similarly, the uptake capacity of the column reduced from 648.51 mg/g to 236.12 mg/g for DR 80
and also for MB 9 from 644.27 mg/g to 228.58 mg/g. These results reveal drastic reduction in
adsorption capacity of the MeSNPs towards the end of the four sorption-desorption cycle, which
could be due to the deactivation of binding sites present on the adsorbent as reported by Thabede
et al. (2020).

6.4 Significant findings

Novel adsorbent based on biogenic synthesized MeSNPs from sulfate rich metallic wastewater
revealed its excellent potential for treating dye containing wastewater. The MeSNPs showed a very
high capacity to adsorb DR 80 and MB 9 from aqueous solution even at a high initial concentration
and within a short time period. Mechanism of dye sorption onto MeSNPs was shown to involve
electrostatic interaction between the dyes and the adsorbent. Dynamic dye sorption using a packed
bed column with MeSNPs revealed that it can be used for upto 2-3 cycles of regeneration and reuse
with minor loss in dye uptake capacity of the adsorbent bed. However, future studies on efficient
regeneration of packed bed containing MeSNPs for prolonged reuse and recycle in dye removal
from wastewater are necessary. In addition, application of MeSNPs in treating wastewater
containing a mixture of dyes and other pollutants in order to further stablished its large-scale

applications.
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ABSTRACT
In the present investigation, biogenic copper sulfide nanoparticles from metallic wastewater were
examined for triazoles formation. The size of the copper nanoparticles was in the range of 5-10
nm. Polyvinyl alcohol and sodium alginate supported copper nanoparticles (PVA-SA-CuNPs)
were prepared by immobilizing copper sulfide on PVA-SA. The nanomaterial was characterized
by field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy
(EDX), field emission transmission electron microscopy (FETEM), Thermogravimetric analysis
(TGA), X-ray diffractometer (XRD), and UV—vis. The catalytic activity of PVA-SA-CuNPs was
assessed in the three-component click synthesis of 1,2,3-triazoles in water under low catalyst
loading and mild reaction conditions. The nanocatalysts can be recycled and reused several times

without significant loss of their catalytic activity.
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7.1 Introduction

1,2,3-Triazole is defined as an aromatic heterocycle, a five-membered ring of two carbon and three
nitrogen atoms with the molecular formula C2HzN3 (Sarkar et al., 2008; Kimber et al., 2020 ).
Triazoles find many biomedical applications, such as activity against Gram-positive bacteria
(Genin et al., 2000), a protein kinase inhibitor, and anti-HIV (Gholinejad et al., 2020). It also finds
application as dyes, photostabilizers of polymers, agrochemicals, optical brighteners, photographic
materials and corrosion inhibitors in industries (Fan et al., 1996). Various methods have been
developed for the synthesis of 1,2,3-triazoles compounds. The Huisgen cycloaddition reaction
comprising azides with terminal alkynes is widespread among the different techniques, called Cu-
catalyzed azide-alkyne cycloaddition (CuAAC). A mixture of 1,4- and 1,5-disubstituted
compounds are obtained as a result of the Huisgen cycloaddition reaction, which requires (1) high
temperature, (2) long reaction time and (3) electron-withdrawing solid substituents (Gholinejad et
al., 2020). Recent advancement shows the production of highly regioselective 1,4-disubstituted

1,2,3-triazoles using cycloaddition reaction of alkynes and azides catalyzed by copper complexes.

Due to raising interest towards environmentally sustainable processes for the synthesis of
chemicals, development of cost-effective, recyclable catalysts and nontoxic solvents are top
priorities. One such example is water as a solvent in chemical reactions instead of using expensive,
flammable, and toxic organic chemicals that are harmful to the environment. One more advantage
of conducting a reaction in an aqueous solution is that product separation is easy due to low

solubility of organic compounds in water (Sheldon et al., 1994; Anastas et al., 2010).

Over the last few years, different copper catalysts have been used in click reaction of alkynes and
azides (Liang et al., 2011; Harmand et al., 2012; Pathigoolla et al., 2013). However, despite

achieving good efficiency, such processes find difficulty in separating the copper catalyst from the
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final products. To overcome this problem, immobilization of copper nanoparticles onto other
support is an interesting option. Examples of different immobilization supports are as follows:
silica (Veerakumar et al., 2011), magnetite (Hudson et al., 2012; Kaboudin et al., 2013), polymers
(Wang et al., 2010), coating of polyvinyl pyrrolidone (Zhang et al., 2010), surfactant-assisted
hydrothermal-synthesis (Sharghi et al., 2008), and melamine-formaldehyde resin (Soltani et al.,

2013).

In the recent years, biodegradable and eco-friendly polymers as recyclable heterogeneous catalysts
are of interest (Dabbawala et al., 2012; Tokarek et al., 2013; Gholinejad et al., 2020). One such
polymer is agarose, which was successfully used as a binding polymer in click reaction for the
production of triazole (Gholinejad et al., 2020). Nasir Baig et al. (2014) reported an application of
chitosan immobilized copper catalyst to synthesize 1,2,3-triazoles compounds. Similarly, Kal-
Kashvandi et al. (2018) reported the use of polyvinyl alcohol (PVVA) as a binding polymer in click
reaction, which has many advantages such as (1) formation of intra and inter-chain hydrogen bonds
in water, (2) crystalline nature and (3) small trailing hydroxyl group (Kal-Kashvandi et al., 2018).
Moreover, PVA has higher mechanical strength than the other hydrogels. The other applications
associated with PVA are in papermaking, textiles, bacterial immobilization, and as coating agent.
However, its use as an immobilizing matrix for metal nanoparticles has been generally overlooked
and only recently, successful efforts have been made to synthesize triazoles using click chemistry

under heterogeneous catalysis and PVA as catalyst support.

PV A-based copper nanoparticles have been synthesized and used as nanoparticle stabilizers (Saez
et al., 2009; Hammad et al., 2015). PVA-Cu nanocomposites were made and demonstrated by
Hajipour et al. (2015). One more example of cheap, non-toxic, biodegradable polymer is sodium

alginate (SA), extracted from brown algae. It has been widely used in different applications, e.g.,

165
TH-2856_176106007



Chapter 7

as a carrier in drug release, removal of dye and heavy metals, etc. (Shalumon et al., 2011,

Mohammadi et al., 2014).

It has been observed that an interpenetrating polymer network (IPN) structure, which is a mixture
of two or more cross-linked polymers, shows excellent mechanical strength (Wang et al., 2016;
Zhou et al., 2018). However, it is unknown whether embedding copper nanoparticles into PVA
and sodium alginate (PVA-SA) hydrogel with IPN structure would have an excellent triazole yield.
Furthermore, this kind of hydrogel for triazole production has not yet been studied to the best of

our knowledge.

In our previous study, copper nanopowder was synthesized using sulfate-reducing bacteria (SRB)
from acid mine drainage under anaerobic conditions. Synthesis of such copper catalysts recovered
from wastewater has many benefits over the conventional chemical synthesis of nanoparticles.
Disadvantages of the chemical route for the synthesis of the catalyst comprises of (1) use of toxic
solvents, (2) high temperature, (3) stabilizers (4) harmful chemicals. On the other hand, microbial
synthesis of catalyst can be advantageous in terms of (1) low-cost (2) simple process, (3) scalable

and (4) mild reaction conditions.

This chapter presents the synthesis of a biogenic copper catalyst utilizing copper nanoparticles
recovered from synthetic acid mine drainage. A mixture of PVA and sodium alginate were used
as inexpensive, biodegradable, and stable polymers to support and stabilize the biogenic copper

nanoparticles and its application as an efficient catalyst in click reaction in water.
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7.2 Materials and methods

7.2.1 Chemicals

All reagents and chemicals used in this study were of analytical grade and were used without any
further purification. All the alkynes and azides were procured from Sigma-Aldrich and used as

received.

7.2.2 Synthesis of copper sulfide nanoparticles

Copper sulfide nanoparticles (CuS NPs) were synthesized through sulfide precipitation using
sulfate-reducing bacteria (SRB). The anaerobic biomass was collected from a laboratory scale
rotating biological contactor (RBC) reactor as detailed in Chapter 3. Synthetic media used for the
biogenic CuNPs production was composed of (g/L): 1 ammonium chloride, 1.47 sodium sulfate,
0.2 trisodium citrate, 0.1 ascorbic acid, 0.1 calcium chloride dehydrate, 0.5 potassium dihydrogen
phosphate, 0.2 ethylene diamine tetraacetic acid (EDTA), 0.2 bromo ethane sulfonic acid (BESA),
0.15 iron sulfate heptahydrate. Sodium lactate was used as the electron donor, and media pH was

adjusted to 7.0. Recovery and purification of the CuNPs were described in the previous Chapter 5.

