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Abstract

Steel industries are one among the major industries which contribute to the world’s economic
growth. However, waste generation within the industry is enormous due to its high
production rates. Large quantity of water is used in the steel industry for different processes
like cooling operations, dust scrubbing and descaling. Most of the steel industry releases
about 90% of water, which needs to be treated and then reused or discharged into the
environment. The wastewater generated from all the processes contain high pH, chlorides,
calcium bicarbonate, fluoride, sulphates, cyanide, total suspended solids, volatile suspended
solid, TDS, cyanide, thiocyanates, phenol traces, iron and magnesium oxides. Nanofiltration
(NF) is been used as a tertiary treatment system for the blast furnace (BF) wastewater in
TATA Steel Ltd., India, which is one of the leading steel industries in the world. The volume
of the reject stream varies between 20-30 % of feed steam. This membrane reject stream
contain the concentrated monovalent and divalent ions (3- 4 times of feed). Available
technologies for the treatment of NF reject are not efficient and economically viable due to
high energy and space requirement (eg. Solar concentrator). Therefore, there is an urge for a
more efficient, economical and facile technique for the treatment of membrane reject stream.
Similarly, around 2 — 4 tonnes of waste per tonne of steel are being generated within the
industry. Linz Donawitz (LD) slag is one among the wastes in integrated steel industry.
Globally, production of LD Slag is around 47 MT per annum. Hence there is a need for use of
the LD slag in much persuading way through either conversion of slag into useful material or
recycling as process material. Taking all these issues into considerations, the main objectives
of this work are divided into two sections. First section deals with the treatment of highly
saline wastewater from blast furnace unit of steel industry. And the second section deals with

the utilization of LD slag which is a by-product of steel industry.
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Abstract

Firstly, the work is focused on the removal of chlorides and sulphates from nanofiltration
rejected water which is generated in the blast furnace unit of steel industry by the method of
precipitation using miscible organic solvents such as diisopropylamine (DIIPA),
isopropylamine (IPA), and ethylamine (EA) in different proportions. Solvent based
precipitation showed that miscible organic solvents such as DIPA/IPA/EA is effective in
precipitating salts from NF rejected water and thereby reducing the concentrations of
chlorides and sulphates. Sulphate and chloride removal efficiency of 99.82 % and 77.50 %
respectively, was observed. Effects of solvent to water ratio, pH, temperature and mixing
time was thoroughly investigated and optimized using central composite design (CCD).
However, due to the recalcitrant nature of brine, treating highly saline wastewater with only
one treatment system is insufficient. The drawbacks of a single treatment can be resolved by
using combined treatments, resulting in a more effective treatment process and improved
outcomes. Therefore, the above-mentioned work is extended with a novel concept of
integration of closed-circuit reverse osmosis (CCRO) technology and solvent-based
precipitation as a means of producing an exceptional quality of water by separating the salts
especially chlorides and sulphates from highly saline nanofiltration (NF) rejected stream of
the steel industry. The outcome of this work showed that the overall removal efficiency of
sulphate and chloride was found to be 99.88 % and 91 %, respectively. Preliminary treatment
cost was estimated and found to be around 7.35 $/m?. The treated water can either be
recycled in the system or safely released into the environment.

Further, work is focused on utilizing the solid waste generated from steel industry for the
fabrication of porous ceramic membrane from Linz Donawitz (LD) slag. Membranes were
fabricated using uniaxial method sintered at three different temperatures like 650 °C, 850 °C
and 950 °C. Porosity, pore size distribution, flexural strength, chemical stability was

determined and pure water flux experiments were conducted to evaluate the efficiency of the
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Abstract

prepared membranes. Considering the raw materials cost, the cost of the fabricated
membranes was estimated in the range of 32.55 - 55.7 USD/m?. This work gives a potential
path to develop microfiltration ceramic membrane with, high porosity and great quality in
terms of strength and chemical stability. The fabricated membranes were utilized in a hybrid
technique (flocculation followed by microfiltration) for the treatment of cold roll mill (CRM)
wastewater generated from steel industry. However, LD slag contain significant amounts of
chromium and releasing them into the environment creates some environmental issues. Hence
the removal of chromium from Linz Donawitz (LD) slag from the steel industry as a part of
environmental quality improvement of the slag material for further use was carried out.
Removal of chromium from LD slag is done by the process of roasting and leaching using
potassium hydroxide and water respectively. The efficiency of the roasting process for Cr
removal was increased by optimizing the mass ratio of potassium hydroxide to the slag,
roasting temperature and time. At the optimum condition such as mass ratio = 0.25,
temperature = 450 °C, roasting time = 3 h and slag particle size = < 25 um. Approximately 96
% of chromium was removed from LD slag. In this work, the residual slag is used as an

adsorbent for the treatment of Congo red polluted wastewater.
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Chapter 1

Introduction

This chapter provides a brief overview of the processes involved and the waste generated in
the iron and steel industry. It summarises the state-of-the-art in saline wastewater treatment,
the use of Linz-Donawitz (LD) slag in various applications, and the background of the
problem addressed in this work, namely the treatment of highly concentrated brine generated
from blast furnace units, as well as the use of LD slag directly for the preparation of ceramic
membranes and the presence of chromium in LD slag. Finally, the objectives of the present

work are highlighted.

1.1. Background

Industrialization is not just the key factor of a country's economic development, yet in
addition the key factor for the augmentation of strong waste creation. The main solution is to
recycle and reuse the waste inside the industry [1]. Steel industries are one among the real
ventures which add to the monetary development of the nation [2]. Because of its high
production rates, waste generation within the industry is gigantic.

In an integrated steel industry, molten iron which is obtained from blast furnace is sent to the
basic oxygen furnace with the presence of oxygen for manufacturing of steel. Steel is also
produced alternatively in electric arc furnace from steel scraps along with the fluxes like
limestone or dolomite. Scraps and fluxes are heated with the help of electric current, during
which the fluxes combine with non-metallic components of scrap and ill-sorted elements of
steel to form a liquid slag. The liquid slag is converted into crystalline slag by air cooling
process. Before casting, the crude steel is refined by lowering dissolved gases and impurities
by adding some alloying agents. Other operational process is taken place in ladles. Steel

billets, steel blooms, slabs are produced by continuous casting. Structural sections are made
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in the rolling mill from the obtained semi-finished steel [3][4]. Fig. 1 shows the process of

integrated steel industry.

Iron making Steel making

>
L]
L
L
L]
. Steel Scra
Ironores . Molten Iron R
- 2 L]
pulverized coal ] Fluxes
coke °
e Scrapers Fluxes
: Ferroalloys
.
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? Molten Igon Slag EAF Slag
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Refined Molten qu— LadleSlag
BlastFurnace Steel
Slag / \ \ L>\
Steel Billet Steel Slabs|| |
Steel Blooms
LadleFurnace
Rolling
Product

Fig. 1.1. Iron and steel making process in integrated steel industry

1.2. Waste generation: A steel industry perspective

Large quantity of water is used in the steel industry for different processes like cooling
operations, dust scrubbing, descaling. Integrated steel plant utilizes water in an average of
28.6 m3/tonne of steel produced, and water discharge with an average of 25.3 m®/tonne of
steel. Therefore, per tonne of steel produced consumes low water of about 1.6m?® - 3.3
me.Water losses is due to evaporation. Around 90 % of water is discharged or reused [5]. Iron

and steel plants generate wastewater from different processes like mining, smelting of pig
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iron in blast furnace, LD convertors, rolling mills as shown in the Fig. 2. Wastewater
resulting from different processes have particular characteristics [6,7].Overall, the wastewater
generated from all the processes contain high pH, chlorides, calcium bicarbonate, fluoride,
sulphates, cyanide, total suspended solids ,volatile suspended solid, TDS, cyanide
thiocyanates, phenol traces, iron, magnesium oxide [2,5,8-12].

Likewise, Per tonne of steel production produce 2-4 tonne of wastes [13]. The solid wastes
produced per tonne of steel is around 1.2 tonne in India compared to 0.55 tonne of that in
abroad [3].Various solid waste gets generated from different process as depicted in Fig. 2
includes blast furnace slag, blast furnace flue dust, LD slag ,LD sludge, mill scale, mill
sludge, EAF slag, EAF dust [10,13]. Previously, these wastes were either discarded or
dumped in the open space. However, due to a lack of space and environmental concerns,

many studies are being conducted on the reuse and recycling of these wastes. [14][15].

1.3. Characteristics of various wastewater and slags generated

from various units of steel industry

1.3.1. Mining wastewater

The composition of wastewater from the mining sector is diverse. Many of the constituents
found in wastewater from the steel industries can also be found in water from the mining
industry. Mining water must be drained because otherwise, normal mine operations will be
difficult, if not impossible. The amount of drainage water varies throughout the year
depending on local hydrogeological conditions. The subterranean water in most mines is only
mildly polluted and clear enough to be dumped into rivers or used for a variety of purposes
without further treatment. Mine water is frequently neutral or slightly alkaline, although it

can also be acidic due to large levels of carbon dioxide or sulphuric acid. The drainage water
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in the latter instance will contain significant levels of iron salts. Sulphides may be present in

mine water, which must be eliminated through oxidation or aeration [7].
1.3.2. Coke oven wastewater

Coke, a crucial component for creating steel, uses roughly 4000 m3 of freshwater to produce
1000 tonne of coke, which is one of the reasons for the excessive use of water in the iron and
steel sector. At the end of the operation, over 1000 m3 of extremely hazardous effluent is
produced [16]. Coal carbonization produces gas and other byproducts such as anthracene,
toluene, naphthalene, benzene, and coal-tar compounds, Large amounts of organic and
inorganic contaminants, such as ammonium, sulphate, cyanide, thiocyanate, and TDS, are
found in the effluent produced by the quenching of coke. Treated wastewater discharged from
the steel plant cannot meet the required effluent standard due to the difficulty in eliminating
organic matter; thus, the released effluent becomes an undesirable matter. The polluted
effluent from the coke plants is formed by the washing of the ammonia stills, and it collects
in the gas coolers as a result of condensation/sedimentation. Various studies have indicated
that biological treatment, such as biodegradation, and pre-treatment studies, such as steam
chemical coagulation, sludge concentration, stripping, and aeration, have been used to treat
coke oven wastewater to lessen unfavourable environmental conditions. Treatment of
wastewater containing various combinations of thiocyanate (SCN), ammonia-nitrogen
(NH4"—-N), cyanide (CN-), and phenol compounds is difficult since the pollutants resist
removal. For the treatment of these substances, electrocoagulation, ozonation, and hybrid

approaches have been investigated [17,18].
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1.3.3. Steel making wastewater

The principal source of wastewater and the primary usage of water in basic oxygen furnace
steelmaking are air pollution control systems designed to clean furnace off-gases before they
are released into the atmosphere. Excess slag quench water, hood cooling water losses,
cooling tower blowdown, and equipment cleaning water are examples of minor wastewater
sources that differ by site. Total suspended solids, COD, chlorides, sulphates, organic carbon,

and iron are the most common constituents of this effluent. [9].

1.3.4. Cold roll mill wastewater

With numerous sub-processes such as pickling, rolling, annealing, and tempering, the cold
rolling mill (CRM) operation imparts hardness, thickness reduction, and desired finishing on
steel. During the process, a significant amount of oily wastewater is produced, the most
difficult of which is emulsion wastewater from cold-rolling. CRM wastewaters are steel-
making process residues with strong carbonation potential due to their very alkaline
properties [19]. A typical discharge of CRM effluents contains alkaline, acid, oil and grease,
phenol, and iron. Other compounds may also be present such as various salts of chromium,
copper, nickel, and zinc in the effluent, depending upon the steel composition. The quality of
wastewater should be controlled to their limit before discharging it to the environment.
Conventional treatment methods followed are adsorption, biochemical treatment, membrane

technology, coagulation -flocculation, electrocoagulation and ozonation [20].

1.3.5. Linz-Donawitz slag

Linz Donawitz (LD) slag is one among the wastes in integrated steel industry. It has been
found that the density of LD slag lies between 3.3-3.6g/cm®. Due to its high Fe content, steel
slag looks in appearance a loose collection, and appears hard and wear resistant. The LD slag

mainly consists of SiO,, CaO, Fe.03, FeO, Al,0s, MgO, MnO, P20s Cr,03. The main
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mineral phases contained in steel slag are dicalcium silicate (C2S), tricalcium silicate (C3S),
RO phase (CaO-FeO-MnO-MgO solid solution), tetra- calcium aluminoferrite (C4AF),

olivine, merwinite and free-CaO

/ Integrated Steel Industry \
Minin Iron Steel Steel
- Making  Making Mills
Iron Sinter LD Cold
Processes Mining Making converter Rolling
Coal Coke Lime Hot
Mining Making Making Rolling
Blast
Furnace
Process Mines Coke oven, Steel Making CRM
Wastewater Wastewater BF blowdown wastewater e
wastewater
. Mines BF Slag, Coal Tar LD Slag, Metallic Scrap,
Solid Waste Overburden i:‘::;'re - Lime Fines Scrap

Fig. 1.2. Wastes generated in integrated steel industry

1.4. State of the art

With a brief overview of the contemporary research, this section outlines the research
outcome of various literatures so as to identify few promising areas of research that needs to

be addressed in this thesis. The state of the art has been presented for treatment of effluents
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from blast furnace and cold roll mill units, as well as the utilization of LD slag from the steel

industry

1.4.1. Separation of chloride and sulphate ions from nanofiltration rejected

wastewater of steel industry

Literature survey

Over the last decade, membrane-based technology (UF, NF and RO) is used globally for the
treatment of contaminated drinking water or industrial effluent in the polishing step. Tata
Steel Ltd, India, one of the renowned steel industries in the world, has developed a tailor-
made ion-selective charged nanofiltration membrane technique for the treatment of chloride
and sulphate rich effluent from blast furnace unit of steel industry. However, the rejected
stream of this technology contains chloride, sulphate, sodium, and magnesium ions in
concentrations greater than 8000 - 10000 mg/L. Highly concentrated NF rejected water
without undergoing any treatment can affect equipment within the industry. In particular,
chlorides (> 600 mg/L) and sulphates (> 400 mg/L) above their permissible limits can lead to
metal corrosion, scaling and blockage in the pipelines [9]. Additionally, if discharged into the
environment, it can cause soil and groundwater contamination which in turn makes it
unsuitable for human consumption causing diarrheal symptoms, dehydration and
hypertension [21]. Managing the concentrate from the NF plant is quite challenging as it can
result in an adverse effect if reused or discharged without any treatment. Consequently, there
has been consistent investigation to deal with the membrane filtration reject stream. Several
methods have been reported to dispose of the rejected stream of membrane filtration such as
deep well injection, discharge to sewers, ocean outfall and evaporation ponds, [22].
Furthermore, some treatment techniques are available and have been reported such as thermal

evaporation, crystallization [23], ion exchange [24,25], electro- dialysis, RO-NF integrated
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system [26-28], solar and geothermal desalination [29], biosorption [30], forward osmosis
(FO), ozone oxidation[31] and vacuum membrane distillation (VMD) [32,33]. Because of
strict environmental guidelines, discharge standards, size and complexity of the equipment,
high energy and low output, equipment with larger physical footprints make it less viable for
industrial use. From another point of view, the colossal amount of free energy stored in the
brines, which might have been rummaged through proper methods, is squandered in the
existing disposal methods [34].

There are reports in the literature which reported the separation of ions from aqueous
solutions the important ones include MSH Bader 1998 [35] which reported an experimental
database for the precipitation of chloride and sulfate salts associated with six cations (sodium,
potassium, magnesium, calcium, barium, and strontium) from aqueous solutions was
generated using isopropylamine as the precipitation agent. Another work by Bader reported a
process based on the concepts of membrane distillation (MD) and liquid—phase precipitation
(LPP) for selective removal of sulfate from seawater is provided. The MD-LPP process uses
a small amount of energy and additive, generates minimal waste with suitable disposal paths,
extracts economic values from discarded streams or species, and offers a rapid economic
deployment. Patents of interest include US Patent no. 9,828,270 which discloses a treatment
system is provided and comprises a precipitation unit and a recovery unit. The precipitation
unit is configured to treat a solution using one or more miscible organic solvents like
diisopropylamine and isopropylamine to produce a mixture of precipitate solids and a liquid.
Another one is US Patent no. 4,548,614 which discloses a process in that low boiling, water
soluble organic solvent is added to a saturated brine to thereby reduce the salt solubility of the
brine and cause precipitation of the salt. The precipitated salt is filtered out and dried. The
remaining brine-solvent mixture is distilled to remove the solvent which is reused.