7.2.3 Immobilization of CuNPs

For immobilization of CuNPs, 8% (w/v) PVA was dissolved in 10 mL distilled water by
mechanical shaking at 95 °C for 2 h and then cooled down to room temperature. Next, 1% (w/v)
sodium alginate and CuNPs were added with mechanical stirring. All three solutions were stirred
to form a homogeneous solution. The prepared homogenous solution was added dropwise into a
500 mL chilled 10% CaCl, and 3% boric acid crosslinking solution to form CuNPs immobilized
beads using a 10 mL syringe. The spherical shaped PVA-SA beads with immobilized CuNPs were
then soaked in the cross-linking solution for 10 h to for improving its stability. Finally, the beads
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were rinsed using double distilled water to remove unreacted monomers and stored at 4 °C before

further use.

7.2.4 Synthesis of 1,2,3-Triazoles

The standard procedure was followed to synthesize triazole using different alkynes and azides as
detailed in Gholinejad et al. (2020). Assimilation of various alkynes and azides to the previously
prepared PVA-SA-CuNPs beads resulted in the formation of triazoles. In one typical case,
azidobenzene (0.25 mmol) and phenylacetylene (0.25 mmol) were added in a flask equipped with
a magnetic stirring bar and containing 2 mL of water. The reaction mixture was then heated at 30
°C for 12 h. After completing the reaction, the mixture was cooled to room temperature, and the
triazole product was separated using extraction with ethyl acetate. Finally, the ethyl acetate was

evaporated to obtain the desired product in a highly pure form.

7.2.5 Recycling of catalyst

PVA-SA-CuNPs were tested for their recycle and reuse ability in a reaction of azidobenzene and
phenylacetylene as model reactants. After the first run, the catalyst was separated, and ethyl acetate
was used to extract the triazole. Next, the recovered PVA-SA-CuNPs catalyst was washed with
diethyl ether for further use. Finally, the recovered PVA-SA-CuNPs beads were reused in a similar

reaction. The exact process was repeated up to five consecutive cycles.

7.2.6 Characterization techniques

For FTIR, the PVA and PVA-SA-CuNPs beads were suitably dried to remove the excess water.
Dried samples were used for FTIR analysis (IR affinity-1S, Shimadzu, Japan). Morphology of
PVA-SA-CuNPs catalyst was checked using FESEM (Zeiss, Sigma, Germany). To check the

presence of copper in the sample, Energy-dispersive X-ray spectroscopy (EDX) was carried out.
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Copper content was determined by microwave plasma atomic emission spectroscopy (Varian,
4210 MP-AES, Agilent Technologies). For field emission transmission electron microscopy
(FETEM) analysis using JOEL, JEM2100, Japan, operating at 200 kV, a drop of the sample was

cast on a copper grid, and the grid was dried in an oven to remove moisture.

Thermo-gravimetric analysis (TGA) of immobilized CuNPs beads were carried out in a nitrogen
atmosphere with a 40 mL/min flow rate, a heating rate of 10 °C/min, and a temperature range of
0-800 °C (TG 209 F1, Libra Analyser, Germany). The samples were placed in a 1 mL ceramic
crucible for the analysis. Differential thermogravimetric analysis (DTG) was performed to obtain
the maximum thermal degradation temperature of the samples. Nuclear magnetic resonance
(NMR) analysis using was performed by dissolving the sample in deuterated chloroform (CDCls).
The samples were then analyzed using nuclear magnetic resonance (NMR, ASCEND 600 model,

Bruker 600 MHz).
7.3 Results and discussion
7.3.1 Characterization of CuNP immobilized PVA beads

The CuNPs in the PVA-SA-CuNPs matrix were analyzed using different techniques such as
FESEM, EDX, FTIR, TGA, FETEM, and UV—vis. Amount of copper in the beads was determined
to be 0.2 mmol/g by AES analysis Fig. 7.1 shows the FTIR spectra of PVA-SA and PVA-SA-
CuNPs between the wavelengths 500 and 4000 cm. The broad peak present at 3500 cm ™ signifies
the hydroxyl (-OH) group in the PVA-SA, and a minor shift to 3450 cm™ was observed in PVA-
SA-CuNPs. The band due to hydroxyl group present in PVA-SA-CuNPs is stronger than for PVA-
SA indicating that the hydroxyl unit of PVA-SA may have different H-bond interactions or

coordination from that of the CuNPs immobilized beads.
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Fig. 7.1 FTIR spectra of PVA and PVA-SA-CuNPs.

The FTIR spectrum of PVA-SA-CuNPs shows prominent peak at 1500 cm ™, which indicates the
interaction of the PVA-SA matrix and the CuNPs present. The peak at 1500 cm™ also denotes
absorption due to asymmetric vibration of the carboxylate (COO™) group. The aggregation of
copper ions and carboxyl-containing polymers have been reported. A series of changes in the
spectra of PVA-SA-CuNPs can be observed in the wavelength range 1000-2000 cm ™ due to the

immobilization of CuNPs in the PVA-SA matrix (Fig. 7.1).

Fig. 7.2 displays FESEM images of the PVA-SA-CuNPs catalyst, which shows a dry gel-like
structure. The FETEM images show the presence of uniform and monodispersed nanoparticles.

Fig. 7.3 shows the FETEM images of CuNPs, which confirm the spherical shape and
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polycrystalline nature of the nanoparticles. Fig. 7.3b shows the particle size distribution of the

CuNPs, and the results show that the nanoparticles were in the range of 5-10 nm.

The thermal stability of the PVA-SA-CuNPs catalyst was checked using thermogravimetric
analysis (TGA). It was confirmed from the TGA analysis that the prepared catalyst is thermally
stable and negligible amount of PVA-SA leached up to 200 °C. Fig. 7.4 demonstrates the thermal

decomposition behavior of the PVA-SA-CuNPs catalyst.
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Fig. 7.2 FESEM images of CuNPs immobilized PVA-SA.
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Fig. 7.3 FETEM image (a) and particle size distribution (b) of the CUNPs immobilized PVA-SA.
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EDX spectra of CuNPs immobilized onto PVA-SA confirmed the presence of copper in the
immobilized matrix (Fig. 7.6). Fig. 7.7 represents the UV—Vis spectrum of CuNPs and the band

centered at 572 nm.

Structure and crystallographic orientation of the immobilized catalyst were analyzed based on its
XRD spectrum in the range 10°-80° diffraction angle (20) (Fig. 7.8). The diffraction peaks at 26
value of 26.2°, 28°, 46.5°, correspond to different lines formed by (111), (200) and (220) planes
and are attributed to those of cubic shaped Cu (JCPDS no. 04-0836). The diffraction peaks in the
XRD spectrum specify the crystalline nature of CuNPs in the sample (Lee et al., 2010; Kaboudin

etal., 2013).
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Fig. 7.4 Thermogravimetric analysis curve of CuNPs immobilized PVA-SA.
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Fig. 7.5 EDX spectrum of CuNPs immobilized PVA-SA.

8000

7500 A (111)

7000 - (200)

)]

o

o

o
1

6000 -

5500 - (220)

Intensity (a.u.)

5000 A

4500 A

4000 . . .
20 40 60 80

2 Theta (degrees)

Fig. 7.6 XRD pattern of the CuNPs.

173
TH-2856_176106007



Chapter 7

0.25

e (a.u.)
o o
- N
(6] o

Absorbanc
o
)

o

o

o
4

0.00 ! . . |
400 450 500 550 600 650

Wavelength (nm)

Fig. 7.7 UV-Vis spectrum of PVA-SA-CuNPs.
7.3.2 Selection of parameters for click reaction

The catalytic activity of PVA-SA-CuNPs was determined using a cycloaddition reaction of azide
and alkyne using water as the solvent. Considering the reaction between azidobenzene and
phenylacetylene was selected as a model reaction for this study, the effect of different reaction
conditions, e.g., solvent, amount of catalyst, and reaction time, were examined. The results show
that 0.10 mmol of the immobilized copper catalyst, using water as the solvent at 30 °C temperature
and 12 h reaction time, is the best reaction condition (Table 7.2, Table 7.3, and Table 7.4). The

reaction between azide and alkyne is presented as shown below (Reaction 1)
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H,0 (2 ml) —
30°C,12h

N
Cr N; C) PVA + SA + CuNPs @\N/ \\N
+ = CH o>

Azidobenzene Phenylacetylene
1,4-Diphenyl-1H-[1,2,3] triazole

Table 7.1 Effect of different amounts of PVA-SA-CuNPs on the yield of 1,4-Diphenyl-1H-[1,2,3]

triazole (other reaction conditions: 30 °C temperature, water as solvent and 12 h reaction time)

S.No. mole% CuNPs Yield (%)
1 0.05 30
2 0.06 65
3 0.08 88
4 0.10 92

Table 7.2 Effect of different solvents on the yield of 1,4-Diphenyl-1H-[1,2,3] triazole (other

reaction conditions: 30 °C temperature, 0.10 mole% CuNPs and 12 h reaction time)

S.No. Solvents Yield (%)
1 Dichloromethane (CH2Cl,) 20
2 Tetrahydrofuran (THF) 20
3 Methanol (CH3OH) 60
4 Water (H20) 92
5 Toluene (C7Hs) 40
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Table 7.3 Effect of reaction time on the yield of 1,4-Diphenyl-1H-[1,2,3] triazole (other reaction

conditions: 30 °C temperature, water as solvent and 0.10 mole% CuNPs)

S. No. Reaction time (h) Yield (%)
1 6 45
2 8 70
3 12 92
4 15 92

7.3.3 Synthesis of the Triazoles

In the case of nanoparticles, the reactivity of the particle's surface is more due to the free valencies
of the surface atom. In addition, the surface area of the catalyst is very high in the case of nanosize

particles.