Unsaturated brine that is generally free of solvent is returned for resaturation with salt.

v
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Miscible organic solvents may precipitate salts by its solventing out (reduction in the
solubility of the salt) properties [35]. In this work, solvents are selected such that these a) can
cause high salt precipitation, b) boiling point close to ambient temperature, c) less expensive
and d) less environmental risk. In addition, the solvents used are widely used as herbicide in
the agricultural purpose [35]. The quick vaporization of the organic solvents on the use of
vacuum is increasingly affordable when contrasted with conventional strategies, for example,
distillation to achieve the required heat transfer. In addition, these solvents have additional
properties of i) excellent blending among species, ii) better control of its dose and transport,
iii) allowing better separation of species and 4) useable at various conditions [36,37].
Possible scope for further research

Although there are several reports for the precipitation and separation of inorganic ions but
none of the report discloses a simple and economically viable process for separation of
chloride and sulphates ions from rejected stream of industrial wastewater by using the
miscible organic solvents.Therefore, this part of the thesis focussed to develop a simple and
economically viable process for separation of chloride and sulphates ions from rejected
stream of nanofiltration from iron and steel industries by using the miscible organic solvents.
Miscible Organic solvents are used as precipitating agent. Though there are many miscible
organic solvents available, the opted ones are isopropylamine (IPA), diisopropylamine
(DIPA) and ethylamine (EA) those which is effective in precipitating the salt and economical.
Four important parameters such as volume of the solvent, pH, temperature and contact time
were considered for precipitation and optimized using central composite design (CCD). The
method carried out in this part of thesis will be a benefaction to the steel industry in terms of
handling nanofiltration rejected water containing high chlorides and sulphate ions. To the
best of our knowledge, no work has been reported on use of solvent based technology for the

treatment of NF rejected effluent of steel industry.
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1.4.2. Integrated technique for the treatment of highly saline nanofiltration

rejected stream of steel industry

Literature survey

Treating highly saline wastewater with only one treatment system is insufficient, due to the
recalcitrant nature of brine. Usually, a single treatment system is ineffective to produce
treated water that meets regulatory standards. The treatment method would incur very high
costs to satisfy these conditions. According to [38], water containing complex compounds,
such as monovalent and divalent ions, heavy metals, and dyes, should be treated with a
combination of treatments since one is insufficient. The drawbacks of a single treatment can
be resolved by using combined treatments, resulting in a more effective treatment process and
improved outcomes. In a previous study, [39], studied the treatment of brine, by a hybrid
process of electrocoagulation and two stage reverse osmosis (RO). Furthermore, [34],
investigated the importance of the hybrid system that combines reverse electrodialysis and
reverse osmosis for brine management. [40] emphasised the importance of implementing an
integrated treatment approach, stating that a single treatment method is no longer feasible in
the modern world due to more stringent legislation and that a variety of treatment methods
should be used for more technically and economically viable alternatives. A hybrid process,
in turn, is cost-effective and time-saving because it combines multiple processes into one
[41]. Considering the advantages of combined techniques, the hybridization/integration of
two techniques can be investigated for better treatment results for the treatment of
concentrated brine. Reverse Osmosis (RO) is a pressure-driven process used to remove salts
and pollutants, especially treating wastewater with high conductivity like the iron and steel
industry [42]. Another alternative is the semi-batch process, also referred to as closed circuit

reverse osmosis (CCRO), which has some of the same characteristics as batch RO. The basic
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principle of CCRO is that fresh feed continuously dilutes recycled brine, resulting in minimal
energy increase. The use of CCRO to enhance treatments has lately gained a lot of interest.
[43,44] and [45] studied the performance of CCRO and they suggest that this technique
appears to have the ability to promote high rejection and low fouling propensity. However,
this method for a second time generates a very high concentrated rejected stream which has
to be treated again with one more process. In the integrated approach, the chemical
precipitation process is used as a second system, where organic solvents are used to
precipitate the salts from concentrated RO rejected stream using solventing out phenomenon.
This process reduces the solubility of salt in water and hence can separate the salt from the
water. Organic solvents selected in this study are isopropylamine, diisopropylamine and
ethylamine that can meet certain criteria viz., (a) all are miscible in water, (b) having
favourable properties such as low boiling point, high volatility and importantly, no azeotrope
formation with water and (c) chemically stable and cost-effective [46].

Possible scope for further research

The literature review shows that, given the benefits of combined techniques, the
hybridization/integration of two techniques can be examined for improved results in the
treatment of concentrated brine.

Available technologies for the treatment of NF reject are not efficient and economically
viable due to high energy and space requirement (eg. Solar concentrator). Therefore, there is
an urge for a more efficient, economical and facile technique for the treatment of membrane
reject stream. Investigation on CCRO with solvent-based precipitation technique might be a
novel one for the treatment of highly saline wastewater from the steel industry.

In this part of the thesis, an attempt was made to investigate the integrated technique of
closed-circuit reverse osmosis (CCRO) and solvent-based precipitation to treat concentrated

nanofiltration reject. The performance of the membrane, factors affecting precipitation and to
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scrutinize whether the proposed design benefit in reducing the brine concentration to benefit
the steel industry for better management of the rejected stream of NF process is investigated.
Moreover, a preliminary economic assessment was carried out for the integrated process.
Reverse osmosis system analysis (ROSA 7.0 - FilmTec’s) software, was used to estimate the
water production cost, common technical assumptions, design parameters and specifications
for the RO system. The system used here is an attempt to increase the quality of the NF
rejected stream using a hybrid technique while also achieving zero liquid discharge. The
system is expected to be a better technology than the previous one as mentioned in the

previous section (Section 1.4.1).

1.4.3. Utilization of LD slag from Steel Industry for the Preparation of MF

Membrane

Literature survey

Linz Donawitz (LD) slag is one among the wastes in integrated steel industry. LD slag
produced per ton of crude steel in India is said to be 150-180 kg/t. Globally, production of
LD Slag is around 47 MT per annum [15]. Open dumping and landfill practices are the
common techniques adopted for disposal of industrial slag, thus these techniques result in
environmental pollution in the form of dust and leachate apart from huge economic
accountability [47]. Hence there is much research on utilization of LD Slag for other
beneficial uses like road making, construction, agriculture, extraction of valuable products. It
has been reported that iron and steel slag have high pozzolanic potential and can be utilized
as raw material or blending constituent in cement manufacturing and constructional
activities.[5-9]. However, because of its high specific gravity and high volume expansion, it
is disadvantageous for road making. Also, as LD slag is exceedingly porous in nature, it

demands more water which makes it troublesome in making concrete clinkers. Hence there is
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a need for use of the LD slag in much persuading way through either conversion of slag into
useful material or recycling as process material.

Ceramic membranes are looking for more consideration over decades because of their high
quality, great mechanical and compound soundness, higher life expectancy [50][51,52], and
simple cleaning [10-12]. There are many research centred in fabrication of ceramic
membranes using diverse raw materials like a-alumina, zirconia, silica.[13-15]. However,
the expense of these crude materials stayed high and prompted focus around less expensive
crude materials[56-58]. Industrial wastes such as fly ash, charred wastes, coal ash, as well as
agricultural wastes like rice husk, sugarcane bagasse, clays have been investigated and
studied as economical and convenient raw materials for the fabrication of ceramic
membranes [16-18]. M. Changmai et al. [62] have fabricated low cost ceramic membranes
using thermal power plant slag with additional precursors. Similarly H. Abdallah et al. [63]
utilized rollers kiln waste as the main raw material for the fabrication of ceramic support. The
composition of these materials made it possible to fabricate ceramic support which motivates
further research towards cost effective membranes of great demand [64].

Steel industry uses cold rolling to harden, reduce thickness and provide special finishing on
steel. Acid, alkaline and oily wastewater are discharged during cold steel rolling. It also
contribute to zinc, nickel, copper, tin, chromium and iron depending upon the varieties of
steel. The quality of wastewater should be controlled to their limit before discharging it to the
environment. Conventional treatment methods followed are adsorption, biochemical
treatment, membrane separation, and coagulation - flocculation [65]. Coagulation —
flocculation is a simple physiochemical technique commonly used for water and wastewater
treatment. Inorganic metal salts namely, aluminum (alum) sulfate, ferric chloride, ferrous
sulfate, and ferric chloro-sulfate are generally used in coagulation—flocculation [66].

However, polymerized forms of metal coagulants are of great demand in recent years due to
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their wider availability, higher removal of organic matters, lower alkalinity intake and
reduced cost [24,25]. Xue-Ni Cheng et al. [69] have used coagulation for the treatment of oily
wastewater from cold rolling mill. During coagulation, the amorphous precipitate create
flocs, which therefore needs further treatment to hold back the water quality parameters in
terms of turbidity, conductivity and total dissolved solids. Based on the floc size,
microfiltration was considered in the subsequent steps. It was found that particle size of the
flocs produced was in the range of 5 to 130 um [70-72] .

Possible scope for further research

It may be envisaged from the above literature that LD slag has been used in wide range of
applications including construction, road making and agriculture. However, considering the
growing demand of ceramic membranes (CM), use of LD slag for the fabrication of CM
might be addition of current research. In this part of the thesis, an attempt was made to
fabricate porous ceramic membranes by LD slag along with other precursors by uniaxial
method. Three different sintering temperatures (650 °C, 850 °C and 950 °C) were selected for
the study. Modification of the slag was carried out for the improvement of the membrane.
Morphological and permeation experiments were conducted to investigate the properties of
the membrane. Treatment of cold roll mill (CRM) wastewater from steel industry was carried
out using the hybrid process via coagulation- flocculation followed by microfiltration. The
flocs generated after coagulation — flocculation process was separated using the prepared LD
slag membranes. Use of LD slag for the fabrication of ceramic membrane is not only an
appealing option towards the commercialization of membrane, but also great option to reduce

the solid waste which is dumped to the environment.
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1.4.4. Removal of Chromium from Linz-Donawitz slag

Literature survey

The global average rate of LD slag production is estimated to be around 47 MT per year. In
India, it is reported to be between 150 and 180 kg for every tonne of steel produced [20].
Open dumping and landfill operations are the most commonly used methods for disposing of
industrial slag, they cause environmental degradation in the form of dust and leachate, in
addition to significant economic liability. As a result, extensive research is being performed
on the use of LD Slag for a variety of advantageous uses. Because of the composition of slag,
it can be used in a variety of applications, which encourages ongoing study towards a more
sustainable environment. The composition of these slag varies greatly depending on the
source of origin, however, they typically contain some important resources such as CaO, FeO
and SiO: [73,74].

However, LD slag contain significant amounts of chromium and releasing them into the
environment creates some environmental issues. The hazardous chromium is extremely
undesirable in terms of pollution [75]. LD slag includes relatively large quantities of
chromium (up to 4 wt.%), which is a hazardous substance when in oxidation state +6.
Chromium is a redox-active metal that may be found in the environment as Cr (I11) or Cr
(VI). These two oxidation states have opposing toxicity and mobility properties: trivalent
chromium is an important nutrient at low concentrations and a non-toxic element at greater
concentrations, and it is generally insoluble in water, but hexavalent chromium is very
poisonous and easily transported [76].

Removal of chromium from LD slag might eventually alleviate the environmental challenge
by allowing the precious and important metal Cr to be recovered while still being utilised as
cement or building material. In reality, the high chromium concentrations in slag have been a
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major impediment to slag usage, prompting researchers to investigate chromium removal or
recovery.

Only a few research on chromium extraction from steel slag have been reported. The
extraction of chromium from chromite in liquid molten sodium salts of NaOH or NaOH-
NaNOs has been reported by several investigators. Some researchers looked at alkali roasting
chromite ore with NaOH and Na.COgs to extract chromium from it [77]. Roasting with
Na,CO3z at 1100 °C is the most common method for recovering Cr from chromite ore.
However, because this process takes place at high temperatures, it consumes a lot of energy
and is thus inefficient for treating low-grade ore minerals with only a few percentages of Cr.
Others have explored Cr leaching from chromite ore using sulfuric acid (60—80 wt%) at
elevated temperatures (160-240 °C) with or without HCIO, as an oxidant at elevated
temperatures (160-240 °C) [78]. Acid leaching will dissolve the stainless-steel slag matrix
materials and result in a large consumption of acid solution since slag materials are typically
made of alkaline mineral phases such as CaO, Al.Os, and MgO. Although there has been a
minimal study on the biological leaching of metals from slag, the bioleaching approach may
be a viable option for industrial slags with low metal concentration [79]. According to
(Gomes et al., 2018) the supernatant of a mixed acidophilic bacteria culture may be utilised to
recover aluminium, chromium, and vanadium from Argon oxygen decarburization (AOD)
slag. The recovery of metals from the leachate was inadequate since all of the metals were in
the third oxidation state (Als, Crs, and V3). Alkali pressure leaching was recently reported to
recover Cr selectively from SS slag material with a low yield (48%) without dissolving or
substantially changing the matrix material [80].

The patents of interest include Indian Patent application publication no. 9004/ CHENP/2012

which discloses a system, method for removing chromium from a slug formed by an electric
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furnace operation. The system also promotes the desulfurization of chromium-containing hot
metal.

Possible scope for further research

Although there are various publications, the patent and non-patent literatures for the recovery
of chromium from steel slags, none of them discloses technique for removal of chromium
from LD slag of the steel industry by alkaline roasting and leaching. The stated prior art
procedures are intricate and have their limitations. All of these factors prompted to
investiagte a simple and cost-effective method for the removal of chromium from LD slag of
steel industry using a roasting and leaching process. The efficiency of the roasting process for
Cr removal was studied with respect to the mass ratio, roasting temperature and time. This
method is expected to yield two products: Residual LD slag and chromium-leached liquor.
Based on the literature, residual slag has a potential for application in various fields such as
agriculture, construction, cement production and wastewater treatment. An attempt was made
to investigate the use of residual slag as an adsorbent to treat Congo red polluted wastewater.
Also, studies for recovering chromium hydroxide (CrOH)s precipitates from leached-out

liguor containing chromium by adding calcium hydroxide was conducted.

1.5. Objectives of thesis work

Based on the above state of the art, the present PhD thesis incorporates the following
objectives

> Separation of Chloride and Sulphate ions from Nanofiltration Rejected Wastewater of
Steel Industry

> Integrated technique for the treatment of highly saline nanofiltration rejected stream
of steel industry
» Utilization of LD Slag from Steel Industry for the Preparation of MF Membrane

» Removal of Chromium from Linz-Donawitz slag
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1.6. Organization of the thesis

Chapter 1 discusses the background of the problem undertaken in this work i.e. the problem
associated with the treatment of highly concentrated brine generated from blast furnace units,
as well as the use of LD slag directly for the preparation of ceramic membranes and the
presence of chromium in LD slag. The objectives of the present work are also highlighted in
this chapter. Chapter 2 describes the use of three different miscible organic solvents such as
diisopropylamine (DIIPA), isopropylamine (IPA), and ethylamine (EA) in different
proportions for the removal of chlorides and sulphates from nanofiltration rejected stream
generated from coke oven unit from steel industry. Four important parameters namely
volume of the solvent, pH, temperature and contact time were optimized using central
composite design (CCD). Chapter 3 presents an integrated technique of closed circuit
reverse osmosis (CCRO) and solvent-based precipitation to treat concentrated nanofiltration
reject. The performance of the membrane, factors affecting precipitation is investigated. A
preliminary economic assessment was carried out for the integrated process. Chapter 4
discusses the fabrication of porous ceramic membranes by LD slag along with other
precursors by uniaxial method. Modification of the slag was carried out for the improvement
of the membrane. Treatment of cold roll mill (CRM) wastewater from steel industry was
carried out using the hybrid process via coagulation- flocculation followed by microfiltration.
Chapter 5 converses the removal of chromium (Cr) from LD slag using roasting and
leaching method. The factors affecting roasting was studied in detail. Moreover, the residual
slag was utilized as adsorbent for the treatment of Congo red dye polluted wastewater.
Chapter 6 summarized the inferences drawn from the work and provided some suggestions

towards future research.
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Chapter 2
Separation of chloride and sulphate ions from

nanofiltration rejected wastewater of steel industry

This chapter discusses about the use of three different solvents for the removal of chlorides
and sulphates from nanofiltration rejected stream generated from blast furnace unit of steel
industry. Miscible organic solvents such as diisopropylamine (DIIPA), isopropylamine (IPA),
and ethylamine (EA) was used in different proportions for precipitation. Response surface
methodology (RSM) was applied to optimize the parameters for the removal of chloride and
sulphate ions. Analysis of variance was used to study the incurred data. Four important
parameters namely volume of the solvent, pH, temperature and contact time were optimized
using central composite design (CCD). The precipitated salts were characterized by FESEM,

XRD and FTIR analysis.

2.1. Experimental

2.1.1. Materials

Seawater used for coke quenching can be identified as an origin for diffusing chloride and
sulphate into coke due to its porous structure. These ions diffused coke is used as a raw
material for iron making process which increases the chloride and sulphate content of the flue
gas discharge from blast furnace. Tata Steel, Jamshedpur (India) uses biochemical oxidation
(BO) for the treatment of wastewater coming from coke oven by product. This is very

effective for the removal of cyanide and phenol. The treated water after BO process contains

Content of this chapter is published as below:
% Deepti, A. Sinha, P. Biswas, S. Sarkar, U. Bora, M.K. Purkait, Separation of chloride and sulphate ions
from nanofiltration rejected wastewater of steel industry, J. Water Process Eng. 33 (2020) 101108.
https://doi.org/10.1016/j.jwpe.2019.101108.

* M K Purkait, Deepti, A Sinha, P. Biswas, S Sarkar, “Separation of ions from the rejected stream of
industrial wastewater”, Application Number: 201831044754. Date of filing: 27/11/2018. Patent No.
358257, Granted on 11/02/2021. 29
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high chlorides, sulphates, fluorides and other ions which make it difficult to discharge to the
environment. Hence the polluted water was treated via membrane filtration, with a particular
emphasis on removal of ions. The rejected water from this unit was collected for the
experiment for the treatment of chloride and sulfate ions.

The collected water was sealed and stored in a dark room at room temperature in order to
avoid any compositional change by air oxidation with time. Organic solvents like
isopropylamine (IPA), diisopropylamine (DIPA) and ethylamine (EA) with a 99% purity
were purchased from Spectrochem Pvt.Ltd, Mumbai, India. Hydrochloric acid, sodium
hydroxide, sodium chloride, potassium chloride, calcium chloride, iron chloride, magnesium
chloride, manganese chloride are procurred from Merck (India). All chemicals used were
utilized without any purification.