Different alkynes and azides were used to produce a variety of triazole products using PVA-SA-
CuNPs catalyst in copper catalyzed azide alkyne cycloaddition (CuUAAC) reaction (Table 7.3). The
cycloaddition reaction was conducted on a 2 mL scale using 0.25 mmol of each reagent and PVA-
SA-CuNPs (0.10 mol%, 10 mg) as the catalyst at 30 °C for 12 h. The triazole product was separated
by extraction with ethyl acetate. It was observed that the reactants were fully consumed in the
reaction, and the final product obtained was white solid at ambient temperature. The PVA-SA-
CuNPs catalyst used in this study showed excellent conversion efficiency, and a very high (82—
93%) triazole yield was achieved. Compared with this value, slight lower yield of 1,2,3-triazoles
yield (77-85%), were obtained using PVA-g-AA/Cu NPs catalyst via click reaction, as reported

by Kal-Kashvandi et al. (2008). The high triazole yield obtained in the present study signifies the
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high tolerance of the biogenic immobilized catalyst toward different functional groups, e.g.,
ketones, alcohols, ethers, esters, and heterocycles. Table 7.4 compares the performance of the

biogenic CuNPs in this study with literature.

Table 7.4: Comparison of various protocols used for “Click” reaction

S.No. Reaction time Conditions Reference
1 12 h Copper catalyst from distillery wastewater, 25 °C Kimber et al.,
2019
2 8h Agarose-supported CuNPs, water as solvent Gholinejad et
al., 2020
3 25-50 min Grafting of AA onto PVA involving MEK-peroxide Kal-
during the sonication process Kashvandi et
al., 2018
4 10-15 min PVP-protected CuNPs, aerated condition, room Sarkar et al.,
temperature 2008
5 12 h PVA-Sodium alginate as support material, 30 °C, water This study
as solvent

R1 N
N 4 w2 PVA+SA+CuNPs N \\N
— e — —
3 H,O (2 ml) \=<
30°C, 12 h R2

Fig. 7.8 Formation of 1,2,3-triazoles catalyzed by PVA-SA-CuNPs via click reaction.
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Table 7.5 Yield of different products obtained in this study by reactions of different azides and alkynes in the presence of biogenic

CuNPs in water

S.No. Azide Alkyne Product Yield (%)
1 Ns /NQN 92
——cH N
/
Azidobenzene Phenylacetylene
1,4-Diphenyl-1H-[1,2,3] triazole
2 N on N=n 90
——CH /
N
®/ —
Azidobenzene
1-Phenyl-2-propyn-1-ol OH
Phenyl (1-phenyl-1H-[1,2,3] -triazol-4-yl) methanol
3 N3 HC_ﬁ NQN 94
Cl

Azidobenzene

Propargyl chloride

4-(chloromethyl)-1-pheny;-1H-[1,2,3] -triazole
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<

Azidobenzene

N3

Q

Azidobenzene

<

Azidobenzene

CH3

~

N3

2-Azidotoluene

HC:ﬁ

OH
Propargyl alcohol

HCﬁ

NH,

Propargylamine

HC ——_
\\/\
OH

3-Butyn-1-ol

Q{CH

Phenylacetylene

[ AAL

(1-phenyl-1H-[1,2,3] -triazol-4-yl) methanol

/ N 92
N
=
NH
(1-phenyl-1H-[1,2,3] -triazol-4-yl) methanamine
93

A

1-phenyl-4-hydroxyethane-1H-[1,2,3] triazole

P

4-phenyl-1-(o-totyl)-1H-[1,2,3] -triazole
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8 CH3

OH CHj
——CH N\N
N3
2-Azidotoluene
1-Phenyl-2-propyn-1-ol

Phenyl(1-(o-totyl)-1H-[1,2,3] -trlazol-4-yl) methanol

9 CH, HC—— 91
Cl N\N
\ Propargyl chloride
2-Azidotoluene
4-(chloromethyl)-1-(o-totyl)-1H-[1,2,3] -triazole
CHj 85

10 CHs HC_ﬁ
OH N\N
\ Propargyl alcohol
2-Azidotoluene

(1-(o-totyl)-1H-[1,2,3] -triazol-4-yl) methanol
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ll CHj3

N3

2-Azidotoluene

12 CHj3

N3

2-Azidotoluene

OH

N3
2-Azidobenzoic

acid

HCﬁ

NH,

Propargylamine

HC
==___".
OH

3-Butyn-1-ol

Q{CH

Phenylacetylene

CHs 84
/NQN
N
=
NH,
(1-(o-totyl)-1H-[1,2,3] -triazol-4-yl) methanamine
CHs 82
/NQN
N
=
OH
2-(1-(o-totyl)-1H-[1,2,3] -triazol-4yl) ethan-1-ol
90

0
OH /NQN
N
=

2-(4-phenyl-1H-[1,2,3] -triazol-1yl) benzoin acid
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. O _ 5 87

OH

Ns N

- - /
2-Azidobenzoic 1-Phenyl-2-propyn-1-ol
acid
OH
2-(4-(hydroxyl(phenyl)methyl)-1H-[1,2,3] -triazol-1-yl)
benzoin acid
15 o) HC:ﬁ i »
Cl
o Propargy! chloride
N pargy oH N==N
2-Azidobenzoic N <
acid )
2-(4-(chloromethyl)-1H-[1,2,3] -triazol-1yl) benzoic acid
16 0 HC—ﬁ i ”
OH
on Propargy! alcohol
N3 OH NQN
2-Azidobenzoic "
P
acid >

2-(4-(hydroxymethyl)-1H-[1,2,3] -triazol-1-yl) benzoic acid
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NH,
OH R
Propargylamine

N3
2-Azidobenzoic =

acid NH,

2-(4-(aminomethyl)-1H-[1,2,3] -triazol-1-yl) benzoic acid

18 i HCV v 90
OH

OH

3-Butyn-1-ol
N3
2-Azidobenzoic
=

acid
OH

2-(4-(2-hydroxyethyl)-1H-[1,2,3] -triazol-1yl) benzoic acid
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7.3.4 Mechanism

The proposed mechanism for the reaction between different alkynes and azides is the same as the
mechanism reported in the literature for multicomponent click reactions (Gholinejad et al., 2020).
A probable mechanism of the reaction is depicted in Fig. 7.8. The possible adsorption mechanism

involved in immobilization of CuNPs onto PVA and sodium alginate is presented in Fig. 7.9.

CHZ_CH Rl _N3 E—— RZ

Azide Alkyne

OH
Polyvinyl alcohol
@& CuNPs
+ | 7
CaCl, & H;BO3
H H
OH 3
1 N
o o PVA-SA-CuNPs bead R s b N
: e

COONa R2

1,2,3-Triazole
Sodium alginate

Fig. 7.9 Mechanism of synthesis of PVA-SA-CuNPs beads and triazoles.

7.3.5 Recycling of the catalyst

The regeneration capacity of the PVA-SA-CuNPs catalyst was investigated. The catalyst was
separated from the product at the end of the reaction between azidobenzene and phenylacetylene,
and after the product was extracted using ethyl acetate. The spent PVA-SA-CuNPs catalyst was
then washed with water before use in next batch run. The same procedure was repeated for upto
five cycles. Fig. 10 shows the results of the triazole yield, which shows that the catalytic activity

of the biogenic CuNPs slightly decreased with every subsequent runs.
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R1 N
R —N. + R2 PVA + SA + CuNPs ~ \\N
— — —
3 H,0 (2 ml) \=<
30°C, 12 h R?

100

Yield (%)

M
=
1

1 2 3 4 5
Cycle number

Fig. 7.10 Effect of recycle and reuse of PVA-SA-CuNPs catalyst on the product yield by reaction

between azidobenzene and phenylacetylene.
7.4 Significant findings

In this study, biogenic CuNPs from acid mine drainage were synthesized and used in click reaction
to produce triazoles. The biogenic catalyst used in this study showed excellent catalytic activity
and triazole yield under mild reaction conditions. The catalyst was characterized using different
techniques such as FESEM, EDX, FETEM, TGA, and XRD, revealed its potential for various
industrial applications. Recycle and reuse of the spent PVA-SA-CuNPs catalyst in the study for

upto five cycle resulted in a slight decrease in triazole yield with every subsequent run.
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ABSTRACT

The occurrence of lead sulfide (PbS) and cadmium sulfide (CdS) nanoparticles in the effluents
released from industries and wastewater treatment plants has raised concerns. The fate of these
nanoparticles (NPs) and their potential impact on organisms from different ecosystems are widely
investigated. In this work, the individual effect of biogenic and chemical PbS NPs and CdS NPs
on the activity of the oleaginous bacterium Rhodococcus opacus PD630, which belongs to an
ecologically important genus Rhodococcus was investigated. A dose-dependent increase in PbS
NPs and CdS NPs uptake by the bacterium was observed upto a maximum of 16.4 and 15.6 mg/(g
cell), corresponding to 98% and 95% uptake. In the case of chemical nanoparticles, the specific
PbS NPs and CdS NPs uptake were slightly less (15.5 and 14.8 mg/(g cell)), corresponding to
93.2% and 88.4% uptake. Both biogenic and chemical PbS NPs and CdS NPs did not affect the
bacterial viability. On the other hand, the triacylglycerol (biodiesel) content in the bacterium
increased from 30% to a maximum of 75% and 73% CDW due to oxidative stress induced by
biogenic PbS NPs and CdS NPS. The results of induced oxidative stress by biogenic metal

nanoparticle were similar to that induced by chemical nanoparticle.
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8.1 Introduction

The demand for nanoparticles has increased for different applications in energy, environment,
catalysis, food, textile, biomedical, and material sciences (Singh et al., 2018). With the increasing
use and application of diverse nanoparticles, there is an increasing need for a better understanding
of the benefits and risks associated with the use of nanoparticles in different fields (Foulkes et al.,
2020; Martinez et al., 2021). The increasing use of the engineered nanomaterials in consumer
products necessitates the requirement for performing risk assessment on the environment and
human health. Nanomaterials can be defined as materials with a single unit small-sized measuring

1-100 nm and having unique chemical and physical properties (Martinez et al., 2021).