2.1.2. Analytical methods

lon chromatography (Model: Metrohm ion analysis, 792 basic IC , Make: Metrohm Ltd,
Herisau, . Column: Metrosep A Supp 5) was used to analyse chloride and sulfate ions.
Atomic absorption spectrophotometer (AAS, make: M/s Varian, Netherland, model: Spectra
AA 220 FS) was used to analyse iron, magnesium, manganese, sodium, potassium and
calcium ions. Vacuum pump (Model VMS; Make: Axiva Sichem Biotech, India) was used
for vacuum filtration unit. All the glasswares used in the experiments were supplied by
Borosil, India. The pH, conductivity, TDS were measured using microprocessor water/soil
analysis kit (Model: VSI-301, Make: VSI Electronics). ldentification of functional groups
were analysed using Fourier tranform infra-red spectroscopy (Model No.: IRAffinity-1;
Make: M/s Shimadzu, Japan). X-Ray diffraction (Model No: D8 Advance, Make: Bruker,
Netherlands) was conducted to assess the crystallinity of precipitated salts. The surface and
morphological features of the precipitated salt was studied using field emission scanning
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electron microscopy (FESEM, make: Zeises, model: Sigma). Energy dispersive X-ray

spectroscopy (EDX) was used to determine the elemental information of the precipitated salt.

2.1.3. Experimental method

Nanofiltration (NF) rejected water and organic solvents in various proportion were well
mixed in a ceramic vessel using agitator. The solvent to rejected water ratio, (VR) of 0 —
2.66 was considered which is calculated using Eqn. 2.1. For instance, volume of NF rejected
water and solvent was considered in the range of 0.9 litres to 1.25 litres. The solution was
mixed at 100 RPM for 1h at room temperature (25 °C). After 30 min, blending was ceased for
another 30 min to complete precipitation of salts. The solution was filtered through nylon
filter (pore size: 0.2 um, diameter: 47 mm) using vacuum filtration set up to separate the salts
from the solution. A vacuum pump of capacity 50 Hz, and flow rate of 15 L/min was used.
The filtrate which was a mixture of organic solvent and water was sent to distillation unit (1
L capacity) to recuperate the solvent. The mixture of water and solvent was heated up to the
boilling point of three solvents, separately. The distillate (organic solvent ) was collected in a
storing chamber for further use. Properties of the organic solvents like Diisopropylamine,
Isopropylamine and Ethylamine is shown in Table 2.1. A detailed layout of experimental
scheme is shown in Fig. 2.1. The efficiency of separation of both ions was measured in terms

of percentage precipitation factor and calculated using Eqgn. 2.2.

__ Volume of solvent

VR =

(2.1)

volume of sample
%P=1—(((::—f_)><100 (2.2)
I

Where, % P is percentage precipitation factor, Cf is final anion concentration in the filtered

sample and Ci is initial anion concentration in the NF rejected water.
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Fig. 2.1. Detailed layout of precipitation process

Table 2.1. Properties of miscible organic solvents [1]

Solvent Diisopropylamine Isopropylamine Ethylamine
Formula CHs;),CHNH C2HsNH
[(CHocHNH  CT) ? w
Molecular weight 59.11 45.08
(9/mol) 101.19
Color Colourless Colourless
Colourless

Specific gravit 0.694 0.689

pectiic gravity 0.722
Melting point (°C) -101 -80.6

-61
- S

Boiling point (°C) 835 34 16.6
Water solubility in Soluble Soluble

2.1.4. Experimental design

Response surface methodology (RSM) is a collection of statistical and mathematical methods

which assess the effect of different factors and their actions on the system response. One of
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the main advantages of RSM is to develop and optimize the variables which results in less
number of experimental runs. RSM is mainly focused on design of experiments, response
surface modelling and optimization [2,3] . Central composite design (CCD) by design expert
(version 11.0) was utilized with four different independent factors namely; volume ratio (VR:
ratio of volume of solvent to volume of the NF rejected water) [x1], pH [x2], temperature
[x3], and contact time [x4] with two dependent responses like percentage precipitation factor
(% P) of chloride and sulphate. The volume ratio (VR) ranged from 0.33 to 2.67, pH of the
sample varied from 2 to 10, temperature from 10 to 32 °C and that of contact time ranged
from 10 to 30 min. Table 2.2 shows the parameters and the range dealt by RSM. Eqgn. 2.3

was used to show the interaction between the independent variable and dependent responses.

k K k-1 K
y=by+ D b X+ > b X2 +> D bi,XiXj +C (2.3)

i=1 1=1 i=1 J=1
Where, bo is the value of the intercept, bi, bii, bjj are the regression coefficients for linear,
second order and interactive effects, respectively. Xi, X refers to independent variables and C
represents the error of prediction. The analysis of variance gives the information related to
lack of fit, p value, F value and R? representing the efficiency of the model. “Prob F” less
than 0.05 refers that the model terms are significant. Lack of fit more than 0.05 implies the

validity of the model. The probability less than 0.05 implies the accuracy of the model.

Table 2.2. Level and ranges of the independent variables in CCD design

Independent Units -1 Level + 1 Level -alpha  +alpha
variables
Vr - 0.91 2.08 0.33 2.67
pH - 4 8 2 10
Temperature °C 15.5 26.5 10 32
Contact time min 14.5 25.2 10 30
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2.2. Results and discussion

This section is divided into five parts. In the first part, water quality parameters of the NF
rejected water of TATA Steel Ltd., India was determined and reported. Variation of
precipitation factor (% P) of chlorides and sulphates with VR using three solvents were
studied and discussed in second part. The separation of chlorides and sulphates were done in
terms of percentage precipitation factor which is calculated using Eqn.1. Third and fourth
part deals with the Response surface methodology (RSM) to optimize the parameters for the
removal of chloride and sulphate ions. Characterization of the precipitated salt is discussed in
fifth part.

2.2.1. Characteristics of NF rejected water

Blast furnace wastewater contains high chlorides and sulfate ions along with other salts.
Consequently, reusing without treatment makes the framework pipelines eroded. Along these
lines, TATA Steel Ltd., India uses nanofiltration (NF) as tertiary treatment method for the
blast furnace wastewater. However, the NF unit contributes to highly concentrated chlorides
and sulfates along with different salts much higher than the permissible limit. This makes the
rejected water unfit to either reuse or discharge to the streams. The characteristics of obtained
NF rejected water was analysed and shown in Table 2.3. It is seen from the table that all the
water quality parameters are well above the permissible limits especially chlorides and
sulphates in the range of 1600 mg/L and 4200 mg/L, respectively. The total dissolved solids
have very high value in the range of 8613 mg/L which is highly above the permissible limit (
> 2000 mg/L). Similarly, sodium, potassium, calcium and iron are also above the permissible
limit. The results after the treatment technique undertaken in this work is also shown in the

table and discussed in subsequent sections.
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Table 2.3. Characteristics of NF rejected water

Parameters NF rejected After Permissible limit for
water treatment surface water [4]

Chloride (mg/L) 1594 358 600
Sulphate (mg/L) 4196 8.4 400
Total dissolved solids 8613 785 2000
(mg/L)
pH 8.1 7.25 9.0
Turbidity (NTU) 0.5 0.3 140
Sodium (mg/L) 650 142 200
Potassium (mg/L) 175 4 12
Calcium (mg/L) 183 51 200
Iron (mg/L) 38 4.2 3
Magnesium (mg/L) 198 122 150
Manganese (mg/L) 21 14 2

2.2.2. Precipitation of chlorides and sulphates by organic solvents

Three organic solvents such as diisopropylamine (DIPA), isopropylamine (IPA) and
ethylamine (EA) were selected to separate chlorides and sulphates from NF rejected water
mentioned in the preceding section. The properties of nanofiltration (NF) rejected water
stream is shown in Table 2.3. Chloride and sulphate ion concentrations are well above the
allowable limit of > 600 mg/l and > 400 mg/l, respectively [4]. Three solvents (IPA, DIPA
and EA) were blended independently with NF rejected water. The solvent to rejected water
volumetric proportion is named as VR. Experiments were done in room temperature with a
blending and settling time of 10 and 30 min, respectively. The variation of precipitation
factor with VR is shown in Figs. 2.2a and 2.2b for chloride and sulphate respectively, for
three solvents considered here. From Fig. 2.2a it is seen that chloride precipitation factor
increases sharply upto VR value of 1.25 and gradual thereafter. From the figure it may be

seen that beyond the VR value of 3 the increase on precipitation factor will be marginal.
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Again, precipitation is more for DIIPA that of EA is less for each value of VR. For example
chloride precipitation is 80.46 %, 69.54 % and 67.65 % for DIIPA, IPA and EA respectively,
for solvent to volume ratio (VR) of 2.67 (Fig. 2.2a).

Similar observation is also found for sulphate precipitation shown in Fig. 2.2b. However, the
sharp increase is observed upto VR of 1.0 instead that of chloride at VR 1.25 and becomes
gradual afterward.

From both Figs. 2.2a and 2.2b, it is seen that DIIPA shows highest precipitation factor (80%
and 100% for chloride and sulphate respectively) followed by IPA and EA. The difference in
extent (salt precipitation) capacity was due to the variation of hydrogen bonding capabilities
of these three solvents. Soluble salts are salted out (precipitated) when water molecules are
easily H-bonded with the amine based solvents and unavailable for salts for solvation. DIIPA
has higher H-bonding capacity than that of for IPA and EA thereon. Therefore, extent of
chloride and sulphate precipitation is observed in the order of DIIPA>IPA>EA depending on
H-bonding capabilities [5]. Considering the operation point of view and boiling point (Table
1) IPA is the best choice [1]. Hence, IPA was chosen for the investigation of various factors

influencing the precipitation and discussed in the subsequent sections.
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Fig. 2.2. Variation of precipitation factor (%P) with VR. a) For chloride precipitation, and b)

for sulphate precipitation. Temperature: 25 °C and pressure: latm
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2.2.3. CCD designed model and analysis of variance

Chloride and sulphate precipitation factor model is given by Eqns. 2.4 and 2.5, respectively.
The experiments were carried with the volume ratio, VR (A) range from (0.33 — 2.67), pH
range (B) from (2 — 10), temperature (C) from (10 — 32) °C and contact time (D) range from
(10 — 30) min. A positive value of coefficient indicates a synergistic effect, and a negative
value symbolizes an opposite effect [3].

Chloride precipitation factor (% P) = 76.68-3.04xA-0.91xB-3.82xC-
1.69xD+1.44xAxB+4.48xAxC+0.79x AxD+0.75xBxC-1.86xBxD-4.05 (2.4)
xCxD-2.25% A?-5.03B?xC?-0.050xD?

Sulphate precipitation factor (% P) = 98.44+0.73xA+0.040xB-0.064% (2.5)
C-0.50xD-0.18xAxB-0.46xAxC+0.65xAxD-0.12xBxC-0.35xBxD+
0.46xCxD+6.32xA2-0.052xB?+0.052xC?+0.17xD?

Where A, B, C and D are the coded values of variables namely volume ratio (VR), pH,
temperature, (°C), and time (min), respectively. Total of 30 experiments with 6 central points
have been applied to study the effects of main four independent parameters viz. volume of the
solvent, pH, temperature and contact time on chloride and sulphate precipitation. The
responses were analysed and the results of ANOVA for precipitation of chlorides and
sulphates are shown in Table 2.4 and Table 2.5, respectively. The low probability with F
value of 172.8 depicts that the model is accurate. Lack of fit (0.08) more than 0.05 shows that
the model is valid. A high R? value of 0.99 with adjusted R? of 0.98 represents that the model
is significant for the chloride precipitation. Similarly, F value about 18 with low probability
implies that the model is accurate. Lack of fit (0.82) which is more than 0.05 illustrates that

the model is valid. R? value of 0.98 represents the sulphate precipitation model is substantial.
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Table 2.4. ANOVA result of response surface quadratic model for chloride precipitation

Source Sum of | df | Mean Square | Fvalue | p-value
Squares Prob >F
Model 1661.2 14 | 118.6 172.8 < 0.0001
A-VR 147.9 1 147.9 215.4 < 0.0001
B-Ph 3.27 1 132 4.76 0.0454
C-Temperature 304.8 1 304.8 443.9 <0.0001
D-Contact time 385 1 38.5 56.1 <0.0001
AB 11.8 1 11.8 17.2 0.0008
AC 224.1 1 224.1 326.5 < 0.0001
AD 3.9 1 139 5.7 0.03
BC 4.7 1 147 6.8 0.01
BD 17.7 1 17.7 25.8 0.0001
CD 164.3 1 164.3 239.3 < 0.0001
A? 117.4 1 117.4 171.0 <0.0001
B? 0.15 1 |01 0.2 0.64
C? 670.6 1 670.6 976.9 < 0.0001
D2 0.05 1 1]0.05 0.08 0.77
Residual 10.3 15 ]0.69 -- --
Lack of Fit 9.0 10 | 091 3.70 0.08
Pure Eror 1.2 5) 0.24 == -3
R? -- - |- -- 0.99
R?agj -- - |- -- 0.98
R2%pred -- - |- -- 0.96
Adequate -- - |- -- 58.6
precision

Table 2.5. ANOVA for Response surface quadratic model for sulphate precipitation

Sour caes |9 | squre | P | hopor
Model 25.7 14 1.8 18.1 <0.0001
A-VR 8.4 1 8.4 83.2 <0.0001
B-Ph 0.006 1 0.006 0.06 0.80
C-Temperature 0.085 1 0.08 0.84 0.37
D-Contact time 3.35 1 3.3 33.1 <0.0001
AB 0.19 1 0.19 1.84 0.19

AC 2.33 1 2.33 22.9 0.0002
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AD 2.67 1 2.67 26.3 0.0001
BC 0.13 1 0.13 1.2 0.27
BD 0.61 1 0.61 6.0 0.02
CD 2.1 1 2.1 20.7 0.0004
A? 0.001 1 0.001 0.01 0.92
B? 0.01 1 0.01 0.15 0.70
C? 0.07 1 0.07 0.7 0.41
D2 0.62 1 0.62 6.11 0.02
Residual 1.52 15 0.1 -- --
Lack of Fit 0.78 10 0.07 0.52 0.82
Pure Error 0.74 5 0.15 --

R2 45 -- . -- 0.98
R2aqj - -- -- -- 0.97
Rpreg - - - — 0.96
Adequate precision | -- -- -- -- 54.8

2.2.4. Response surface methodology and 3D plotting

Effect of the dependent variables on the percent precipitation factor in 3D graph is shown in
Figs. 2.3 and 2.4 for chloride and sulphate, respectively. The interaction between VR - pH,
VR -temperature, VR - contact time, pH - temperature, pH - contact time and temperature -
contact time may be seen from these 2 figures. This also depicts the maximum (77.50 % CI
and 99.82 % SO.%* ) and minimum (49.48 % CI- and 94.21 % SO4* ) precipitation factor
obtained with above mentioned interactions. Figs. 2.3 and 2.4 represents the higher value
points towards the lower value points of the response for chloride and sulphate precipitation
factor, respectively. Fig. 2.3a shows that the chloride precipitation factor increased with the
increase in VR and pH. While from Fig. 2.3b, it is seen that the chloride precipitation was

maximum (63.05 %) at the middle value of the design space. It can be clearly seen from Figs.
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2.3c and 2.3e that the contact time does not have much of an impact on chloride precipitation
factor with increasing VR and pH. Whereas, the temperature and dosage showed prominent
impact on chloride precipitation factor. It may be concluded that 15 minute is the optimum
mixing time for precipitating the chloride and sulphate salts in presence of IPA at increasing
VR.

Similarly, from Fig. 2.4a it is seen that sulphate precipitation factor increases from 97% to
99% with increasing VR . Fig. 2.4b shows the effect of temperature and VR on sulphate
precipitation factor. This plot shows that sulphate precipitation factor is maximum (98.5 %)
at higher VR (2.08) and low temperature (15.50 °C). From Fig. 2.4d, it is seen that there is no
much impact on sulphate precipitation factor with increasing temperature and pH. Therefore,
the percentage chloride and sulphate precipitation factor is better at the midpoints of the limit

as seen in Figs. 2.3 and 2.4, respectively.
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Fig. 2.3. Response surface graphs on chloride precipitation factor showing interactive effect
between (a) VR and pH, (b) VR and temperature, (c) VR and contact time, (d) pH and

temperature, () pH and contact time, and (f) temperature and contact time.
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Fig. 2.4. Response surface graphs on sulphate precipitation factor showing interactive effect
between (a) VR and pH, (b) VR and temperature, (¢) VR and contact time, (d) pH and
temperature, (e) pH and contact time, and (f) temperature and contact time.
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2.2.5. Interaction studies using factors tool

Interaction study gives a clear picture of changes in precipitation factor with respect to the
four parameters considered herein. Interaction study between pH and VR was carried with
two pH, 4 and 8 with varying VR and keeping temperature and contact time at 21 °C and 20
min, respectively. From Fig. 2.5, two things can be inferred. Firstly, when the pH of the
sample was maintained at 4, the chloride precipitation is higher (80%) at lower VR (0.92).
However, as VR was increased, chloride precipitation factor gradually decreased to 72%. On
the other hand, at pH 8, chloride precipitation factor was 74.5% and was steady till VR 1.50
and decreased thereafter. Secondly, at pH 4, there is a drastic decrease in chloride
precipitation factor but at pH 8 there is no much decrease in precipitation factor with varying
VR. This fact would indicate that the chloride ion removal is better when the sample pH is

kept in its original (8.1) as shown in Table 2.3.