With the rapid development of nanotechnology, metal sulfide nanoparticles have been widely
detected in the environment, including water, soils, and sediments (Ubaid et al., 2020). Engineered
metal sulfide nanoparticles such as cadmium sulfide nanoparticles (CdS NPS), CdS quantum dots
(CdS-QDs), and lead sulfide nanoparticles (PbS NPS) have been intensively produced and used
worldwide, resulting in their release into the environment (Ubaid et al., 2020). In recent years,
metal sulfide nanoparticles, particularly CdS and PdS nanoparticles, have been observed in the
sludge of wastewater treatment plants and sludge-amended soils, indicating their intensive

occurrence in the environment (Garner et al., 2014; Ubaid et al., 2020).

Heavy metal removal by sulfate-reducing bacteria (SRB) is attributed to producing metal sulfide
nanoparticles. Under anaerobic environment, SRB oxidizes simple organic compounds by utilizing
sulfate as an electron acceptor and generates sulfide and alkalinity. The biogenic sulfide is capable
of reacting with dissolved metals to form highly insoluble metal sulfide precipitates (Villa-Gomez
et al., 2011). The problem with the sulfate reduction process for metal removal includes the

generation of insoluble metal precipitates, which may leach out and adversely affect the
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environment. Such metal nanoparticles are toxic to animals and other living organisms, thereby

necessitating its further treatment and risk assessment on the ecosystem.

Several studies highlight the toxic effects of nanoparticles. However, their risk potential is
uncertain and cannot be generalized as there are multiple factors such as size, shape, and surface
area, among many others that govern nanoparticles behavior (Shang et al., 2014; Semenzin et al.
2015). A knowledge gap exists regarding PbS NPs and CdS NPs fate and hazard characterization,
their uptake, and accumulation. Some techniques have been proposed to remove emerging
contaminants (ECs) from the effluent of wastewater treatment plant (Lead et al., 2018; Bilal et al.,
2019). Biodegradation of ECs is considered effective and involves the use of microbes and
immobilized degradation enzymes (Men et al., 2017; Bilal et al., 2019). However, NPS such as
PbS and CdS are nonbiodegradable. Meanwhile, the biological filtration process using a crustacean
Daphnia magna was effective in removing ECs like pharmaceuticals from WTP effluent (Ahmed

etal., 2017).

Different studies have shown high resistance and removal of lead and cadmium using R. opacus
from wastewater (Bueno et al., 2008; Dobrowolski et al., 2017). However, the effect of PbS NPs
and CdS NPs, on the Rhodococcus bacteria has not been thoroughly characterized. Further, since
the genus Rhodococcus is a strong inhabitant of contaminated soil and water, and its plays a
significant role in detoxification (lvshina et al., 2019), studying their response to new
environmental stressors like PbS NPs and CdS NPs is of importance. In general, Rhodococci
accumulate triacylglycerols (TAG) as main storage compounds, whereas PHA and glycogen
represent only minor components of cells (Urbano et al., 2014). Some strains can be considered
oleaginous bacteria since they accumulate more than 20% of their biomass as lipids. Rhodococcus

opacus PD630, the best known TAG-accumulating member of the Rhodococcus genus, can
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accumulate very high TAG levels in cells by cultivation on gluconate and other substrates (Alvarez

et al. 1996).

The accumulation of significant amounts of TAG by Rhodococci is a carbon-intensive and energy-
demanding process, which competes with their cell growth. Thus, accumulation of such storage
compounds in microorganisms under energy-poor environments must be an important feature in
their physiology. Urbano et al. (2014) demonstrated that TAG metabolism is relevant for adapting
and surviving the extremophile Rhodococcus sp. A5 under carbon starvation, osmatic stress, UV
irradiation, and essential under desiccation conditions. The mobilization of TAG was also
necessary for the survival of R. opacus PD630 cells under starvation, osmotic stress, and oxidative
stress. Oxidative stress in cells causes overproduction of reactive oxygen species (ROS), resulting
in significant damage to cell structures. However, as per literature reports, oxidative stress
responses of Rhodococcus microorganisms have been less investigated previously. The selection

of a suitable growth media is also necessary, which is a deciding factor for TAG accumulation.

Hence, in this study, the effects of different PbS NPs and CdS NPs, on the growth of Rhodococcus
opacus bacterium as a model organism was studied. Owing to their high toxic effects, Cd and Pb
nanoparticles were chosen for their induced oxidative stress study. In particular, the effect of PbS
NPs and CdS NPs on their lipid (triacylglycerol or TAG) accumulation was studied as induced
oxidative stress response to the nanoparticles.

8.2 Materials and methods

8.2.1 Rhodococcus opacus and seed culture cultivation

The oleaginous gram-positive bacterium Rhodococcus opacus PD630 was obtained from
Microbial Type Culture Collection (MTCC), Chandigarh, India. For maintenance, the strain was

grown on 1.8% (w/v) Nutrient Broth (NB) agar slants and was stored at 4 °C. The pure culture was
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regularly sub-cultured every four weeks by growing at 30 °C for 48 h. The seed culture of R.
opacus was cultivated in a 250 mL Erlenmeyer flask containing 50 mL of Luria Bertani (LB) broth.
A full loop of the bacteria was inoculated into the autoclaved medium followed by incubation at
30 °C and 120 rpm until the absorbance of the culture reached 0.99, as measured at 660 nm using
a UV-Vis Spectrophotometer (Agilent Technologies, Singapore). For biomass growth, and lipid
production by R. opacus, nutrient broth (NB) media was used.

8.2.2 PbS NPs and CdS NPs

8.2.2.1 Biogenic nanoparticles

Biogenic PbS and CdS nanoparticles were synthesized from synthetic AMD by anaerobic sulfate
reduction using sulfate reducing biomass in IFBR as described earlier in Chapter 4.

8.2.2.2 Chemical nanoparticles

Lead nitrate Pb(NO)s procured from Merck India was used for the synthesis of chemical PbS NPs.
Lead nitrate was dissolved in double distilled water to make N/20 aqueous solution. NH4sOH
solution was slowly added with constant stirring to obtain the required pH value (8.0). Then H2S
gas was then bubbled through the solution for a few seconds. The resulting black precipitate was
collected and washed with distilled water several times and then centrifuged for 15 min. The
nanoparticles were dried by heating for 30 min at 60 °C and then allowed to cool at room
temperature. Finally, the black colored PbS NPs were obtained and stored room temperature for
future use in the experiments.

Cadmium chloride (CdCl), sodium sulfide (NazS), and ascorbic acid purchased from Sigma for
preparing chemical CdS NPs in this study. Double distilled water was used throughout the
experiment. CdS NPs were prepared by stirring CdCl,, Na.S, and ascorbic acid ina 1: 1: 1 molar

ratio. The yellow colored CdS NPs were washed with distilled water 10-15 times and subjected to
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air drying. The as-prepared PbS NPs and CdS NPs were used without any further processing in all
the experiments.

8.2.3 Effect of PbS and CdS nanoparticles on biomass growth and lipid accumulation by R.
opacus

Different concentrations of biogenic and chemical PbS NPs and CdS NPs were used to study their
effect on biomass growth and lipid accumulation by R. opacus. The different concentration chosen
were 10 mg/L, 25 mg/L, 50 mg/L, and 100 mg/L of both biogenic and chemical PbS and CdS
nanoparticles. The nanoparticle concentration was chosen based on the lead and cadmium
concentration found in metallic wastewater such as acid mine drainage (AMD). The working
concentrations of PbS NPs and CdS NPs mentioned earlier were obtained by adding required
volume of respective PbS NPs and CdS NPs stock solutions to the NB medium. The media was
inoculated with R. opacus PD 630 and maintained at 28 °C and 200 rpm on a shaker incubator. All
the experiments were conducted using 250 mL Erlenmeyer flasks with 100 mL medium. Samples
were taken at regular time intervals for the analysis of biomass, lipids and concentration of lead
and cadmium.

8.2.4 Analytical methods

8.2.4.1 Characterization of R. opacus biomass and metal nanoparticles

Following the batch experiments to determine the effect of PbS NPs and CdS NPs on biomass
growth and lipid accumulation by R. opacus, the metal-loaded biomass as well as biogenic PbS
NPs and CdS NPs used in this study were characterized using various techniques, viz. Fourier-
transform infrared spectroscopy (FTIR), field emission scanning electron microscopy-energy
dispersive X-ray (FESEM-EDX), and field emission transmission electron microscopy (FETEM).

For the FTIR analysis, control biomass (without any added metal) and metal laden biomass were
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harvested by centrifugation of the respective culture at 12,000 x g for 15 min, followed by washing
of pellet obtained with distilled water. The vacuum dried sample was analyzed using FTIR (IR
affinity-1S, Shimadzu, Japan). Similar procedure for sample preparation was followed for
FESEM-EDX (Zeiss, Sigma, Germany) analysis to check morphology of the biomass. For FETEM
analysis, control and metal loaded biomass were obtained by centrifuging the respective culture at
8000 x g for 15 min followed by washing with distilled water. The obtained pellet was dissolved
in distilled water, and a drop of the biomass suspension was cast in a copper grid and analyzed
using FETEM (JOEL, JEM2100, Japan).

8.2.4.2 Lipid extraction and analysis

Standard Folch method with slight modifications was used to determine the total lipid content
accumulated by R. opacus (Goswami et al., 2017). 5 mL of sample from the experiments was taken
and centrifuged (1000 x g, 10 min) to collect the pellet, followed by hominization of the pellet in
a solvent mixture comprised of chloroform and methanol (2:1). The homogenized mixture was
shaken for 15-20 min in a shaker incubator at ambient room temperature and again centrifuged
(3500 x g, 10 min) to recover the liquid solvent phase. The obtained liquid solvent phase was
washed with 20% (v/v) of water or 0.9% (v/v) NaCl solution. The mixture was vortexed and then
centrifuged (3500 x g, 10 min) for separating the two different phases. The upper phase was drawn
off, and the lower chloroform phase containing the lipids was evaporated under vacuum using a
rotary evaporator (Rotavapor R3, Buchi, Switzerland). The extracted lipids were finally quantified
by gravimetric analysis.

8.2.4.3 Intracellular hydroxyl radical (oxidative stress) measurement

To measure the intracellular hydroxyl radical ("fOH) levels in R. opacus PD 630 as measure of

oxidative stress, method based on the fluorescent dye p—aminophenyl fluorescein (APF) was used.
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(Setsukinai et al., 2003). For this assay, sample of the bacteria culture harvested at 12" h was
adjusted to OD 1, and APF was added to the cell suspension to yield a final concentration of 10
uM. A fluorimeter (LS55, PerkinElmer, Llantrisant, UK) was used for the fluorescence
measurements at 490/515 nm excitation/emission in a 96-well plate.

8.2.4.4 Heavy metal analysis

Lead and cadmium concentrations were determined by microwave plasma atomic emission
spectroscopy (Varian, 4210 MP-AES, Agilent Technologies, USA) following filtration of the
samples through a 0.45 pm nitrocellulose filter (Millipore).

8.3 Results and discussion

8.3.1 Characterization of PbS NPs and CdS NPs

In order to check if the biogenic Cd and Pb nanoparticles were obtained in uniformly dispersed
form in the solution, their particle size distribution analysis was performed, which revealed their
particle size in the range 10-20 nm. In case of chemical PbS and CdS nanopatrticles, their size were
in the range of 30-40 nm. The zeta potential of biogenic PbS NPs and CdS NPs were — 30 + 2.1
mV and — 31.5 = 1.8 mV, respectively. In the case of chemical PbS NPs and CdS NPs, their zeta
potential values were —27 £ 2.7 mV and -28.4 £ 2 mV, which indicated that the metal nanoparticles
synthesized in this study were stable and existed as colloidal aggregates. It is known that the zeta
potential values greater than — 30 mV indicate highly stable colloidal aggregates (Ebaid et al.,
2018).

Similarly, the size of PbS NPs and CdS NPs in NB to study their effect on biomass concentration
and lipid accumulation by R. opacus was measured by DLS. The diameter of biogenic PbS NPs
and CdS NPs at 10, 25, 50, and 100 mg/L concentration in NB was found to be 32 £ 3,36 £ 4, 41

+ 5, and 50 £ 5 nm, respectively. In the case of chemical PbS NPs and CdS NPs, the diameter in
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NB was 75+ 6,81 +£9,92 £ 10, and 100 + 15 nm, respectively, for 10, 25, 50, and 100 mg/L initial

concentration.

1.0 1.2 14 16
Diameter (nm)

28 30 32 34 36 38 40

20 25 30 3/ 4 45

Diameter (nm) a . Diameter (nm)

Fig. 8.1 FETEM images of biogenic (Mean size: 12.5 nm; Standard deviation: 1.2 nm) (a-b) and
chemical (Mean size: 32.2 nm; Standard deviation: 1.5 nm) (c-d) PbS NPs and CdS NPs. Particle
size distribution of each nanoparticle is shown as inset to these figures.

The size of both the biogenic and chemical PbS NPs and CdS NPs in NB are found to be large at
a high initial concentration due to their aggregation in the liquid medium (Zong et al., 2018;
Guerrini et al. 2018). The high ionic strength of the nutrient media can also lead to the

nanoparticles aggregation (Guerrini et al., 2018). The nanoparticle aggregation in turn can lead to
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particle sedimentation and reduction in reactive surface area of the nanoparticles. However,
continuous shaking at a high speed can prevent nanoparticle aggregation and settling (Zhang et al.,
2020), thus ensuring uniform dispersion of the metallic nanoparticles in the liquid media.

8.3.2 Binding and uptake of metal nanoparticles by R. opacus PD 630

For any study involving bacteria and nanoparticles, nanoparticle attachment on cell surface and
internalization is common (Lai et al., 2018; Sundararaghavan et al., 2020). FTIR was used to
confirm the attachment and internalization of Pb SNPs and CdS NPs onto R. opacus PD630.

For FTIR analysis, the control biomass sample was scanned from 500 cm™ to 4000 cm™
wavelengths to check the different functional groups present (Fig. 8.2). The hydroxyl group (-OH)
presence can be confirmed by the band present in the range 3000-3600 cm™ (Kiran et al., 2017).
The presence of amide group (-NH) and a carboxyl group (-C=0) is indicated by the bands present
at 1500-1580 cm™ and 1600 - 1700 cm™, respectively (Kiran et al., 2017). The band present at
1050 cm* signifies the presence of the sulfide group.

Fig. 8.2 b, c, d, and e show that the bands mentioned above shifted to the new position in the
spectra of metal laden biomass confirming internalization of the metal nanoparticles by R. opacus
PD 630. For example, in case of biogenic PbS NPs, bands were stretched at 1065 cm™, 1642 cm'?
and 3288 cm™ and in case of CdS NPs stretching of bands are observed at 1065 cm™, 1640 cm™
and 3280 cm in the spectra.

In case of chemical PbS NPs, shift in band is observed at 1074 cm™, 1645 cm™ and 3286 cm™ and
in case of CdS NPs bands were shifter to 1073 cm™, 1631 cm™ and 3298 cm™.

To better understand the nature of binding of metal nanoparticles onto bacterium the surface charge
of both bacteria biomass and nanoparticles was measured. The mean zeta potential of R. opacus

PD 630 was -9.2 mV, and in the case of biogenic PbS NPs and CdS NPs, it was -12.9 mV and -
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11.5mV. The values were -12.2 mV and -10.5 mV in the case of chemical PbS NPs and CdS NPs,
respectively. The zeta potential results clearly suggest that the binding between the nanoparticles
and R. opacus PD 630 did not involve electrostatic interaction.
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Fig. 8.2 FTIR spectra of (a) control biomass (b-c) biogenic PbS NPs and CdS NPs laden biomass

and (d-e) chemical PbS NPs and CdS NPs laden biomass.
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The metal uptake capacity of R. opacus PD 630 was checked by analyzing the concentration of
nanoparticles both internalized and attached to bacterial surface. Fig. 8.2 shows the results of
uptake capacity of R. opacus PD 630 for biogenic and chemical PbS NPs and CdS NPs. It is seen
that the uptake capacity increased increase in initial concentration of the nanoparticles. The
maximum uptake capacity was found with 100 mg/L initial concentration of the nanoparticles.
Uptake values of biogenic PbS NPs and CdS NPs uptake were 16.4 and 15.6 mg/(g cell) for
biologically synthesized nanoparticles, respectively. In the case of chemical nanoparticles, the
specific PbS NPs and CdS NPs uptake values were 15.5 and 14.8 mg/(g cell), respectively (Fig.
8.3).

The high uptake capacity value of biogenic nanoparticles by the bacterium can be due to their less
toxicity than the chemical nanoparticles.