In Fig. 2.5b, it is seen that chloride precipitation factor is decreasing gradually from 82.2 %
to 65 % at 15 °C. Whereas at 26.5 °C, chloride precipitation factor increased from 64 % to 68
% as VR is increased. This fact is advantageous as the temperature is near about room
temperature, and precipitation is higher at this temperature, hence there is no need of extra
energy which directly favours in terms of cost efficiency. Likewise, in Fig. 2.5c, it is seen
that chloride precipitation factor shows a decreasing trend with respect to increasing VR
when contact time is at 14.5 min and 25.2 min.

In case of interaction study of parameters of sulphate precipitation factor, the trend is exactly
opposite to the chloride precipitation factor, which is seen in Fig. 2.6. In Fig. 2.6a, it is seen
that sulphate precipitation factor increases from 97.15 % to 99.25 % and 97.9 % to 98.5 %

with increase in VR for both pH 4 and 8, respectively.

43
TH-2823_166152103



Chapter 2

In Fig. 2.6b, it is seen that at 15 °C and 26 °C, sulphate precipitation factor increases

sequentially with increasing VR. However, sulphate precipitation factor is highest (99.55 %)

when temperature is maintained at 15 °C. This indicates that sulphate ions are less soluble

than chloride at lower temperature.

It may be seen from Fig. 2.6¢ that at 14.5 min of contact time, sulphate precipitation factor

remain almost constant at 99.25 % with increase in VR. At 25.2 min, sulphate precipitation

factor increases drastically from 97.3 % to 99.7 % as VR is increased from 0.92 to 2.09.

Therefore, it may be concluded that, contact time beyond 14.5 min imparts better sulphate

precipitation factor.
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There are limited works focusing on the separation of chloride and sulphate ions from

wastewater especially from NF rejected saline water. A comparative study of literatures with

the present study is shown in Table 2.6 [6-10] . From the table, it is envisaged that the use of

miscible organic solvents are scant for the separation of chloride and sulphate ions from the

industrial effluents. In this context, the present study is advocated to investigate performance

of IPA, DIIPA and EA for the separation of chloride and sulphate ions from NF rejected

saline water, which highlights the uniqueness of this work.
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Table 2.6. Various literatures on separation of chloride and sulphate ions using carious

reagents

Method Reagent Target Salt References
precipitation
(%)

Precipitation ~ Barium chloride Sulphate ion (Pigment SO, =100 [2]
industry wastewater)

Precipitation  Isopropylamine chloride and sulphate cl =59 [6]
ions (Synthetic S04 =99
wastewater)

Precipitation =~ Dimethylisopropylamine  Sodium chloride - [7]
(Synthetic wastewater)

lon exchange Dowex A-1 and Chelax- Chloride, Thallium (Zinc cl"=60 [8]

100 industry wastewater) TI =97

Precipitation ~ Magnesium Sulphate ion (Synthetic SO+ =99 [9]
wastewater)

Adsorption Rice straw Sulphate ion (Synthetic - [10]
wastewater)

Precipitation ~ Diisopropylamine Chloride and sulphate cl =81 Present

Isopropylamine ions (NF rejected S04+ =100  work
Ethylamine wastewater of steel cl =70
industry) SO =97
cl =68
SO, =93

2.2.6. Process optimization by desirability function

A desirable value for every input and all the responses were chosen by using numerical
optimization. To set an output value for the given conditions, the range of the inputs and
target of the responses were considered [11]. The goals for all the inputs were selected “in
range” and “maximum” for the responses. The maximum attained percentage chloride and
sulphate precipitation factor was obtained at 77.50 % and 99.82 % respectively, at VR of

1.02, pH of 8, temperature at 23.39 °C and contact time of 26 min. Validation was confirmed
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by carrying out the experiments at the optimized conditions given by the software. The
confirmatory experiments depicted percentage chloride and sulphate precipitation factor of
74.50% and 97.6 %, respectively. This suggests that the model is accurate and valid.

2.2.7. Recovery of the solvent

The organic solvents used for the precipitation should have favourable physical properties
when recovery is considered. As discussed in table 1, the boiling point of IPA is very low
which favours in recovering the solvent from the solution. 96 % - 98 % of isopropylamine
(IPA) was recovered using simple distillation. However, 2 — 4 % loss was seen due to
evaporation during the operation. This loss may be avoided by state of art distillation
facilities. Traces of IPA in the filtered sample was eliminated by simple aeration.

2.3. Characterization of precipitated salt

2.3.1 Field emission scanning electron microscopy

Field emission scanning electron microscopy (FESEM) was performed to analyse the surface
morphological features of the obtained precipitated salt as shown in Figs. 2.7a and 2.7b. It is
seen from Fig. 2.7b (higher magnification) that the salts are aggregated by nature. This is due
to the presence of mixture of inorganic salts. The quantitative analysis of the salt sample by
measuring the elemental composition for every species in the sample was performed using
EDX. Fig. 2.7c depicts that the precipitated salt contains cations like magnesium, calcium,
sodium, iron, potassium which possibly combine with chloride and sulphates to form their
respective salts. The presence of chlorine and sulphur makes it evident for the presence of

chloride and sulphates.
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Fig. 2.7. Characterization of precipitated salt. a) and b) FESEM images, c) EDX analysis
result

2.3.2. X- Ray diffraction

X- Ray diffraction (XRD) analysis of precipitated salt was performed and is shown in Fig.
2.8. The 260 value at 31° and 45° predominantly show the presence of sodium chloride (NaCl)
[12]. Similarly, 30° and 43.4°depicted the presence of magnesium chloride (MgCl,) and
calcium sulphate (CaSOQa), respectively [13,14]. It is also observed from Fig. 2.7 that the salts
are agglomerated by nature and crystalline in structure. Crystallinity was confirmed by X-ray
diffraction (XRD) analysis. This is because of the presence of inorganic salt mixtures, as
ensured from the EDS qualitative analysis. Thus the results confirm that the chloride and

sulphate is been salted out with the available cations present in the solution.
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Fig. 2.8. XRD analysis of precipitated salt

2.3.3. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) of precipitated salt was carried out between
500 and 4000 cm™. The spectra obtained is shown in Fig. 2.9. Precipitated salt showed
inorganic sulphates like calcium sulphate, sodium sulphate and potassium sulphate in the
range of 1000 to 1110 cm™. In addition, peaks around 3694 cm™ and 3377 cm™* showed N-H
stretching. This might be due to the presence of trace amount of IPA within the precipitated
salt. It is to be noted here that inorganic chlorides will not produce any vibrations as their

lattice vibrations are beyond IR range [15].
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Fig. 2.9. FTIR analysis of precipitated salt.

Summary

The separation of chlorides and sulphates from NF rejected effluent from the steel industry
was accomplished using organic solvents such as DIIPA, IPA, and EA. Based on the
solventing out phenomena, the chloride and sulphate salts were precipitated in the presence of
miscible organic solvents. The degree of chloride and sulphate precipitation is seen in the
following order: DIIPASIPA>EA. The precipitation factor increased as the volume ratio
increased (VR). Based on the results of the design experiments, it can be inferred that
increasing VR and pH and temperature have little effect on both chloride and sulphate
precipitation factor. However, temperature and dose had a significant influence on the

chloride precipitation factor.
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Integrated technique for the treatment of highly saline
nanofiltration rejected stream of steel industry

In this study, an integrated technique of closed circuit reverse osmosis (CCRO) and solvent-
based precipitation was used to treat concentrated nanofiltration reject. The performance of
the membrane, factors affecting precipitation and to scrutinize whether the proposed design
benefit in reducing the brine concentration to benefit the steel industry for better
management of the rejected stream of NF process is investigated. The used membranes and
precipitated salts were imaged by the FESEM. The corresponding EDS spectra were taken to
reveal the morphology of the membrane surfaces and compare them with that of the used
membrane. Finally, a preliminary economic assessment was carried out for the integrated
process. Reverse osmosis system analysis (ROSA 7.0 - FilmTec’s) software, was used to
estimate the water production cost, common technical assumptions, design parameters and

specifications for the RO system.

3.1. Experimental

3.1.1. Materials

Wastewater from the blast furnace unit steel industry is rich in high dissolved solids,
suspended particles and ions. Water is usually treated using nanofiltration (NF) for the
removal of ions. The rejected part of this system discharged is highly concentrated brine. For
the present study, water from this stage was collected from NF plant of Tata Steel Ltd located
in Haldia, West Bengal, India. To avoid any photochemical reactions over time, the water
was kept fully airtight and at room temperature in a dark room. Sodium hydroxide, chloride

salts of manganese, sodium, potassium, iron and magnesium and hydrochloric acid are

Content of this chapter has been submitted for publication as below:
+ Deepti, U. Bora, M.K. Purkait, Promising integrated technique for the treatment of highly saline
nanofiltration rejected stream of steel industry, J. Environ. Manage. 300 (2021) 113781.
https://doi.org/10.1016/j.jenvman.2021.113781.
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purchased from Merck (India). Isopropylamine (IPA), diisopropylamine (DIIPA) and
ethylamine (EA) was purchased from Spectrochem Pvt.Ltd, Mumbai, India, with a purity of
99 %. RO membranes (BW60) were supplied by Dow FilmTec, membrane type: Polyamide
thin-film composite membrane, maximum operating temperature (45°C), maximum operating
pressure (10 bar), pH range, Continuous operation 2-11. Chemicals used in the experiments
were without any further purification.

3.1.2. Analytical methods

Chloride and sulphate ions were analyzed using ion chromatography (Column: Metrosep A
Supp 5, Model: Metrohm ion analysis, 792 basic IC, Make: Metrohm Ltd, Herisau,). The
concentrations of iron, sodium, magnesium, potassium, manganese and calcium ions were
determined using atomic absorption spectrophotometer (AAS, make: M/s Varian, Netherland,
model: Spectra AA 220 FS). Water analysis microprocessor kit (Model: VVSI-301, Make: VSI
Electronics) was used to measure TDS, pH and conductivity of the feed water. A vacuum
pump (Model VMS; Make: Axiva Sichem Biotech, India) was used for the vacuum filtration
unit.

Gas chromatograph (make: Thermo Electron Corp, Italy, model: Ultra GC T100) equipped
with a flame ionization detector (FID) was used for composition analysis of organic solvent
in water. Glasswares used in the experiments were supplied by Borosil, India. The surface
morphological features of the membranes and precipitated salt was studied using field
emission scanning electron microscopy (FESEM, make: Zeises, model: Sigma). Energy-
dispersive X-ray spectroscopy (EDS) was used to determine the elemental information of the
salt precipitated. Samples were dried in a desiccator and sputtered with gold before EDS

analysis.
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3.1.3. Experimental procedure

Experiments were conducted on a bench scale integrated reverse osmosis using CCRO cross-
flow system and precipitation unit. Fig. 3.1 shows a schematic diagram of the lab-scale
integrated set-up. Commercial RO membranes (Filmtec BW60) were used for this study.
Membranes were stored in DI water for a minimum of 24 h before the experiment. Pressure
gauge was used to measure the pressure gradient and valves (CV1, CV2 and CV3) were used
to control the pressure gradient and flow rate, as shown in Fig. 3.1. The booster pump enables
acceptable flow rates through RO. Flow-through the membrane cell was at the rate of 42 L/h,
and transmembrane pressure was varied up to 7 bars (in the range of low-pressure RO).
Conductivity and TDS measurements of feed, permeate and concentrate were carried out
using portable pH/TDS/EC meter (make: HANNA instruments, model: HI9810-6) calibrated
prior to run. CCRO is a continuous batch process that works by recirculating brine until any
coveted recovery level is attained. The initial pressure of each cycle is very low (above the
osmotic pressure of the feedwater) and the maximum pressure is above the osmotic pressure
of the final brine. Pre-treated water reaches the primary inlet of the RO. The lower salinity
feed and the recirculating brine were continually mixed. Fresh feed dilutes the recycled brine
over time, resulting in minimum energy consumption. The average osmotic pressure
compared to the RO batch increases with this mixing with higher water recoveries. The
membranes were initially compacted at high pressure up to 15 bars by DI water until a steady
flux was obtained. Samples were collected from permeate and rejected stream at every 5 min
of interval for analysis. The performance of the RO system is estimated as permeate flux, salt
rejection in terms of total dissolved solids and water recovery which is been calculated using

Egns. 3.1, 3.2 and 3.3, respectively.

Q

= Ant 1)
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Where, Q is the volume of permeated water (L), A is the effective membrane area (m?) and

At is the sampling time (h).

% Salt rejection = Feedc"“;;ezermeatec"“c x 100 (3.2)
Conc
-C
% water recovery = % x 100 (3.3)
f

Where, Fs is the feed flow (litres per min) and Cs is the concentrate flow (litres per min).

In addition, the flux recovery ratio (FRR) was determined when the fouled membrane was
rinsed and washed with distilled water for 10 min. The flux recovery ratio (FRR) was
calculated by Eqn. 4, where J1 is the pure water flux before fouling and J> is the pure water

flux after fouling.

FRR = 2 x 100 (3.4)

1

The reject collected after 2 h was sent to the second system, i.e, the precipitation unit. The
system adopted here is from an approach described in our previous work [1]. Concentrated
brine from RO process was sent to mixing tank, where the brine (from RO process) was
blended with the organic solvent (DIIPA, IPA and EA) using an agitator, considering the
solvent to rejected water ratio as VR = 0 - 1.4. The volume ratio (VR) for the precipitation
process was calculated by Eqn. 2.1.

The solution was mixed at 24 °C for 10 min at 100 RPM, then stopped mixing and allowed
the salts to settle for another 30 min. The solution was filtered by a vacuum filtration system
unit (0.2 um size nylon filter). The filtrate was sent to the distillation and condensation unit
wherein the organic solvents were heated up to their boiling points. The distillate was then
collected and stored for further use. The efficiency of the precipitation system is measured
based on the precipitation factor that is calculated by Eqn. 2.2, where, P is the precipitation
factor, Ci and Cf is the initial and final concentration (ppm) of anion in the filtered sample

and RO rejected water, respectively.
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Fig. 3.1. Schematic representation of integrated RO-Precipitation set

3.2. Results and discussion

3.2.1. Quality of feed water

Nanofiltration (NF) is been used as a tertiary treatment system for the blast furnace (BF)
wastewater in TATA Steel Ltd., India, which is one of the leading steel industries in the
world. NF rejected stream contributes high concentrated salts, particularly chlorides and
sulphates much higher than the required desirable limit. Utilization of sea water for coke
quenching is identified as the main source for such highly concentrated chloride and sulphate
ions. Consequently, the concentrated water cannot be reused or discharged into water bodies.
The properties of nanofiltration brine were analysed and shown in Table 3.1. All the water
quality parameters, such as TDS, chlorides, sulphates, sodium, magnesium, manganese, and

other salts, are well above the permissible limit, as shown in the table, which makes them
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necessary to treat before reuse or discharge. Results after the integrated methods adopted in
this work are also shown in the table and discussed in successive sections.

Table 3.1: Characteristics of feed and treated water

Parameters NF rejected RO After precipitation Permissible
water Retentate  of RO retentate limit for surface
discharge (EPA)
Chloride (mg/L) 1560 6210 156 600
Sulphate (mg/L) 4212 16800 0.9 400
Total dissolved 8100 30305 1316 2000
solids (mg/L)
pH 8.2 7.85 7.5 9.0
Turbidity (NTU) 0.4 0.9 0.2 140
Sodium (mg/L) 418 1600 191 200
Potassium (mg/L) 266 1011 19 12
Calcium (mg/L) 274 1002 206 200
Iron (mg/L) 40 157 2 3
Magnesium (mg/L.) 282 1108 132 150
Manganese (mg/L) 28 98 0.9 2

3.2.2. Permeate flux and salt rejection

Vital output parameters of a reverse osmosis (RO) process are permeate flux and salt
rejection efficiencies. Flux and rejection are fundamental properties of membrane efficiency
under reference conditions like temperature, pressure and feed composition. Fig. 3.2
represents flux and salt rejection behaviour of RO membrane considered herein with increase
in operating time at a feed pressure of 7 bar. After 20 min, the flux decreased sharply from 11
L/m?h to 8 L/m?h and then marginally decreased to 7 L/m?h after 30 min. It is envisaged from
the figure that flux decreases sharply in the beginning and gradually thereafter. This may be
explained by the phenomenon of concentration polarization (CP). Concentration on the

membrane surface keep increasing due to CP. As a result, the effective driving force
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decreases due to an increase in osmotic pressure (approximately 3.70 bar) over the membrane
surface. Initially, the permeate concentration increases swiftly, thus resulting in a sharp
decrease of flux. Permeate flux reduces as feed concentration rises. The gradual decrease in
flux was due to the formation of an unaltered polarized boundary layer over the membrane
surface. A similar phenomenon is also explained and reported by [2] during the nanofiltration
of textile effluent.