The maximum uptake capacity values of 16.4 and 15.6 mg/(g cell) of the PbS NPs and CdS NPs
correspond to the percentage uptake values of 98 and 95, respectively. In the case of chemical
nanoparticles, the percentage uptake values are 93.2 and 88.4, which are slightly less than the
percentage uptake of the biogenic PbS NPs and CdS NPs. Hence, it could be said that, the both
biogenic and chemical metal nanoparticles showed similar results of metal uptake by the bacterium
in a dose-dependent manner.

Similar results of increase in uptake percentage of titanium dioxide nanoparticles (nTio2) by R.
opacus PD 630 with an increase in their initial concentration were observed by Sundararaghavan

et al. (2020).
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Fig. 8.3 Uptake capacity of (a) biogenic and (b) chemical PbS NPs and CdS NPs by R. opacus PD
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Fig. 8.4 Percentage removal of (a) biogenic and (b) chemical PbS NPs and CdS NPs by R. opacus
PD 630.

8.3.3 Nanoparticle induced oxidative stress in R. opacus PD 630

One of the common responses of R. opacus PD 630, when exposed to any toxic compound such
as heavy metals, is oxidative stress through the generation of reactive species (RS)
(Sundararaghavan et al., 2020).). Thus, in this study, the induced oxidative stress in R. opacus PD
630 by PbS NPs and CdS NPs exposure was studied by determining the intracellular levels of

hydroxyl radicals ( “OH), which is the most reactive form of oxygen.
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In the presence of biogenic PbS NPs and CdS NPs in the liquid medium, a dose-dependent increase
in si-OH levels by R. opacus PD 630 were observed (Fig. 8.5). The increase in si-OH levels were
78, 115, 230, and 320% w.r.t control for initial PbS NPs concentrations of 10, 25, 50, and 100
mg/L, respectively. In the case of CdS NPs, the increase in si-OH levels were 30, 67, 95, and
108% w.r.t control for initial concentrations of 10, 25, 50, and 100 mg/L, respectively (Fig. 8.5).
In case of chemical PbS NPs, the in si—-OH levels were 75, 110, 220, and 310% w.r.t control for
initial PbS NPs concentrations of 10, 25, 50, and 100 mg/L, respectively. However, in the case of
CdS NPs, the si-levels were 70, 105, 204, and 300% w.r.t control for initial concentrations of 10,
25, 50, and 100 mg/L, respectively. Si-OH levels due to biogenic and chemical PbS NPs were
nearly the same for different initial concentrations. But in case of chemical CdS NPs the values
were higher than in the presence of biogenic CdS NPs.

The slightly higher values of si-OH levels on the case of chemical CdS NPs than the biogenic CdS
NPs indicate their toxicity towards R. opacus PD 630. Hence, in order to confirm the relative
toxicity effect of biogenic and chemical nanoparticles towards the bacterium, its cell morphology

and lipid accumulation were examined.
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Fig. 8.5 Specific intracellular levels of hydroxyl radicals in R. opacus PD 630 in the presence of

(a) biogenic (b) chemical PbS and CdS NPs.
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The increase in RS generation in a cell due to toxicity of metal nanoparticles is a common
phenomenon (Marslin et al., 2017; Chen et al., 2019). The oxidative stress induced by the
nanoparticles can damage the cell membrane and viability of the cells (Sundararaghavan et al.,
2020; Roy et al., 2018). The bacterium R. opacus is known to survive in very extreme and toxic
conditions (lvshina et al., 2019). Hence, in the current study, despite the high concentration of PbS
NPs and CdS NPs in the bacterium growth media, no significant change in the growth of R. opacus

PD 630 was observed with both biogenic and chemical nanoparticles.
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Fig. 8.6 FESEM images of R. opacus PD 630 cells in the presence of (a-b) biogenic (c-d) chemical
PbS NPs and CdS NPs.
Moreover, from FESEM images of the bacterium shown in Fig. 8.6, no significant change in

morphology of the cells are observed with both biogenic and chemical nanoparticles.
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Oxidative stress caused by RS in oleaginous microorganisms is known to positively influence the
lipid accumulation (Minhas et al., 2016; Bermejo et al., 2018). Hence, in this study, oxidative
stress induced by PbS NPs and CdS NPs in R. opacus PD 630 improved the TAG production. In
addition, dose-dependent increase in FAMEs content were observed in the presence of the
nanoparticles.

In case of biogenic PbS NPs, the FAMESs content increased by 20, 36, 45, and 75% w.r.t control
for initial PbS NPs concentration of 10, 25, 50, and 100 mg/L, respectively. Similarly, In the case
of CdS NPs, the FAMEs content increased by 18, 35, 42, and 73% w.r.t control for initial CdS NPs

concentration of 10, 25, 50, and 100 mg/L, respectively (Fig. 8.7).
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Fig. 8.7 FAME content of biodiesel from R. opacus PD 630 exposed to (a) biogenic (b) chemical
PbS NPs and CdS NPs.

The values of FAME content were lower in the case of chemical nanoparticles. In the case of
chemical PbS NPs the FAME content increased by 18, 34, 40, and 72% w.r.t control for initial
PbS NPs concentration of 10, 25, 50, and 100 mg/L, respectively. These values were similar w.r.t
control for initial CdS NPs concentration of 10, 25, 50, and 100 mg/L, respectively. The specific

mechanism through which RS increased the lipid accumulation is not yet understood properly.
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However, RS is an essential mediator in carbon partitioning and lipid accumulation (Shi et al.,
2017).

All these results clearly reveal that both biogenic and chemical nanoparticles of PbS and CdS
induced oxidative stress in the organism, but without any major change in morphology of the
bacterial cells.

8.4 Significant findings

This study showed induced oxidative stress in R. opacus PD630 due to PbS NPs and CdS NPs.
The bacterium revealed a very high uptake of the biogenic metal nanoparticles over the chemical
nanoparticles. Besides, increase in TAG accumulation by R. opacus PD630 due to oxidative stress
induced by biogenic/chemical PbS NPs and CdS NPs was observed. Hence, this study shows that
both biogenic and chemical metal nanoparticles exert almost similar effect on the industrially
relevant bacteria. Therefore, such metal nanoparticles, biogenic or chemical from wastewater, need
to be reused and recycled for industrial application in order to avoid any environmental health

hazard.
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Metallic wastewater from industrial activities such as mining, metallurgy, galvanization of iron
products, electroplating, and alloy manufacturing can serve as a potential source for recovering
valuable metals. Biological sulfate reduction using sulfate reducing bacteria (SRB) is an emerging
technique for both removal and recovery of valuable metals. Sulfide precipitation by SRB is
advantageous over the conventional methods due to the following reasons: (i) formation of
insoluble salts even in low pH (2.5-3.0) condition (ii) selective metal recovery is possible as metals
differ by their solubility product with sulfide (iii) high settling rate, excellent thickening and
dewaterability characteristics and (iv) low capital investment. Biological sulfate reduction is
attractive for both removal and recovery of the metals in the form of nanosized insoluble metal
sulfide precipitates from wastewater. Recovery of metal nanoparticles from wastewater by sulfide
precipitation is interesting option from economic and environmental perspectives. Synthesis of
metal nanopowders by sulfate reduction process is a new topic of research and has not been widely
reported since earlier studies were focused on sulfate reduction and metal removal. It has been
recognized recently that recovery of valuable metals such as Zn, Cu, Cd, Ni, etc. from wastewater
can be achieved in nano-size range by precipitation as metal sulfide using SRB. Hence, this study

focused on heavy metal recovery from wastewater and its potential application.

Initially, anaerobic biomass from three different sources were screened on the basis of their metal
removal and sulfate reduction efficiencies. The results revealed that the biomass obtained from a
laboratory scale anaerobic rotating biological contactor (An-RBC) reactor treating metallic
wastewater showed a maximum metal removal, sulfate reduction and COD removal. The metal
removal mechanism confirms that metal was precipitated due to the formation of metal sulfide
precipitate, which was further confirmed using different techniques such as field emission

scanning electron microscopes (FESEM), energy dispersive X-ray (EDX), field emission
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transmission electron microscopy (FETEM), and X-ray diffractometer (XRD). The major
mechanism of metal sulfide formation involved the binding of metals to sulfide produced outside
the cell surface due to sulfate reduction. The metal bioprecipitates formed external to the bacterial
cell surface showed easy recovery for potential application. A high initial metal concentration was
detrimental to its own removal due to its inhibitory effect on activity of the SRB. Detailed

characterization of the recovered nanopowders indicates its potential use in the environment sector.

Further, heavy metal removal and recovery from synthetic wastewater containing Cd?*, Cu?* Fe**,
Ni2*, Pb?* and Zn?* was investigated using two continuously operated sulfidogenic anaerobic
inverse fluidized bed reactors (referred as R1 and R2) supplied with influent of pH 7.0 and 3.0,
respectively. IFBR with influent pH 7.0 (R1) performed better than R2 with influent pH 3.0 in
terms of metal recovery from wastewater. Maximum recovery of Cu was obtained followed by
that of Pb and Cd. The overall order of the metal recovery was Cu > Pb > Cd > Zn > Ni > Fe. In
both R1 and R2, the effluent pH was nearly neutral, thereby demonstrating that enough alkalinity
was produced in the bioreactors to neutralize the acidic wastewater and the effluent could be safely
reused or discharged into the environment. Hence, IFBR has the potential not only to treat heavy
metal laden acidic wastewater but also the ability to recover heavy metals in the form of

nanopowder.