The variation of % salt rejection with time is presented in Fig. 3.2. At a pressure and
temperature of 7 bar and 23 °C. The time-dependent rejection was decreased sharply from 97
% to 91 % and gradually thereafter. The rapid decrease in rejection of salt with time is
because of the formation of a dynamic CP layer on the membrane surface. The gradual
decrease in salt rejection was because of the fact that the flux due to backward diffusion from
the membrane surface into the bulk solution becomes vying with the convective flux through
the membrane as operations are extended. Similar rejection profiles have also been reported

by [3], for salt rejections and [4] during NF and RO of leather plant effluent.
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Fig. 3.2. Variation in water flux and salt rejection of RO membrane. Pressure: 7 bar,

temperature: 24 °C and initial TDS: 8100 mg/L
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3.2.3. Permeate flux and water recovery

Water flux and water recovery with increasing feed concentration are shown in Fig. 3.3. It
can be seen from Fig. 3 that permeate flux is sharply decreasing from 10 L/m?h to 7 L/m?h
and gradually thereafter with increasing feed concentration. From Fig. 3.3 (insert), the
permeate flux is decreasing over time. At constant operating pressure, the permeate flux
meets the optimal patterns for different feed concentrations, i.e. flux decreases as feed
concentration increases. As feed concentration increases, concentration polarization (CP)
increases as well. As a result, the osmotic pressure at the membrane increases. As a result,
permeate flux declines sharply with feed concentration. The flux at the end of the process is
reduced about 16 % from its initial value with a feed concentration of 8100 mg/L as shown in
the figure. At higher feed concentrations, solute formation on the membrane surface is
greater, resulting in a steady decrease in permeate flux from 8.1 L/m?h to 7.3 L/m?h.

From Fig. 3.3, it was observed that water recovery remained nearly constant around 82 %.
Water recovery herein is the ratio of permeate flow to feed flow. The concentration of salt
approaches a point where the osmotic pressure of the concentrate equals the applied feed
pressure, therefore, the permeate flux reduces and gradually stops. The recovery of water is
as high as 82 %. Brine is recirculated until it is released from the system as the system
operates at 100 % recovery. Therefore, the recovery rate is an operator-controlled set point.
Typically, such desalination plants operate at 75 % product water recovery [5]. The
recirculating brine and the lower salinity feed are constantly mixed. In comparison to batch

RO, this mixing raises the average osmotic pressure (3.70 bar), resulting in higher recoveries.
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Fig. 3.3. a) Variation of permeate flux and percentage of water recovery with feed
concentration. Pressure: 7 bar, temperature: 24 °C and initial TDS: 8100 mg/L b) Increase in
feed concentration with time (insert)

3.2.4. Precipitation of chloride and sulphate ions from RO rejected water

The precipitation fractions for chloride and sulphate ions at various solvent volume ratios
(VR) as well as their error analysis is demonstrated in Fig. 3.4 and Fig. 3.5, respectively.
Three different organic amines are selected for the experiments, namely diisopropylamine,
isopropylamine and ethylamine.

Chloride precipitation factor increases sharply up to 41% at VR value of 0.4 and gradual
thereafter and attain a maximum of 91 % at VR = 1.4 (Fig. 3.4). Similarly, from Fig. 3.5, it is
seen that a sharp increase in sulphate precipitation factor up to VR= 0.4, then increases
gradually and becomes constant (99.98 %) at VR = 1. The sharp increase in precipitation is
due to the effect of ionic charge on the solubility of the salt in the organic solvent.

Two remarks are implied in the above discussion. First, when the concentrations are far

below saturation in aqueous solutions, monovalent chloride or sulphate salts can be co-
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precipitated together with other divalent chloride or sulphate salts. Second, it appears that the
precipitation factor of chloride and sulphate ions are very much dependent on the solubilities
of the salts in the solvent. This is due to the fact that the solubility of chloride salts in organic
amines are nearly the same, whereas the solubility of sulphate salts are significantly varied.
Furthermore, precipitation increases as solubility decreases. For example, the chloride salts in
diisopropylamine have a lower % P (e.g., P = 91 %) than the sulphate salts (e.g., P reaches 99
%), indicating that the chloride salts are more soluble in the solvent than the sulphate salts.

Concentration of the salt in the aqueous solution can be the determining factor in initiating
precipitation, while the salt solubility in the organic solvent is the governing factor in
determining the extent of the precipitation fractions. However, interionic or ion-molecule
forces, hydration effect, the polarity of organic solvent, dielectric constants of water and
organic solvent, and other variables, as stated by [6], can play a role in determining the effect

of the organic solvent in suppressing salt solubility.
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Fig. 3.4. Precipitation of chloride ions from highly concentrated RO brine. pH: 8,
temperature: 24 °C, time: 10 min
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Fig. 3.5. Precipitation of sulphate ions from highly concentrated RO brine. pH: 8,
temperature: 24 °C, time: 10 min

When considering recovery, the organic solvents used for precipitation should have
favourable physical properties. IPA has a much lower boiling point (34 °C) than DIIPA (83.5
°C), making it ideal for recovering from the solution [1]. Using simple distillation, 96 % to 98
% of isopropylamine (IPA) was recovered. However, during the process, 2 % - 5 % loss was
seen due to evaporation which can be eliminated by adjusting distillation facilities. Simple
aeration was used to avoid traces of IPA in the filtered sample. Table 3.1 indicates that
integrated CCRO and precipitation techniques proved to reduce the pollutant concentration
below the assigned permissible limit. It is seen from the table that results attained after the
integrated process showed a significant reduction of all the parameters. Chloride
concentration decreased from 1560 mg/L to 156 mg/L, while sulphate decreased from 4212

mg/L to 0.9 mg/L.
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3.2.5. Membrane sustainability

The used membranes and precipitated salts were imaged by the FESEM. The corresponding
EDS spectra were taken to reveal the morphology of the membrane surfaces and compare
them with that of the used membrane. The FESEM images of the pristine membranes showed
that the surface had a very smooth morphology. It can be also observed that the membranes
are defect-free as shown in Fig. 3.6a, compared to a rough surface morphology of used
membranes which is shown in Fig. 3.6b. From overall system analysis, it was observed that
lesser inorganic deposition was taken place for a closed circuit desalination system. From
Fig. 3.6a, it is clear that very little deposition over the membrane surface has taken place
which is a cake or gel formation. This deposition over the membrane can be removed by
simply washing with ultrapure water. Fouled RO membranes must be cleaned either
chemically or physically regularly, to restore lost permeate flux. Moreover, regular cleaning
shortens the life of RO membranes, which has a direct impact on the operational costs of the
RO operation. According to [7], replacement costs of membrane vary in the range of 20 % to
30 % of total operating costs; thus, control and prevention of fouling are crucial for
increasing membrane operating life, and thereby lowering the cost and overall economics of
the desalination process. Therefore, membranes were rinsed with distilled water for about
10 min and pure water flux studies were carried out to know the flux recovery ratio (FRR).
FRR value was found to be as high as 90 % even after 6 times of use. Hence, the fouling that
occurred here was a reversible one and mitigated with simple washing. Membrane
components were cleaned when the average water production rate dropped by 15 % from its
initial flow rate. However, long time use will result in irreversible fouling that can be avoided
by using chemical agents for cleaning.

It is observed from Fig. 3.6¢ that the salts are agglomerated by nature and crystalline in
structure. Crystallinity was confirmed by X-ray diffraction (XRD) analysis. This is because
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of the presence of inorganic salt mixtures, as ensured from the EDS qualitative analysis. The
precipitated salt was weighed and it was found that about 20 g of salt per litre of feed was
recovered. Fig. 3.6¢ indicates that cations such as magnesium, sodium, potassium, iron and
calcium which may ally with sulphate and chloride to constitute their respective salts, are

present in the precipitated salt.
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Fig. 3.6. FESEM images and EDX analysis of a) membrane before filtration b) membrane
after filtration c) salt precipitated

3.2.6. Cost analysis of the system

Cost is one of the most significant and crucial elements for identifying appropriate
technology for the treatment of wastewater. The cost of the water treatment process is
calculated by a variety of factors, including economic criteria, plant capital costs and energy
costs. The cost of a RO-based desalination system is influenced by the system capacity. The

installation, intake, and pre-and post-treatment system costs are all included in the net
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expense of such a process. Precipitation system consists of chemical cost, installation cost
and operating cost.

Table 3.2. Cost analysis of integrated RO- precipitation system

Parameters Integrated RO- precipitation
system
Recovery (%) 82
Operation time (hr/day) 12
Product volume per year (m*/year), p 150
Membrane life (year) 1
RO plant availability (%), f 90
Capital cost ($)
RO membrane cost 25
High pressure pump (with 300 GPD) 41
Other accessories 45
Membrane replacement cost, 25
Total cost of membrane system 140
Annual operating cost, Al 33

Unit production cost for RO system, A2 = fo_: 0.25

($/m?. year)

Unit production cost for precipitation unit 7.1

Annual operating cost include electricity, labour, chemical and cleaning cost.
Unit production cost for precipitation unit include accessories, chemicals,

operating and maintenance costs.

*Annual amortized capital cost is not been included.

The detailed economic assessment was carried out using reverse osmosis system analysis
(ROSA 7.0 - FilmTec’s) software for the estimation of water production cost, common
technical assumptions, design parameters and specifications for RO system. Water production
cost for the RO system estimated as 0.25 $/m?, which is mainly dependent on water recovery

and feed flow rate as mentioned in Table 3.2. It was observed that the major share of the cost
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was of pump and membrane accessories. Likewise, the water treatment cost of the
precipitation unit including all major costs is estimated as 7.1 $/m?®. Therefore, the total cost
of integrated treatment is calculated as 7.35 $/m3. However, the reported value of the process
costs is conjectural and can differ considerably based on the time and long-term reliability of

the process.

There have been few studies on the separation of ions, especially chlorides and sulphates
from different wastewater using various techniques. A summary of the literature with the
limitations of the technique used concerning the current study is presented here. The
combination of RO with precipitation using miscible organic solvents for the separation of
chloride and sulphate ions from industrial effluents is a novel approach, as shown in Table
3.3. Apparently, the removal of ions presented in this study is comparably better to that
presented in the literature, since this work achieved a higher percentage of removal through
integrated techniques. Furthermore, the comparison of targeted parameters and data based on
ion removal obtained in this work suggests that the research conducted in this work could
serve as benchmark data in the field of treatment of highly concentrated brine from the steel
industry. In this context, the current research is recommended to investigate the efficiency of
reverse osmosis with a CCRO method, as well as organic solvent precipitation for the
separation of chloride and sulphate ions from highly concentrated NF rejected water,

illustrating the uniqueness of this work.
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Table 3.3. Different literatures on removal of chloride and sulphate ions using various
methods with major limitations.

TH-2823_166152103

Method Pollutants Source Percentage | Limitations
removal
(%)
lon exchange resins Sulphate ions | Process water SO4* =60 Regenerant disposal
[8]
Nanofiltration Chloride and Synthetic saline | CI' =43 Highly concentrated reject
[9] sulphate ions wastewater S0, =98 stream
Electrocoagulation Sulphate Mine drainage | SO4* =35 Often replacement  of
[10] electrodes due to the
deposition of film on the
electrode surface and high-
power consumption
Nanofiltration Chemical Pharmaceutical | COD =98 Highly concentrated reject
[11] oxygen wastewater Cl =98 stream
demand, SO+ =98
chloride and
sulphate ions
Ozone oxidation Chloride ion Zinc sulphate Cl =98 Elevated energy cost and
[12] electrolyte hazardous byproducts
Adsorption Chloride and Synthetic Clh=74 Sludge generation
[13] sulphate ions | alkaline SO4* =85
solution and
mine process
water
Reverse osmosis — Chloride and NF brine clh=91 No  sludge and or
Precipitation sulphate ions S0O4* =99 concentrate problem.
However, detailed cost
Present work estimation for the cost of
recyclable solvent needs to
be assessed for the
feasibility of this hybrid
process.
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Summary

Closed circuit reverse osmosis (CCRO) was combined with solvent-based precipitation for
the separation of ions especially chlorides and sulphates from highly concentrated brine of
nanofiltration reject which is a major concern of blast furnace treatment unit of the steel
industry. It has been found that considerable removal of the pollutants such as TDS, chloride,
sulphate and other salts was achieved. With increasing feed concentration, the permeate flux
decreased. Water recovery was found to be high and relatively constant, equivalent to
conventional desalination plant product water recovery. From overall system analysis, it was
observed that lesser inorganic deposition was taken place for a closed-circuit desalination
system. Also, the precipitation factor increased with increasing volume ratio. The removal of
ions presented in this study is comparably better to that presented in the literature, since this

work achieved a higher percentage of removal through integrated techniques.
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Chapter 4
Utilization of LD Slag from steel industry for the

preparation of MF membrane

This chapter discusses, fabrication of porous ceramic membranes by LD slag along with
other precursors by uniaxial method. Three different sintering temperatures (650 °C, 850 °C
and 950 °C) were selected for the study. Modification of the slag was carried out for the
improvement of the membrane. Morphological and permeation experiments were conducted
to investigate the properties of the membrane. Treatment of cold roll mill (CRM) wastewater
from steel industry was carried out using the hybrid process via coagulation- flocculation
followed by microfiltration. The flocs generated after coagulation — flocculation process was
separated using the prepared LD slag membranes. Use of LD slag for the fabrication of
ceramic membrane is not only an appealing option towards the commercialization of
membrane, but also great option to reduce the solid waste which is dumped to the

environment.

4.1. Experimental

4.1.1. Materials

The Materials along with their role which is utilized for fabrication of ceramic membrane is
presented in Table 4.1. Linz — Donawitz (LD) slag and cold roll mill (CRM) wastewater was
obtained from TATA steel Limited, Jamshedpur, India. Sodium metasilicate, boric acid,
sodium carbonate, alumina, quartz and poly aluminium chloride (PAC) were obtained from
Merck India. Acetic acid (99%) and kaolin was supplied by Loba Chemie, Mumbai, India.

All the chemicals were used without any further purification.

Content of this chapter is published as below:
+ Deepti, A. Sinha, P. Biswas, S. Sarkar, U. Bora, M.K. Purkait, Utilization of LD slag from steel
industry for the preparation of MF membrane, J. Environ. Manage. 259 (2020) 110060.
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Table 4.1: Precursors and scheme used to fabricate 3 different ceramic membranes

Material MO M1 M2 Functions
(Wt.9%) (Wt2%) (Wt.%)
LD slag 55 - - -
Modified LD Slag - 55 60 -
Sodium metasilicate 15 15 15 Binder
Boric acid 5 5 10 Mechanical strength
Sodium carbonate 15 15 0 Pore former
Alumina 10 10 0 Plasticity
Quartz - - 15 Mechanical and

thermal stability

Scheme of membrane fabrication

LD slag sieved, washed
and dried at 100 °C

A

Precursors mixed well in
ball mill

|

Uniaxially —pressed to
form disc shaped structure

l A
Dried at 100 °C for 12 h Sintered at 650 °C, 850 °C

followed by 250 °C for 12 and 950 °C for 6 h
h and 350 °C for 6 h

Obtained membrane had
51.5 mm diameter and 5
mm thickness

Sonicated and dried

4.1.2. Membrane preparation

The scheme for membrane fabrication is given in Table 4.1. LD slag was sieved by 45um
size standard mesh screen. The sieved slag was washed with water and dried at 100 °C for 12
h. The washed slag (for M0), modified slag (for M1, M2) along with other raw materials as
mentioned in Table 4.1 was mixed well with the help of ball mill maintaining a speed of 60
rom for an hour. The mixture was uniaxially pressed at a pressure of 100 kg/cm? for 2 min
using stainless steel mould to obtain a disc shaped structure. The resulted structure was then
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dried at 100 °C for 12 h and at 250 °C for another 12 h. Before sintering at three different
temperatures at 650 °C, 850 °C and 950 °C for 6 h, an intermediate temperature of 350 °C at 6
h was introduced. Sintering was carried at the heating rate of 2 °C/min. The obtained
membranes were polished using silicon carbide abrasive (C-220) followed by cleaning of the
membrane with millipore water in an ultra-sonication bath (make: Elma, model: T460) for 2
h and then dried for 3 h. The obtained membrane had a diameter of 51.5 mm and thickness of
5 mm which was characterized for their morphological properties and for permeability tests.

4.1.3. Modification of LD slag

Composition of LD slag consists of CaO: 53.5 %, MnO: 0.62 %, P,0s: 2.41 %, MgO: 10.1%,
FeO: 15.2 %, SiO,: 12.8 %, Al,O3: 1% and others: 5.1 %. It is seen from the composition that
almost 50 % of LD slag comprises CaO. It is reported that the high free CaO leads to
hydration and causes cracking in structures [1]. Moreover, there is a possibility of leaching of
CaO to the permeate after filtration as CaO reacts with water in the form of f-CaO. In this
view, modification step was included to overcome the above mentioned issues. Modification
of LD slag was carried as shown in Fig. 4.1a. The experimental set up composed of a double
mouth glass reactor in which 350 g of washed slag was treated with 6 M of acetic acid. The
reactor was kept in a water bath to maintain an uniform temperature of 40 °C with a stirring
speed of 500 rpm. Simultaneously CO> was purged (2 L/min) as shown in the Fig. 4.1a. The
whole reaction was kept for 2 h. Then the sample was filtered and the residue was dried for
12 h at 100 °C. Further the dried modified slag was utilized to fabricate membrane (M1, M2).
Fig. 4.1b shows the scheme of reaction in modification. When calcium hydroxide reacts with
acetic acid, it forms calcium acetate by neutralization reaction. Calcium acetate when reacted
with carbon dioxide gives calcium carbonate and acetic acid. With this modification step,
most of the CaO is converted to CaCOs, which is said to be a very good precursor for the
membrane and thereby reducing the adverse effects of CaO.
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bz | A: CO; cylinder CaO + |-|20
B: Regulator
C: Thermometer
D: Double mouth glass CH3C00H
reactor y
E: Solution of LD slag
and acetic acid [ Ca(CH3C00)2+ ZHZO }
F: Water bath
S: Speed controller C02
T: Temperature controller

[CaC03+ 2CH;COOH }

Fig. 4.1. Modification of LD slag. a) Experimental setup, and b) Scheme of modification
4.1.4. Characterization techniques

Characterization of the raw materials and prepared membranes were performed in detail. The
composition of LD slag was analysed using X-ray fluorescence (XRF, make: PANalytical,
model: Axios). Size distribution of all the raw materials and the membrane mixture was
analysed using particle size analyser (Model No.: Delsa Nano C; Make: M/s Beckman
Coulter, Swtizerland). Weight transformations of slag and membrane mixture were conducted
using Thermogravimetric analysis from 30 °C — 1000 °C (TGA, Make: M/s Netzsch,
Germany; model: TG 209 F1 Libra). Field emission scanning electron microscopy (FESEM,
make: Zeiss; model: Sigma 300) was used to analyse the pore size and any defects present in
the membrane. Sputter coating of gold was applied onto the sample before analysis, to avoid
any charging of the specimen. Image J software was used to estimate the average pore size of
the membranes from FESEM micrographs [2]. Permeation experiment was conducted to
evaluate the performance of the membranes in separation application.