Recovery of copper sulfide nanoparticles (CuS NPs) from synthetic wastewater by biological
sulfate reduction and purification by microfiltration using an indigenous low-cost ceramic
membrane were studied. Kaolin (14.45 wt.%), quartz (26.59 wt.%), ball clay (17.58 wt.%),
pyrophyllite (14.73 wt.%), and feldspar (5.6 wt.%) were used as the starting materials in
fabricating the ceramic membrane. Pretreatment using probe sonication was found effective for an

efficient purification of the nanoparticles by releasing the CuS NPs from contaminating impurities.
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Microfiltration using the ceramic membrane showed 92% purification efficiency of the CuS NPs
with a flux of 77x10~* m3/m?s. Excellent characteristics of the CuS NPs in terms of crystallinity,
size, shape and purity established its potential industrial application. Porosity, pore size
distribution, water permeability, resistance against acidic and alkaline solution as well as low-cost
of the indigenously prepared ceramic membrane further established its potential application for

large-scale purification of CuS NPs and for other industrial use.

Novel adsorbent based on biogenic metal sulfide nanoparticles (MeSNPs) from sulfate rich
metallic wastewater was evaluated for treating dye containing wastewater. The MeSNPs showed
a very high capacity to adsorb the azo dyes Direct Red 80 (DR 80) and Mordant Blue 9 (MB 9)
from aqueous solution even at their high initial concentration and within a short contact time. More
than 99% removal efficiency of both the dyes was achieved by using MeSNPs at the following
optimum conditions. Mechanism of dye sorption onto MeSNPs was shown to involve electrostatic
interaction between the dyes and the adsorbent. Dynamic adsorption of the dyes was studied using
a fixed-bed column with the MeSNPs as a function of liquid flow rates. The MeSNPs bed height
(1 cm), inlet dye concentration (25 mg/L), and inlet solution pH 2.0 were the same for both DR 80
and MB 9. The results showed an increase in breakthrough time with a decline in the flow rates
for both DR 80 and MB 9 and the breakthrough behavior was explained using Thomas, Clark, and

Yoon-Nelson models.

Biogenic CuS NPs from synthetic wastewater were synthesized and evaluated as a catalyst in click
reaction to produce triazoles. The biogenic catalyst used in this study showed excellent catalytic
activity and triazole yield under mild reaction conditions. The optimum condition for triazole
formation was 0.1 mole% CuS NPs, water as a solvent, 12 h reaction time. Different azides and

alkynes were used in this study for traizole production. The best triazole yield was obtained in a
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reaction between azidobenzene and propargyl chloride. The catalyst was characterized using
different techniques such as field emission scanning electron microscopes (FESEM), energy
dispersive X-ray (EDX), field emission transmission electron microscopy (FETEM),
Thermogravimetric analysis (TGA), and X-ray diffractometer (XRD), which revealed its potential
industrial applications. Recycle and reuse of the spent PVA-SA-CuNPs catalyst in the study for

upto five cycle resulted in a slight decrease in triazole yield with every subsequent run.

Induced oxidative stress in R. opacus PD 630 due to biogenic PbS NPs and CdS NPs was studied.
A dose-dependent increase in PbS NPs and CdS NPs uptake by the bacterium was observed upto
a maximum of 16.4 and 15.6 mg/(g cell), corresponding to 98% and 95% uptake. A dose-
dependent increase in intracellular levels of hydroxyl radicals ("OH) were also observed. Besides,
increase in TAG accumulation by R. opacus PD 630 due to oxidative stress induced by
biogenic/chemical PbS NPs and CdS NPs was observed. Hence, this study shows that both
biogenic and chemical metal sulfide nanoparticles exert almost similar effect on the industrially
relevant bacteria.

In addition to the above findings, the following are the suggestions for future research based on
this thesis:

(1) Application of biogenic metal sulfide nanoparticles in solar cells.

(2) Cost analysis of biogenic metal sulfide nanoparticles and comparison with chemical metal
sulfide nanoparticles.

(3) Scale-up of the IFBR system for the treatment and recovery of heavy metals.

(4) Identification of specific genes and characterization of enzymes involved in the biosynthesis
of nanoparticles.

(5) The currently followed methods to produce nanomaterials include precipitation, sol gel, atomic
condensation, etc. However, these methods have not been demonstrated for the synthesis of metal
nanoparticles from wastewater. Hence, future research aimed at large scale production of biogenic

metal nanoparticles from wastewater can be explored for application in industries.
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Characterization of Products

!H and *C NMR spectra were recorded on a ASCEND 600 (Bruker, USA) spectrometer in CDCls.
All the reagents and solvents were purchased from Sigma-Aldrich, and used without further

purification.

(1) 1,4-Diphenyl-1H-[1,2,3] triazole:

M=y

O~

White solid, m.p. 168-172 °C; *H NMR (600 MHz, CDCls): § 7.715, 7.712, 7.702, 7.700, 7.698,
7.592, 7.580, 7.536, 7.284, 7.280, 6.151, 4.159, 4.147, 4.135, 4.123, 2.072, 1.654, 1.639, 1.627,
1.625, 1.312, 1.301, 1.293, 1.281, 1.269, 1.211. *C NMR (151 MHz, CDCls): § 117.55, 119.64,
120.96, 126.21, 128.65, 129.10, 130.55, 137.02, 148.61.

(2) 1-phenyl-4-hydroxy-5-phenyl-1H-[1,2,3] triazole:

;,”;‘r-:r\

M

{ ;;r* m
OH

White solid, m.p. 175-178 °C; *H NMR (600 MHz, CDCls): § 7.595, 7.592, 7.583, 7.580, 7.436,
7.434, 7.422, 7.412, 7.409, 7.386, 7.384, 7.381, 7.375, 7.371, 7.359, 7.286, 5.506, 5.502, 4.163,
4.151, 4.139, 4.127, 4.116, 2.701, 2.698, 2.382, 2.370, 2.364, 2.357, 2.352, 2.347, 2.200, 2.196,

2.069, 1.682, 1.636, 1.356, 1.308, 1.295. 13C NMR (151 MHz, CDCls): § 119.02, 120.70, 127.10,
127.98, 128.23, 128.84, 129.22, 132.54, 136.41, 142.78, 144.21.

(3) 1-phenyl-4-chloromethyl-1H-[1,2,3] triazole:

“‘:‘-“-::N

Yellow solid, m.p. 42-44 °C; *"H NMR (600 MHz, CDCls): § 7.284, 4.766, 4.756, 4.197, 4.180,
4.160, 4.148, 4.137, 4.125, 4.113, 4.104, 4.081, 4.070, 4.061, 4.051, 4.032, 4.022, 4.013, 3.511,
2.194, 2.066, 1.627, 1.280, 1.275. 13C NMR (151 MHz, CDCls): § 40.40, 119.11, 120.47, 121.91,
128.20, 129.45, 132.66, 133.65, 138.74.
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(4) 1-phenyl-4-hydroxymethyl-1H-[1,2,3] triazole:

N% M

Yellow solid, m.p. 52-55 °C; *H NMR (600 MHz, CDCls): § 7.586, 7.583, 7.574, 7.571, 7.428,
7.416, 7.404, 7.402, 7.379, 7.377, 7.368, 7.365, 7.285, 7.282, 5.493, 5.489, 4.813, 4.806, 4.801,
4,792, 4.784, 4.146, 4.144, 4.134, 4.132, 2.697, 2.694, 2.691, 2.190, 2.187, 2.064, 2.061, 1.291,
1.289, 1.279, 1.277, 1.267, 1.265. 3C NMR (151 MHz, CDCls): § 54.22, 118.44, 119.74, 120.04,
121.47, 128.62, 132.89, 139.47, 145.52.

(5) 1-phenyl-4-aminomethyl-1H-[1,2,3] triazole:

Ny

N'f
[ A

White solid, m.p. 60-64 °C; *H NMR (600 MHz, CDCls): § 7.591, 7.574, 7.568, 7.565, 7.559,
7.556, 7.551, 7.547, 7.544, 7.541, 7.534, 7.521, 7.508, 7.286, 7.058, 7.044, 5.358, 3.508. 3C NMR
(151 MHz, CDClzs): 6 40.88, 119.54, 120.07, 127.40, 128.74, 129.79, 132.28, 133.34, 138.99.