Bulk porosity of the prepared membranes were determined by Archimedes method
considering water as wetting liquid [3].

Chemical stability of the prepared ceramic membranes was determined by submerging these
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in strong base (pH 12) and in strong acid (pH 4) for 24 h. Concentrated HCI and NaOH
solutions were used to maintain the pH of the medium. Wet membranes were weighed
subsequently dried at 110 °C for 3 h. Weight losses of the membranes sintered at various
temperatures were evaluated.

A permeation set up of 300 ml capacity was used to carry out liquid permeation experiment.
The setup consists of a membrane housing with a tubular cell and flat plate base. Membrane
was placed in a casing which was sealed using epoxy resin and placed in a membrane
housing. Deionised water was filled in the tubular cell. Compressed air was used to pressurize
the cell. All the experiments were conducted in a room temperature. Permeate flux of the
membranes were determined using following Eqn. 3.1, Where Q is volume of water

permeated (m?), A is effective membrane area (m?) and At is sampling time (h) [4].

4.1.5. Treatment of cold roll mill (CRM) wastewater

CRM wastewater was treated using a hybrid process which include coagulation —
flocculation followed by microfiltration. In this study poly aluminium sulphate (PAC) was
used as a coagulant. Coagulation — flocculation experiments were carried out using jar — test
apparatus (make: Phipps & Bird, Richmond, Virginia) equipped with 6 numbers of 1 L jar
with rectangular blades. The experiment was done in two batches. The dosage of the
coagulant varied from 30 mg/L to 500 mg/L. The operating parameters were set as follows:
(Rapid mixing speed: 120 rpm for 1 min; slow mixing speed: 40 rpm for 20 min; settling
time: 30 min). The parameters were set using an automatic controller. Tests were conducted
thrice and the mean value is reported. The coagulated water was then filtered using the

prepared LD slag membrane.
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4.2. Results and discussion

4.2.1. Membranes prepared with raw LD slag

Membranes were fabricated by using raw slag along with different precursors as discussed in
Section 4.1.2. The fabricated membranes ought to have great quality and characteristics.
However, as LD slag comprises of high calcium oxide, leaching of calcium oxide to the
permeate was seen as CaO reacts with water in the form of free CaO present in LD slag.
Moreover, it was additionally noticed that the permeate had an exceptionally high pH of 14.
Thus a modification step was required to resolve these issues. Here, LD Slag was altered
utilizing acidic acid (as discussed in section 2.3) by which calcium oxide was converted to
calcium carbonate which is one of the imperative precursors for the membrane. Figs. 4.2a
and 4.2b shows the membranes fabricated before modification using raw LD slag (MO0) and
modified LD slag (M1, M2), respectively. From Fig. 4.2a it is seen that excess calcium oxide
has unevenly distributed over the surface which decreases the quality of the membrane.
Whereas, from the Fig. 4.2b, it is seen that membrane is in good quality and do not have any

cracks over it.

Fig. 4.2. Fabricated LD slag membrane. a) Before modification, b) After modification
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4.2.2. Structural characterization

4.2.2.1. Particle size distribution

Particle size distribution analysis was carried out for the raw materials before sintering and
shown in Fig. 4.3. The figure demonstrates a wide range of particle size distribution of raw
materials used for the fabrication of ceramic membranes. These particles support the
membrane to get a compacted structure with a homogenous porosity subsequent to sintering
by topping off the void spaces by smaller particles between the larger particles. It is seen
from the figure that modified slag had the smallest size of 1.6 um, while quartz had the
highest size of 5.6 um. Different materials like alumina, sodium carbonate, boric acid,
sodium metasilicate had sizes of 3.5 um, 2.3 um, 3.8 um and 2.1 pum, respectively. At the
point when all these raw materials granulated and blended well before fabrication, the
average particle size of M1 mixture is 3.5 um, D50 is 3.4 um and mean diameter is 3.3 um

and average particle size that of for M2 is 2 um, D50 is 1.4 um mean diameter is 2 pm.

16
14 L —h— Alumina_
—e— Boric acid
—— Sodium carbonate
12 + —+— Sodium metasilicate
—v— Quartz
10 L —o— Modified LD slag
> —#— Membrane 1
N —¢— Membrane 2
~ 8
[B)
g
S 6
>
4
2
0 A A

0.1 1 10 100
Particle size (um)

Fig. 4.3. Particle size distribution of raw materials and membrane mixtures
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4.2.2.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an important analysis done to investigate the
temperature behaviour of the raw slag, modified slag and membrane composition (Fig. 4.4).
From the figure, it is seen that membrane mixture showed a weight loss at two locations
basically one for water loss and the other one for decomposition of calcium carbonate. It was
also observed that there was no change in weight loss above 820 °C. From this it can be
inferred that the minimum sintering temperature for the fabrication of the membrane has to be
above 820 °C. It is also seen that an endothermic peak at 420 °C corresponds to the
dehydration of magnesium and iron hydroxides. The weight loss after 600 °C is caused either
by dehydroxylation of calcium hydroxide to calcium oxide or partial degradation of silicates

or decomposition of carbonates with the release of CO3 [5].

105
100 H, "S- -+ + Modified LD slag
S0 —— Membrane 1
o5 L altr - --Raw LD slag
..\’
S 90+t DERP
) ~.,
S .
= 85 | N\,
g N g e
g 80 L Moisture removal —~ el
Decomposition of
75 L calcium carbonate
70
1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000

Temperature (°C)

Fig. 4.4. TGA analysis of raw LD slag, modified LD slag and membrane mixture
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4.2.2.3. Surface morphology

The surface morphology like pore distribution, shape and size was investigated using field
emission scanning electron microscopy (FESEM). The FESEM images of the prepared
membranes M1 and M2 are shown in Figs. 4.5a and 4.5b at sintering temperatures of 650 °C,
850 °C and 950 °C. The surface of all the membranes are considerably compacted within the
sintering temperatures. Moreover, it is seen from the figure that pore size and pore diameter
increase with increasing sintering temperature. The membranes at 650 °C had very less pores
compared to the other membranes. While the membranes sintered at 850 °C and 950 °C show
highly porous structure due to the fact that the sintering temperatures over 650 °C enhances
the grain growth that leads to the large pores. Futhermore, M1 shows highly porous than that
of M2. Coroborating with the TGA results, it is confirmed from FESEM images that sintering
temperature should be higher than 650 °C for a porous structured membrane. It can be also
observed that the fabricated membranes are defect free and the average pore size lies within
10 um which reveals that the membranes are suitable for microfiltration applications [6].
4.2.2.4. Pore size distribution

Pore size distribution of all the membranes were carried out using a software called ImageJ
with the help of FESEM images [7]. Four FESEM images of every membrane were taken for
sampling and evaluated using the said software. Figs. 4.6a and 4.6b (insert) represents the
pore size distribution of M1 and M2 membranes respectively, with three different sintering
temperatures. The porous texture can be seen from these figures. The average pore diameter
from FESEM analysis of the membrane is determined using Eqn 4.1, considering that the

pores were cylindrical in nature [4].
0.5

Zn:nidf
d | i=1

s n
2N
i-1

(4.1)
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Where ds is area average pore diameter, d; is the diameter of the ith pore, ni is the number of
pores with diameter di and n is the total number of pores calculated from FESEM images.
The average pore diameters of M1 are 5.3 um, 6.8 um and 8.5 um and that of for M2 are 3.6
pum, 7.5 um and 8.3 pm for 650 °C, 850 °C, and 950 °C, respectively. It can be observed that
the prepared membrane has a wide pore size distribution although lies within microfiltration
range. It can also be observed that the pore size distribution is broadened with increase in
temperature by forming large pores and apparently eliminating smaller pores. [8].

(a) (b)
650°C '

Fig. 4.5. FESEM images of ceramic membranes at different temperatures. a) M1 and b) M2
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Fig. 4.6: Pore size distribution of the prepared ceramic membranes sintered at various

4.2.3. Permeation experiments

4.2.3.1 Water permeation experiment

temperatures. a) M1 and b) M2 (insert)

The fabricated membranes M1 and M2 sintered at 650 °C, 800 °C and 950 °C were subjected

to water permeation test to determine the water flux of the membrane in batch mode

operation using deionised water. Transmembrane pressure of 101 kPa was maintained

throughout the experiment. Each membrane was pressurized at 294.2 kPa to unblock all the

pores before carrying out the flux studies. From Fig. 4.7, it is seen that the flux was very high

initially then gradually decreased and attained steady state within 26 min of operation. Also,

it is observed that both M1 and M2 follows increasing trend of flux with increase in sintering

temperature. This is due to the increase in porosity with increase in temperature. From Fig.

4.7, it may also be seen that at the beginning flux was, 431 L/(m2.h) , 704 L/(m?.h) and

818.18 L/(m?.h) and reached steady state value of 160 L/(m2.h), 250 L/(m2.h) and 341

TH-2823_166152103
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L/(m?.h) for M1 sintered at 650 °C, 850 °C and 950 °C, respectively.

The similar flux trend was also seen for M2 membrane (Fig. 4.7). The initial flux was 409
L/(m?.h), 636 L/(m?.h) and 704 L/(m2.h) and reached steady state value of 136 L/(m?.h), 205
L/(m2.h) and 319 L/(m2.h) for membranes sintered at 650 °C, 850 °C and 950 °C, respectively
at the end of 25 minutes of operation. It is observed that both M1 and M2 showed almost
similar flux values. This variation in flux values was due to the change in porosity as

discussed in preceding section.

900

i M1
800 4 - & -650°C
\ - e -850°C

700
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o
T
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300
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Fig. 4.7: Pure water flux of the microfiltration membranes sintered at various temperatures.
4.2.3.2. Bulk porosity

Bulk porosity of the membranes were determined using Archimedes’ principle by following
equation [3].

(MW _Md)

100 3
M,-m.)" 3)

p:

Where My is the mass of the membrane saturated with water, Mq is the dry mass of the
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membrane, Ma is the mass of the membrane taken at its dipping condition in water. Fig. 4.8a
demonstrates the bulk porosity of membranes M1 and M2 at various sintering temperatures.
It tends to be seen from the Fig. 4.8a that the porosity has increased from 46% to 63% as
sintering temperature was increased from 650 °C to 950 °C for M1 membrane. Similarly, for
M2 membrane the increase in porosity was from 53% to 71% with the same range of
temperature change. The increase in porosity was due to the fact that, the volatile materials
leave the surface making it porous during sintering. Opening up of pores was initiated with

the increase in temperature [9].

100
12
b Membranes (a)
11t ( ) ——Ml
[ —— M2
90 - L} Membranes
< ol )/;—i —=—M1
= —e— M2
c
80F o 8f
» 7|
= ©
S 5 o
> 70F §
‘5; LL 500 650 700 750 800 850 900 950 1000
o Sintering temperature (OC)
o)
a 60
50
40 " 1 1 1 " 1 1 1

1 1 1 " 1 1 "
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Sintering temperature (OC)

Fig. 4.8: a) Porosity and b) Flexural strength (insert) of the ceramic membranes sintered at
various temperatures.

4.2.4. Physical characterization

4.2.4.1. Flexural strength
Three-point bending strength method was adopted to find the mechanical strength of the
fabricated microfiltration membranes. The flexural strength of the ceramic membranes
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sintered at different temperatures is shown in Fig. 4.8b (insert). As depicted in the figure,
M1 shows a flexural strength of 8 MPa at 650 °C and increases to 9 MPa at 850 °C and
remains almost constant at 950 °C. Similar trend was observed in case of M2. Flexural
strength was 9 MPa at 650 °C and increases upto 10 MPa for both 850 °C and 950 °C. M2
shows higher mechanical strength when compared to M1. The increase in mechanical
strength with increase in sintering temperature is due to the grain growth within the
membrane which ultimately results in densification [6].

4.2.4.2. Chemical stability

The weight loss of the ceramic membrane in acidic and basic medium sintered at different
temperatures is shown in Fig. 4.9. From the figure, it is seen that as sintering temperature was
increased, the percentage weight loss was decreased for both the membranes. It was observed
that weight loss percentage was high during acid treatment than that of base treatment for
both the membranes. M1 shows more weight loss both in acid and basic medium compared to
M2. It can be detailed that after the acid treatment, the percentage weight loss was found to
be from 14 % to 8 % for M1 and 3 % to 0.5 % for M2 at sintering temperatures of 650 °C and
950 °C. Similarly, a weight loss from 13 % to 8 % and 0.5 % to 0.08 % for M1 and M2
respectively, at 650 °C and 950 °C were found after base treatment of the ceramic
membranes. At higher temperatures, ceramic materials are said to be tough to strong acidic
and basic medium. Hence this supports that the prepared membrane has attained the ceramic
properties. The percentage weight reduction in acidic medium is higher because of the fact
that the oxidation of the material such as Fe?* would occur which is available in the modified
LD slag and also effervescence occurs when any carbonates react with acid [10]. As M1
composition has sodium carbonate, weight loss is higher in M1 compared to that of M2.

Hence higher weight loss in M1 is justified as there is sodium carbonate in its composition.
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Fig. 4.9: Chemical stability of the microfiltration membranes in strong acidic and basic
medium

4.2.4.3. Leaching experiments

The fundamental issue of MO membrane is leaching of calcium oxide to the filtrate thus
making it very basic in nature. Experiments were carried for 5 weeks to study the pH
variation and to guarantee that no leaching is seen after the modification. Water was filtered
through the membrane for permeation experiments as mentioned in section 3.3. Filtration was
carried out for 30 min every day which continued till 5 weeks. pH was measured and noted.
The permeate from MO indicated high pH (14) in day 1. However, it decreased to 13 on 35"
day. In case of M1 and M2, the pH was 9.5 in day 1 and gradually decreased to 8.5 and 8.4,
respectively, at the end of 28" day and remained consistent till 35" day as shown in Fig.
4.10. Therefore, the membrane fabricated with modified LD slag demonstrated to be

proficient as far as its basic properties are concerned.
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Fig. 4.10: Variation of pH of filtrate. MO: Membrane fabricated before modification of slag,
M1, M2: Membranes fabricated after modification of slag

4.2.5. Performance of hybrid process

The performance of coagulation- flocculation and microfiltration was separately analysed in
terms of maintaining water quality parameters mainly for chemical oxygen demand (COD),
chromium (V1), total dissolved solids (TDS) and iron (111) in the treated water. A preliminary
investigation was experimented to determine an approximate range of coagulant dosage.
Therefore, wide ranges of concentrations of PAC (30 mg/L — 500 mg/L) were considered to
get the optimized dosage of coagulant (PAC) required for treating CRM wastewater as shown
in Table 4.2. It was observed from the table that at minimum dosage of 30 mg/L, there was
no major changes occurred. However, at 50 mg/L, slight change was noticed. As the dosage
reached 150 mg/L, formation of flocs started and at the end of 350 mg/L, a complete

formation and settling of flocs was seen. Hence, the results revealed that optimum dosage of

87
TH-2823_166152103



Chapter 4

PAC for the treatment of CRM wastewater was 350 mg/L. Further experiments were carried
with the same dosage.

Table 4.2. Optimization of Poly aluminium chloride (PAC) dose for flocculation of CRM

water

PAC dose | Coagulation - Flocculation

(mg/L) after 30 min

0 No change

30 Not formed

50 Slightly formed

100 Slightly formed

150 Flocs formed but not
sediment

200 Flocs formed but not
sediment

250 Flocs formed, slightly
sediment
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300

Flocs formed, slightly
sediment

350

Flocs sediment

400

Flocs sediment

450

Sedimentation completed

500

Sedimentation completed

The flocs obtained after coagulation — flocculation was analysed for particle size distribution
using particle size analyser. From Fig. 4.10a, it is seen that most of the particles were in the
range of 10 um. Comparing the pore size distribution of the membrane (Fig. 6) with the
particle size distribution of the flocs generated after coagulation — flocculation (Fig. 10a), it is

concluded that prepared LD slag based MF membrane (especially M2) would be better suited

for the separation of flocs from coagulated water.

The coagulated water was then filtered through M2 membrane. The permeation experiments

were carried as mentioned in section 3.3.2. It is seen from Fig. 4.10b (insert) that the steady
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flux after 20 min of run was 230 L/(m?.h) and that of pure water flux was 319 L/(m?.h) after
20 min of run. The decrease in flux was due to the deposition of flocs on the surface of the
membrane thereby blocking the active pores, which is available for microfiltration. However,
flux can be recovered > 98% by washing the membrane.

The quality of raw CRM wastewater and treated water, which is compared with the
Environmental protection agency (EPA) permissible limit of surface water, is shown in Table
4.3. 1t is seen from the table that results obtained after hybrid process via coagulation —
flocculation followed by microfiltration showed considerable reduction of all the parameters.
Chromium concentration decreased from 2.26 mg/L to 0.035 mg/L and that of iron decreased
from 5.7 mg/L to 0.51 mg/L. Turbidity increased from 12.30 NTU to 16.40 NTU due to the
floc formation, however decreased after microfiltration to 0.9 NTU. It is also seen that all the

water quality lies within the permissible limits of surface water [11].

14 900
—e— M2 at 950°C
I (b) i
12t 10 pm
10 - NEeoo - \.
£E500f °\.\ (a)
~—~ = .‘o\.
S
LL .\.\
g 6 F 200 F “0-0-¢-0
= 100 :
o 0 5 10 15 20 25 30 35
> 4r Time (min)
2.2 um—=>
2+ -
/\0.06 pm
0 N et AR | N Lol L e B AT | \_.
0.01 0.1 1 10

Particle size (um)

Fig. 4.11: a) Particle size distribution of floc before microfiltration and b) Flux declination
pattern during microfiltration of coagulated water (insert). PAC dose: 350 mg/L
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Table 4.3. Water quality parameters of cold rolling mill wastewater before and after

treatment

Water quality Feed  Water after PAC ~ Water after  Limit for surface

parameters water treatment membrane water
treatment (EPA)

pH 8.32 8.1 7.9 6-9

Total dissolved 712 324 112 1000

solids (mg/L)

Conductivity 1.28 1.89 0.6 1

Turbidity (NTU) 12.30 16.40 0.9 <29

Dissolved oxygen 5.43 3.20 1.25 <3

(mg/L)

Chemical oxygen 800 230 60 250

demand (mg/L)

Iron (mg/L) 5.7 0.65 0.51 1

Chromium (mg/L)  2.26 0.309 0.05 0.05

4.3. Membrane cost

Cost analysis of a membrane is an important parameter to validate the feasibility of the
membrane process. Polymeric membrane which is used for industrial purpose costs around
50 - 200 USD/m? [4]. Whereas, inorganic membranes are said to be expensive than that of
polymeric membranes which costs around 500 — 1000 USD/m? [8]. The raw material cost for
the fabrication of the present membrane is evaluated to be 32.55 USD/m? and 55.7 USD/m?
for M1 and M2 membranes, respectively as shown in Table 4.4. The total cost including raw
materials cost, and manufacturing including electrical cost was estimated be around 100
USD/m? and 125 USD/m? for M1 and M2 membranes, respectively. Therefore, it can be seen
that the cost of the LD slag based membrane is very much similar to that of polymeric
membrane, which confirmed the utilization of such solid waste generated in steel industry in

an economic way.
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present membrane

Raw materials Unit price M1 M2
($ kg™) (kg) x 10° (kg) x 10°
Modified LD Slag - 11 12
Sodium metasilicate 6.6 3 3
Boric acid 8.3 1 2
Sodium carbonate 6.6 3 0
Alumina 8.6 2 0
Quartz 25 0 3
Total 20 20
Raw material cost of 32.55 $ m? 55.7 $ m?

0.02 kg was needed for one-disc shaped membrane. (51.5 mm diameter and
5 mm thickness) for both M1 and M2

Summary

Microfiltration ceramic membranes were fabricated using Linz-Donawitz (LD) slag which is

a solid waste produced by basic oxygen furnace unit in a steel industry. Limitation of using

direct LD slag for the fabrication was overcome by modifying the slag. M2 membranes

sintered at 950 °C showed good flexural strength, pure water flux and chemical stability than

MO and M1 membranes sintered at 650 °C and 850 °C. A hybrid technique via coagulation —

flocculation followed by micro- filtration was chosen for the treatment of CRM wastewater

from steel industry. The fabricated LD slag membrane was found suitable for the separation

of flocs from coagulated water. Results obtained after hybrid process via coagulation —

flocculation followed by microfiltration showed considerable reduction of all the parameters.

Cost of the LD slag-based membrane was fairly close to that of a polymeric membrane,

indicating that such solid waste generated in the steel industry can be utilised economically.
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Removal of Chromium from Linz-Donawitz slag

In this chapter chromium (Cr) is selectively removed from Linz Donawitz (LD) slag, a solid
waste produced by a basic oxygen furnace unit in the steel industry. Removal of chromium
from LD slag is done by the process of roasting and leaching using potassium hydroxide and
water respectively. The variation of percentage of Cr removal was studied by optimizing the
mass ratio of potassium hydroxide to the slag, roasting temperature, time and slag particle
size. The method adopted for this study yields two products: chromium-leached liquor and
residual slag. Residual slag is used as the adsorbent for the treatment of Congo red dye
wastewater. Also, an attempt was made to recover chromium from chromium leached liquor

in the form of chromium hydroxide by precipitation.

5.1. Experimental

5.1.1. Materials and characterization techniques

Linz — Donawitz (LD) slag was obtained from TATA steel Limited, Jamshedpur, India.
Potassium hydroxide, calcium hydroxide, hydrochloric acid, sodium hydroxide and Congo
red (CR) of analytical purity was purchased was obtained from Merck (India). CR was
dissolved in high purity water to a required concentration in the aqueous solution. All the
chemicals were used without any further purification. All the glassware used in the
experiments were made by Borosil, India. The composition of LD slag was analysed using X-
ray fluorescence (XRF, make: PANalytical; model: Axios). Field emission scanning electron
microscopy (FESEM, make: Zeiss; model: Sigma 300) was used to analyse the morphology
of slag and distribution of chromium in LD slag, residual chromium-free slag and the
precipitated chromium. The concentration of chromium in the raw and the residual slag was

analysed using method 3060A [1] and analysed using photometer (Hach; Model DR-900).
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The surface area of the residual slag was studied using Brunauer-Emmett-Teller (BET)

analyser (Model: AUTOSORB-1; Make: Quantachrome instruments, USA).
5.1.2. Experimental procedure

Composition of raw LD slag consists of CaO: 53.47 %, MnO: 0.62 %, P2Os: 2.41 %, MgO:
8.10 %, FeO: 21.6 %, SiO2: 9.2 %, Al,0s: 1 %, Cr203: 2.3 % and others: 1.3 %. Three mesh
screens were used to sift the LD slag: 25 pum, 25 — 45 um, and 45 — 150 pum. The sieved slag
was washed with water and dried for 6 h at 100 °C. The dry slag is now combined with a
defined amount of KOH and roasted at a predetermined temperature and time in a muffle
furnace. The roasted material was then pulverised into very fine powder. After that, the
pulverized particles were mixed with water for the leaching process. The roasted pulverised
material is stirred with water at 80 rpm for 40 min during the leaching process. After 40 min,
the solution is filtered with a vacuum filer (nylon filter with 0.2 um pore size). This method
yields two products: residual slag, which is used as an adsorbent, and chromium-Ileached
liguor. Calcium hydroxide is added to the leached-out liquor containing chromium to form
chromium hydroxide (CrOH)s precipitates. A detailed scheme of the process is given below
in Figure 5.1. Percentage chromium removal is calculated by Eqn 5.1.

Cr(raw slag) — Cr(residual slag) X 100 (51)

% Chromium removal = .
(raw slag)

5.1.3. Utilization of residual slag as adsorbent

After removing the chromium from the LD slag, the remaining slag i.e, residual slag is
employed as an adsorbent in the treatment of Congo red dye contaminated water. Residual
slag comprises a high concentration of iron, calcium, silica, and other components, making it
suitable for use as an adsorbent. A batch system of CR synthetic solution samples was used
for all adsorption experiments. Adsorption of CR on residual slag as an adsorbent was

measured for different initial concentrations (30-100 mg/L). The pH of the solution was
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maintained around 7 by using 0.1M HCI and 0.1M NaOH solution. The concentration of
remaining solutions was measured by using UV Vis Spectrophotometer (Model No.: UV-

2600, Make: Shimadzu, Singapore) at a wavelength of 496 nm.

[ Sieved, washed

and dried LD Slag
 § J

A 4

s : n
Roasted using
KOH
! J
~ A

-
Ground into fine

L particles |
!

V2 =\

Washed and leached { Filtered }

with water
\ y T

|
- rr—  Filtrate Precipitated by
[ ) Ca(OH)z

siLual slag

Adsorbent

Fig. 5.1. Scheme of removal of chromium from LD Slag

5.2. Results and discussion

This section is divided into main five parts. In the first part, effect of roasting temperature,
time and mass ratio of KOH to LD slag on chromium removal is reported. Variation of
chromium removal with leaching temperature and time were studied and discussed in second

part. Third- and fourth-part deals with the recovery of chromium from leached out liquor in
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the form of chromium hydroxide and utilization of residual slag for the adsorption of Congo
red dye respectively. Characterization of the raw and residual slag is discussed in fifth part.

5.2.1. Effect of roasting temperature on chromium removal

The influence of roasting temperature on chromium removal is shown in Fig.5.2. The
temperature range of 300 — 600 °C was chosen for the study with the goal of keeping the
temperature as low as possible to optimize the economics of the process. This method
enabled the determination of the minimal temperature at which KOH is adequately dissolved.
It can be observed from Fig.5.2, that the Cr leaching increased abruptly from 57 to 88 %
when the temperature was raised from 300 to 400 °C, then increased gradually and eventually
stabilized at the temperature range of 450-600 °C for the samples. This is due to the fact that
at these temperatures, the interior pores of the slag particles seal, preventing the passage of
external O into the particles. The oxidation of Cr2Os inside the particles to soluble potassium
chromate become difficult in the absence of diffused O.. It was observed that the Cr removal
was greater in the roasted slag with a darker green color. This was due to the fact that as more
Cr*3from the slag was oxidised, the green colour on the surface of the roasted slag got darker.

Similar observation was noticed by Y. ji et al in his work [2].

5.2.2. Effect of roasting time on chromium removal

The effect of roasting time on removal of chromium is shown in Fig.5.2. It is seen that
chromium removal increased sharply from 72 % to 94 % at 3 h, then stayed constant from 3 h
to 6 h, demonstrating that roasting duration did not effect on longer roasting time. Roasting
time less than 1 h were not explored because salt melting and oxygen diffusion require longer
time scales. When it reached 3 h, the removal achieved the maximum values of 96 %. There
were no obvious changes when the roasting time was more than 3 h. According to the

foregoing findings, optimum roasting time for Cr removal is 3 h at 450 °C.
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Fig. 5.2. Variation of chromium removal with roasting temperature and time

5.2.3. Effect of mass ratio of KOH on chromium removal

The effect of mass ratio on chromium removal is shown in Fig.5.3. The Cr leaching after
roasting at 450 °C for 3 h was studied as a function of KOH addition to LD slag before
roasting. The Cr leaching sharply increased from 15 % to 69 % with an increasing mass ratio
from 0.041 to 0.083. Upon a higher mass ratio, chromium removal is increased up to 96 % till
0.25 and removal did not further increase. Therefore, the optimum mass ratio of KOH to LD
slag was determined to be 0.25.

Intuitively, the particle size has an important influence on the leachability of chromium from
LD slag. The effect of the particle size of LD slag on Cr leaching for the at 450 °C was
investigated. Three particle size ranges of the LD slag were tested, namely, 45-150 pm, 25—
45 pm, and < 25 um. The Cr leaching increases from 85 % to 92 % for the 45-150 pm and
25-45 um samples, respectively, and reaches a maximum leachability of 96 % Cr for the size
fraction < 25 um. The increased Cr leachability can be attributed to the increase of specific

surface area of the slag, as well as a higher reactivity which is induced by grinding which is
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also explained by E. Kim [3]. The Cr removal was increased with decreasing particle size.

The optimal particle size fraction was found to be < 25 pum.
5.2.4. Variation of chromium removal with leaching temperature and time

The effects of various leaching time (0—60 minutes) on chromium leaching were thoroughly
investigated. The leaching was carried out under the following conditions: the liquid-to-solid
ratio was 10:1 mL/g, the sample size: 25 um, the roasting temperature: 450 °C, and the
roasting time: 3 h. At a leaching duration of 10 minutes, the chromium leaching rate quickly
reached 84 %, as shown in Fig. 5.4. When the leaching time approached 40 min, the rates
were practically at their peak (96 %). When the duration was prolonged to 60 min, the
leaching rates essentially remained constant. As a result, with a leaching duration of 40
minutes, the leaching of the roasted samples was excellent.

Similarly, the effects of different leaching temperatures (30-80 °C) on chromium leaching
were investigated thoroughly. The leaching was done with a leaching time of 40 min and
under the same conditions as the leaching time experiments. The leaching was almost
constant (95 %) when the temperature varied from 30 °C to 80 °C, as shown in Fig. 5.4. This
was due to the fact that potassium chromate in roasted samples had a high water solubility
(65.2 g/L) and could be rapidly dissolved in water at room temperature [4]. It suggested that
the water leaching process could be carried out at room temperature. The leaching

temperature was adjusted at 50 °C considering the industrial environmental conditions.
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5.2.5. Utilization of residual slag as adsorbent

The residual slag obtained after removal of chromium from LD slag is used as adsorbent for
the treatment of Congo red dye polluted water. Residual slag contains good amount of iron,
calcium, silica and other elements. The surface area of the residual slag was found as 44.16
m?/g. Congo red (CR) dye, which is an anionic dye, was used as adsorbate for this study. A
synthetic wastewater solution of CR was made for the study by dissolving the calculated
amount of CR in deionized water. All reagents and solutions were prepared by using
deionized water. The effect of residual slag concentration (varying from 1.0 g/L to 5.0 g/L)
on the percentage removal of the dyes at different initial dye concentrations (30-100 mg/L)
was studied. It was found that dye removal increased with increasing residual slag content.
An adsorbent content of 1 g/L was enough for more than 85 % dye removal for 90 mg/L
crystal violet solutions. Adsorption efficiency increased to 95 % for congo red dye at 5 g/L

residual slag.

5.2.5.1. Adsorption kinetic studies

The kinetic model can be used to estimate the adsorption efficiency and derive an appropriate
rate expression for the possible reaction mechanism. According to the time gradient, the
adsorption kinetics data for residual slag across 180 min as shown in Fig. 5.5 were analysed
by two typical kinetic models, including pseudo-first-order kinetics model (Eqn 5.2), and the
pseudo-second-order kinetics model (Egn 5.3) [5]. The pseudo-first-order kinetics model,
based on the amount of solid adsorption, was applied to the liquid phase adsorption, and the
pseudo-second-order kinetic model was based on the assumption that the adsorption rate was
controlled by the chemical adsorption mechanism. The equations of the two kinetic models
were as follows:
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log(q. —q.) = logq, — —2—x t (5.2)

2.303

t 1

1
= — Xt 5.3
qc  kqqi + de (5:3)

where ge (mg/g) is the equilibrium adsorption capacity, gt is the adsorption capacity at time t,
and K1 (h™!) and K2 (g-mg~!-h™!) are the rate constant of the pseudo-first-order and pseudo-
second-order, respectively.

To obtain the rate parameters, fit graphs of the log (qe — qt) vs. t and t/qt vs. t were applied to
pseudo-first-order and pseudo-second-order kinetics models respectively. Calculated values
of k1 and Qe,ca are summarized in Table 5.1. From Fig. 5.5a, it may be observed that the
experimental data point does not fit a straight line. From Fig 5.5a and Table 5.1, it may be
concluded that the kinetics of congo red adsorption on residual slag is not probably following
the pseudo first order kinetic model and hence not a diffusion-controlled phenomenon.

Fig. 5.5b shows that the plot of t/gt versus t is a straight line with slope of 1/ge and intercept
1/k2qge. Using the value of ge calculated from the slope, the value of k2 is determined from
the intercept. The calculated value of k2, ge and their corresponding regression coefficient
(R2) values are presented in Table 5.1. The value of regression coefficient is nearly unity
(0.99), which confirms that, the sorption Kinetics of congo red dye follows a pseudo-second-
order process. Thus, it may be concluded that the adsorption of congo red dye on residual
slag can be better explained by pseudo-second-order Kinetic model than that of first-order

kinetic model and the process is chemisorption controlled.
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Fig. 5.5. (a)Pseudo-first-order and (b) pseudo-second-order kinetic model, of congo red dye
on residual slag

Table 5.1. Parameters of kinetic models for congo red dye adsorption

Adsorbent Pseudo first-order model Pseudo-second-order model

Qe,cal Kl Rz Qe,cal Kz X 10_3 R2
(mg/g)  (min) (mg/g)  (9/mg.min)
Residual
slag 16.07 0.0253 0.98 22.89 0.0025 0.99

5.2.5.2. Adsorption isotherm studies

Adsorption characteristics and equilibrium parameters, often known as adsorption isotherms,
describe how adsorbates interact with adsorbents and provide a thorough knowledge of the
nature of the interaction. Isotherms aid in providing information on the best way to employ
adsorbents. So, in order to optimise the design of an adsorption system to remove dye from
solutions, the most acceptable correlation for the equilibrium curve must be determined. For
assessing experimental sorption equilibrium parameters, numerous isotherm equations are
available. The Langmuir and Freundlich models, however, are the most prevalent forms of
isotherms. The Langmuir isotherm is based on the premise that there are a finite number of

binding sites spread uniformly over the adsorbent surface. There is no interaction between
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adsorbed molecules since these binding sites have the same affinity for adsorption of a single
molecular layer. The Freundlich isotherm model is an exponential equation that applies to
adsorption on heterogeneous surfaces with intermolecular interaction and is not limited to the
creation of a monolayer. This model implies that as adsorbate concentration increases, so
does adsorbate concentration on the adsorbent surface, and that sorption energy reduces
exponentially upon completion of sorption centres of the adsorbent [6]. The well-known
expressions for the Langmuir and Freundlich models are given as [7]

q — QObCe
€ 1+bCh

(5.4)

where Ce (mg/L) and ge (mg/g) are the liquid phase concentration and solid phase
concentration of adsorbate at equilibrium, respectively, and Qo (mg/g) and b (L/mg) are the
Langmuir isotherm constants.

qe = KC¢' (5.5)

where Kf is the Freundlich constant [mg/g(L/g)"] related to the bonding energy, and n is the
heterogeneity factor. nis a measure of the deviation from linearity of the adsorption. It
indicates the degree of non-linearity between solution concentration and adsorption.