(6) 1-phenyl-4-hydroxyethane-1H-[1,2,3] triazole:

) f,.”::::N
@’ \}R

Pale yellow liquid; 'H NMR (600 MHz, CDCls): § 7.589, 7.587, 7.578, 7.574, 7.429, 7.417, 7.414,
7.407, 7.404, 7.379, 7.367, 7.284, 5.499, 5.495, 4.809, 4.800, 4.790, 4.787, 4.147, 4.135, 2.697,
2.693, 2.191, 1.291, 1.279, 1.267. 3C NMR (151 MHz, CDCls): & 29.10, 61.45, 119.87, 120.20,
120.07, 126.40, 127.44, 132.64, 136.57, 139.01.
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(7) 1-(2-Methyl-phenyl)-4-phenyl-1H-[1,2,3] triazole:

CH;
Vi
]
\}\Q

White solid, m.p. 73-75 °C; *H NMR (600 MHz, CDCls): § 7.586, 7.574, 7.428, 7.416, 7.403,
7.378, 7.366, 7.354, 7.287, 5.496, 5.492, 4.159, 4.147, 4.135, 4.123, 2.931, 2.696, 2.693, 2.336,
2.212, 2.063, 1.292, 1.280, 1.268, 1.213, 0.027. *C NMR (151 MHz, CDCls): § 17.33, 121.20,
125.54, 127.80, 128.21, 129.27, 130.31, 131.55, 132.07, 136.91, 142.42.

(8) 1-(2-Methyl- phenyl)-4-hydroxy-5-phenyl-1H-[1,2,3] triazole:

CH,
N:--"‘.";f\
:f [ '|
g
OH

Yellow solid, m.p. 180-182 °C; *H NMR (600 MHz, CDCls): § 7.986, 7.952, 7.939, 7.594, 7.581,
7.564, 7.550, 7.507, 7.494, 7.482, 7.466, 7.457, 71.452, 7.435, 7.432, 7.376, 7.373, 7.361, 4.164,
4.152, 4.108, 4.008, 2.385, 2.381, 2.374, 2.371, 2.366, 2.360, 2.353, 2.348, 2.342, 2.336, 2.309,
2.278, 2.070. *C NMR (151 MHz, CDCls): & 17.20, 117.41, 119.01, 121.74, 127.32, 127.34,
129.01, 132.55, 132.28, 136.49, 140.58, 142.04.

(9) 1-(2-Methyl- phenyl)-4-chloromethyl-1H-[1,2,3] triazole:

CH;

Yellow solid, m.p. 60-62 °C; *H NMR (600 MHz, CDCls): § 7.617, 7.593, 7.590, 7.578, 7.553,
7.550, 7.538, 7.469, 7.438, 7.433, 7.420, 7.319, 7.316, 7.286, 4.786, 4.769, 4.757, 4.161, 4.149,
4.138, 4.126, 2.067, 1.651, 1.293, 1.281, 1.276, 1.269. *C NMR (151 MHz, CDCls): § 17.74,
39.32, 119.21, 128.52, 128.87, 130.36, 132.43, 136.49, 142.87.
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(10) 1-(2-Methyl- phenyl)-4-hydroxymethyl-1H-[1,2,3] triazole:

CH,
Nz

N

=

O

Yellow solid, m.p. 68-70 °C; *H NMR (600 MHz, CDCls): § 7.745, 7.740, 7.736, 7.730, 7.559,
7.554, 7.550, 7.544, 7.286, 5.361, 4.329, 4.325, 4.313, 4.302, 4.150, 4.138, 3.936, 2.195, 2.068,
1.772,1.769, 1.761, 1.749, 1.737, 1.671, 1.661, 1.659, 1.651, 0.913, 0.903, 0.891. 13C NMR (151
MHz, CDCls): 6 17.10, 54.25, 117.74, 119.86, 125.50, 128.09, 128.44, 130.15, 132.28, 140.12,
142.02.

(11) 1-(2-Methyl- phenyl)-4-aminomethyl-1H-[1,2,3] triazole:

CH,
N‘:_h"‘-:h

]

=

MH,

White solid, m.p. 70-74 °C; *H NMR (600 MHz, CDCls): & 7.586, 7.574, 7.428, 7.416, 7.403,
7.378, 7.366, 7.354, 7.287, 5.496, 5.492, 4.159, 4.147, 4.135, 4.123, 2.696, 2.692, 1.292, 1.280,
1.268. 3C NMR (151 MHz, CDCls): & 17.21, 27.20, 119.25, 125.95, 128.46, 128.31, 132.41,
135.50, 140.07, 142.28.

(12) 1-(2-Methyl- phenyl)-4-hydroxyethane-1H-[1,2,3] triazole:

CH;
My

/

5|

_____.-"'

COH

Yellow solid, m.p. 102-105 °C; *H NMR (600 MHz, CDCls): § 7.766, 7.763, 7.759, 7.753, 7.749,
7.744,7.739, 7.735, 7.729, 7.727, 7.576, 7.571, 7.567, 7.561, 7.559, 7.553, 7.549, 7.547, 7.544,
7.286, 7.284, 5.361, 4.324, 4.312, 4.301, 4.161, 4.149, 4.137, 4.125, 3.935, 2.067, 2.032, 1.736,
1.705. 3C NMR (151 MHz, CDClz): § 17.06, 30.19, 62.84, 119.61, 125.21, 127.50, 128.32,
129.82, 129.94, 132.66, 133.20, 136.48.
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(13) 1-benzoic acid-4-phenyl-1H-[1,2,3] triazole:

oH M=

White solid, m.p. 165-170 °C; *H NMR (600 MHz, CDCls): § 7.587, 7.584, 7.572, 7.425, 7.423,
7.421, 7.412, 7.409, 7.399, 7.375, 7.373, 7.370, 7.360, 7.284, 5.501, 5.497, 4.291, 4.289, 4.156,
4.144,4.132, 4.121, 4.071, 4.067, 4.063, 4.058, 2.690, 2.687, 1.288, 1.276, 1.265. 1*C NMR (151
MHz, CDCls): 6 117.20, 119.45, 119.47, 125.21, 127.39, 127.46, 128.74, 128.40, 130.08, 132.11,
135.54, 142.63, 155.81.

(14) 1-benzoic acid-4-hydroxy-5-phenyl-1H-[1,2,3] triazole:

White solid, m.p. 170-175 °C; *H NMR (600 MHz, CDCls): § 7.549, 7.546, 7.536, 7.533, 7.379,
7.370, 7.367, 7.365, 7.357, 7.355, 7.315, 5.453, 5.449, 4.106, 4.097, 4.094, 2.651, 2.647, 2.025,
2.022, 1.254, 1.245, 1.242, 1.230. 1*C NMR (151 MHz, CDCls): § 74.30, 117.21, 117.91, 119.48,
122.50, 127.14, 129.64, 130.28, 130.62, 132.32, 133.82, 136.64, 142.92, 160.87.

(15) 1-benzoic acid-4-cheloromethyl-1H-[1,2,3] triazole:

oH  JlE=n

]

C

White solid, m.p. 74-78 °C; *H NMR (600 MHz, CDCls): § 7.937, 7.935, 7.923, 7.921, 7.767,
7.761, 7.756, 7.752, 7.746, 7.741, 7.738, 7.732, 7.728, 7.723, 7.704, 7.331, 7.286, 6.704, 6.692,
6.689, 6.681, 6.679, 4.164, 4.152, 4.140, 4.128, 3.938, 1.295, 1.283, 1.272. *C NMR (151 MHz,
CDCls): 6 38.20, 117.12, 119.17, 127.40, 128.49, 130.02, 132.93, 132.86, 136.54, 160.29.
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(16) 1-benzoic acid-4-hydroxymethyl-1H-[1,2,3] triazole:

8]

N-—"‘-"._.‘-—__ M

OH x,-

OH

White solid, m.p. 90-95 °C; *H NMR (600 MHz, CDCls): § 7.552, 7.286, 4.164, 4.152, 4.140,
4.128, 3.938, 2.197, 2.070, 1.596, 1.357, 1.309, 1.296, 1.284, 1.272, 0.904, 0.865, 0.024. 3C NMR
(151 MHz, CDCl3): 6 55.20, 119.20, 128.46, 128.54, 130.58, 132.98, 133.18, 136.35, 140.48,
160.03.

(17) 1-benzoic acid-4-aminomethyl-1H-[1,2,3] triazole:

o

o Ne==n

]

MH,

White solid, m.p. 94-99 °C; *H NMR (600 MHz, CDCls): & 8.270, 8.216, 8.181, 8.165, 7.593,
7.580, 7.548, 7.421, 7.419, 7.409, 7.382, 7.371, 7.286, 5.608, 5.507, 5.503, 5.407, 5.380, 5.360,
4.151, 4.139, 4.128, 2.069, 1.724, 1.295, 1.283, 1.271. 1*C NMR (151 MHz, CDCls): § 43.81,
117.21, 119.02, 126.48, 126.16, 130.30, 130.78, 132.54, 133.95, 159.20.

(18) 1-benzoic acid-4-hydroxyethane-1H-[1,2,3] triazole:

o M==n

CH

White solid, m.p. 110-112 °C; *H NMR (600 MHz, CDCls): § 8.058, 8.013, 7.567, 7.562, 7.558,
7.553, 7.549, 7.543, 7.540, 7.538, 7.535, 7.283, 5.343, 5.314, 4.130, 4.118, 3.921, 2.076, 2.069,
2.055, 1.783, 1.768, 1.277, 1.265, 1.253. 3C NMR (151 MHz, CDCls): § 31.33, 62.51, 119.21,
122.87, 128.22, 130.80, 131.46, 132.32, 135.86, 142.18, 155.38, 164.08.
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