Since the adsorption is supposed to be the chemisorption in nature, it may be proposed that
monolayer coverage of dye molecule is taking place over the residual slag surface. Therefore,
adsorption process should be better represented physically by Langmuir isotherm model than
Freundlich isotherm model. Both the isotherms for dye—residual slag system is shown
in Fig. 5.6. This figure provides information on the amount of residual slag required to adsorb
a particular mass of congo red under the specified system conditions. Correlation coefficients

for Langmuir and Freundlich adsorption isotherm are calculated by fitting the experimental

adsorption equilibrium data and are shown in Table 5.2. It is also found from the correlation
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coefficients (R2) that adsorption isotherm for the present system is explained better by

Langmuir isotherm model.
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Fig. 5.6. (a) Langmuir and (b) Freundlich adsorption isotherms of congo red
dye on residual slag

Table 5.2. Various parameters of Langmuir and Freundlich adsorption isotherm models

Adsorbent Langmuir isotherm Freundlich isotherm
Qo KL R2 Ke(ma/g) R?2
(mg/g)  (L/mg) (L/mg)*"

QZZ'd”a' 85.40 0178 099 1660 22 097

There have been few studies on the adsorption of congo red dye, from different wastewater.
A summary of the literature concerning the current study is presented here. The use of
residual slag for the adsorption of congo red dye is a novel approach, as shown in Table 5.3.
Apparently, the removal of dye presented in this study is comparably better to that presented
in the literature, since this work achieved a higher percentage of removal through adsorption.
Furthermore, the comparison of targeted parameters and data based on dye removal obtained

in this work suggests that the research conducted in this work could serve as benchmark data
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in the field of treatment of congo red polluted wastewater. In this context, the current
research is recommended to investigate the efficiency of residual LD slag, as well as
adsorption method for the removal of congo red dye from wastewater, illustrating the
uniqueness of this work.

Table 5.3: Different literatures on adsorption of congo red dye using various adsorbents

Percentage
Method Pollutant Adsorbent
removal (%)
Adsorption Congo Red dye  Tunics of the corm of 68
[8] the saffron
Adsorption Congo Red dye  Bombax 86.12
[9] Buonopozense bark

Activated-carbon

Adsorption Congo Red dye  FexCo3-xO4 86.12
[10] nanoparticles

Adsorption Congo Red dye  Cabbage waste 91
[11] powder

Adsorption Congo Red dye  Pine cone biochar 94.62
[12]

Adsorption Congo Red dye  Kenaf-based activated 95
[13] carbon

Present work Congo Red dye  Residual LD slag 95

5.2.6. Recovery of chromium hydroxide

Recovery of chromium was carried out using precipitation process. Precipitation experiments
were carried out using jar — test apparatus (make: Phipps & Bird, Richmond, Virginia)
equipped with 6 numbers of 1 L jar with rectangular blades. The experiment was done in two
batches. The dosage of the precipitating agent varied from 100 mg/L to 1200 mg/L. The
operating parameters were set as follows: (Rapid mixing speed: 100 rpm for 1 min; slow

mixing speed: 30 rpm in the range 10-40 min; settling time: 30 min). The parameters were set
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using an automatic controller. The mixture was then filtered using nylon filter paper (0.2
um). Calcium hydroxide was used as precipitating agent. A preliminary investigation was
experimented to determine an approximate range of precipitating agent dosage. Therefore,
wide ranges of concentrations of calcium hydroxide (100 mg/L — 1200 mg/L) were
considered to get the optimized dosage of precipitating agent (Ca(OH)2) required for
recovering chromium as shown in Table 5.4. It was observed from the table that at minimum
dosage of 900 mg/L, there was major changes occurred with time. However, as the dosage
reached 600 mg/L, formation of precipitate started and at the end of 900 mg/L, almost
complete formation and settling of precipitate was seen. Hence, the results revealed that
optimum dosage of calcium hydroxide and time for the recovery of chromium in the form of

chromium hydroxide was 900 mg/L and 30 min respectively.

Table 5.4. Precipitation of chromium from filtrate at various conditions

Time 10 20 = 40
(min)

Dosage of

(Crzé%_)l)z Chromium hydroxide precipitation (%)
100 24 25 28 31
300 32 38 a8 4
600 49 58 Y »
900 71 87 A %
1200 86 % % V7
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5.2.7. Characterizations

5.2.7.1. X-Ray Diffraction

The XRD pattern of the raw LD slag and residual slag is depicted in Fig. 5.6. It indicates that
the raw LD slag samples were very complex, with several overlapping peaks resulting from
the many minerals present in the samples. Major mineralogical phases of the slag were
CasMg(SiOs)2, akermanite, Ca,Mg(Si-O7), srebrodolskite (Ca2Fe20s), wustite (FeO),
Portlandite (Ca(OH)2), Brownmillerite (Caz(Al,Fe)20s) and Larnite (Ca»SiO4) crystalline
phases observed and chromium is present in a spinel  structure
((Mn,Ca)x(Fe0s,Cr04)y0O,-nSiO2).  The crystalline phases, such as bredigite,
Cal4Mg2(SiO4)8, merwinite, Ca3Mg(SiO4)2, and monticelite, CaMgSiO4, remained in the
residual slag. No chromium was detected, signifying that there were only very small
quantities of chromium in the residue. Therefore, this roasting leaching process proven an
efficient and feasible technique. Moreover, the residual slag was rich in Si, Fe and Ca. This is

an important resource that can be used as adsorbent.

100
— (¢) Residual slag
—— (b) Roasted LD slag
80 | —(a) LD slag
R ©
& 60
")
2
2 (b)
§ 40 -
20 F
WWMWMWJ
0....I....I....I....I....I....

10 20 30 40 50 60 70
2 - theta (degree)

Fig. 5.7. XRD pattern of LD slag and Residual slag
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5.2.7.2. Field emission scanning electron microscopy

FESEM-EDS images of the Raw LD slag, roasted slag and residual slag are shown in Fig.
5.7a, b and c respectively. These indicate that Cr is present in both spinel (Cr oxide) and
metal phases. The roasted slag containing spinel structures show that Cr coexists with various
metals such as Mg, Al, Mn, Fe and as well as in alloy form. The residual slag becomes rough
and porous because of thermal heating of LD slag and chromium leaching by water. it can be
seen that the main elements in the residue are Fe, Si and Ca, indicating that most of the Cr
was extracted. Moreover, no Cr was detected in the residual slag, signifying that there were

only very small quantities of Cr in the residue.

Fig. 5.8. FESEM images of (a)LD slag (b) roasted LD slag and (c) residual slag
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Summary

A viable procedure for removing chromium from LD slag produced in the basic oxygen
furnace unit of steel industry was successfully explored. Roasting and leaching were used to
remove chromium selectively. Based on the experimental findings, the optimum mass ratio of
KOH to LD slag, roasting temperature and roasting time was determined. The residual slag
was rich in Si, Ca, Fe, and Mg. This matrix was effectively employed as an adsorbent to treat
Congo red polluted water. Chromium was recovered from chromium leached liquid using a
precipitation procedure with calcium hydroxide as a precipitating agent. The increase in
removal percentage of Cr, results into the increase in slag quantity. The Cr concentration in
residual slag is reduced to the levels permissible in industrial discharge. Overall, the roasting-
leaching method found to be appropriate for removing chromium from LD slag, and the
residual slag found to be an excellent adsorbent. Besides adsorbent, the residual slag may be
utilized for other applications such as road construction, pavement, and building bricks which

gives monetary benefit to the industry.
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Conclusion, summary and scope of future work

This chapter comprises two section. First part is the conclusions, which include the results
drawn from several works presented in this thesis. Second and last section discusses the ideas

for the future work.

6.1. Conclusions

The thesis focuses on the treatment of effluents from coke oven and cold roll mill units, as
well as the utilization of LD slag from the steel industry. Chapters 2 and 3 discusses on the
treatment of concentrated nanofiltration reject generated from the coke oven unit of steel
industry, by a solvent-based precipitation approach using organic solvents namely DIIPA,
IPA and EA and an integrated technology of closed-circuit reverse osmosis (CCRO) and
solvent-based precipitation respectively. Chapters 4 and 5 of the thesis discusses the use of
LD slag in the fabrication of a microfiltration ceramic membrane for the treatment of cold
roll mill effluent and extraction of chromium from LD slag respectively. The major

conclusions from the different studies are presented below.

Separation of chloride and sulphate ions from nanofiltration rejected wastewater of
steel industry (Refer Chapter 2):

Separation of chlorides and sulphates from NF rejected wastewater of steel industry was
successfully achieved by using organic solvents namely DIIPA, IPA and EA and

observations may be summarized as follows:
» Water quality parameters like TDS was reduced from 8613 mg/L to 785 mg/L and
that of chlorides and sulphates from 1594 mg/L to 358 mg/L and 4196 mg/L to 8.4

mg/L, respectively (Refer page 34).

TH-2823_166152103



Chapter 6

» The optimum condition obtained for chloride and sulphate precipitation was at
volume ratio (VR) 1.02, pH 8, temperature 23.4 °C, and contact time 26 min (Refer
page 46).

> Around 96 % - 98 % of organic solvent (IPA) was recovered which is recycled back
to the system for further use.

» A comparative study of literatures with the present study shows that the use of
miscible organic solvents is limited for the separation of chloride and sulphate ions
from the industrial effluents (Refer Table 6).

» The method carried out in this work will be a benefaction to the steel industry in
terms of handling nanofiltration rejected water containing high chlorides and sulphate
ions.

Promising integrated technique for the treatment of highly saline nanofiltration rejected
stream of steel industry (Refer Chapter 3):

Closed circuit reverse osmosis (CCRO) combined with solvent-based precipitation for the
separation of ions especially chlorides and sulphates from highly concentrated brine of
nanofiltration reject which is a major concern of blast furnace treatment unit of the steel
industry was studied, and on the basis of that, the following details are found:

» Overall, water quality parameters like TDS was reduced to 1316 mg/L and that of
chlorides and sulphates to 156 mg/L and 0.9 mg/L respectively by the integrated
technique (Refer Table 3.1).

> At a steady-state flux of 7 L/m?h maintaining 7 bar transmembrane pressure, the
recovery was found to be as high as 82 % (Refer Figure 3.3).

» The preliminary economic assessment suggests viability because the cost of treating
brine with the integration of the above-mentioned systems was estimated to be only $

7.35 /m® (Refer Table 3.2).
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> Apparently, the removal of ions presented in this study is comparably better to that
presented in the literatures (Refer Table 3.3), since this work achieved a higher

percentage of removal of chlorides, sulphates and TDS through integrated techniques.

Utilization of LD Slag from steel industry for the preparation of MF membrane (Refer
Chapter 4):

Microfiltration ceramic membranes were fabricated using Linz-Donawitz (LD) slag which is
a solid waste produced by basic oxygen furnace unit in a steel industry. Limitation of using
direct LD slag for the fabrication was overcome by modifying the slag, following
observations were found:

> All the membranes sintered at 850 °C and 950 °C showed good flexural strength in the
range of 9 MPa.

» Pure water flux was found to be 341 L/(m2.h) and 319 L/(m2.h) at 950 °C for M1 and
M2 membrane respectively (Refer Figure 4.7).

» The average pore diameter was estimated to be 3.6 - 8.5 um for both the membranes
which ensure that membranes are in microfiltration range.

> The membrane cost was determined to be in the range of 100 - 125 USD/m?, which
was very close to the cost of polymeric membrane (Refer Table 4.4),.

» Chromium concentration from cold roll mill wastewater of steel industry decreased
from 2.26 mg/L to 0.035 mg/L and that of for iron decreased from 5.7 mg/L to 0.51
mg/L after a hybrid process of coagulation — flocculation followed by microfiltration.

» Overall, membranes sintered at 950 °C showed good results in terms of pure water
flux, stability and strength when compared to membranes sintered at 650 °C and 850

°C.
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Removal of Chromium from Linz-Donawitz slag (Refer Chapter 5):

A process to remove chromium from LD slag as a part of solid waste management of solid
waste of the iron/steel industry by roasting and leaching method using potassium hydroxide
and water, respectively was studied and following observations were found.

» The best conditions for chromium (Cr) leaching by KOH roasting are a roasting
temperature of 450 °C and a roasting period of 2 hours. Around 96 % Cr removal
efficiency was attained under these conditions.

» The Cr leaching sharply increased from 15 % to 69 % with an increasing mass ratio
from 0.041to 0.083. Therefore, the optimum mass ratio of KOH to LD slag was
determined to be 0.25 (Refer Figure 5.2).

> Based on the experimental findings, the optimum mass ratio of KOH to LD slag,
roasting temperature and roasting time was determined to be 0.25, 450 °C, and 3 h
respectively.

> At optimum conditions, such as leaching time: 40 minutes and temperature: 30 °C, the
leaching efficiency of chromium using water achieved a maximum of 95 % (Refer
Figure 5.3)..

> Adsorption on residual slag followed the pseudo-second-order Kkinetic model
depicting chemisorption, according to the Kkinetic study.

» The correlation coefficients also show that the Langmuir isotherm model better
explains the adsorption isotherm for the current system.

» The results showed that the optimal calcium hydroxide dose and duration for
recovering chromium in the form of chromium hydroxide were 900 mg/L and 30 min,

respectively.
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6.2. Recommendations on future work

This section highlights some of the new areas of research, that can be carried for further
treatment of highly saline wastewater from coke oven unit and utilization of LD slag from
steel industry. Some of the important areas of recommended research are suggested as an
extension of the present study:

» Future fundamental work can include the complexity of organic-aqueous systems.
Phenomenon interaction such as inorganic-inorganic interactions and inorganic-
solvent interactions like ion hydration can be included in the solventing out method.

> Based on the results obtained on saline wastewater treatment, a pilot plant study is
strongly recommended to treat the NF rejected stream and to investigate its feasibility
in industrial scale.

> Research for the development of a possible integrated process that can generate water
and salt in a desalination system with low energy, chemical, and cost consumption
can be done not only in steel industry but also related brine-producing industries.

» LD slag can be used to fabricate a tubular membrane module system.

» The recovered chromium hydroxide can be further purified and used in the steel
industry or for some other industrial applications.

> Besides adsorbent, the residual slag may be utilized for other applications such as
road construction, pavement, and building bricks which gives monetary benefit to the

industry
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A. Error analysis

The errors in experimentally measured quantities and in parameters calculated from those
measurements are important in that they determine the accuracy of calculation and
predictions using those quantities. There are two types of errors viz. systematic error and
random error. Systematic errors are the results of faulty assumptions or improper
experimental measuring techniques. In this work, care was taken in eliminating systematic
errors by appropriately designing the experiments and adopting qualified methods for
analysis of the data. On the other hand, random errors result from variation in the precision of
measuring parameters and the slight variations that occur in successive measurements made
by the same observer under nearly identical conditions. Random errors cannot be eliminated.
The focus of the error analysis presented in this section is on the random errors.

In most of the experiments performed in this work, the quantities that are measured
directly are concentrations, permeate flow rates, weights and volumes which are used to

determine the removal (%), rejection (%) and permeate flux.

A.1l. Error in measurement of chloride and sulphate concentrations water

Chloride and sulphate concentrations in the agueous phase was determined by measuring the
absorbance value at a specific time in the ion exchange chromatography. A calibration curve
was prepared by taking the absorbance values against the corresponding time as discussed in.
From Figure 2.2, it is seen that the standard deviation of the predicted value from actual value
of concentration is 0.9995. Thus, every measurement of chloride and sulphate concentrations

is associated with an error of 0.05 % whose effect on precipitation factor can be ignored.
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A.2. Error in the measurement of permeate flux

The errors in the values of permeate flux are related to the errors in the measurements used to
calculate those values. In this section, statistical analysis is used for the estimation of
uncertainty associated with the values of permeate flux. Determination of standard deviation
is generally considered to be one of the best methods to estimate the uncertainty which is

based on the following method:

Ifu, Uy, e , Uy arethe N results of the measurements of a particular quantity

LT:u1+u2+ ............ +Uy :izui (A1)

The uncertainty in the result is usually expressed as “root-mean-squared-deviation”, which is

denoted as Au, which is computed using the following Eq. (A.2):

Au:\/(ul—a)2+(u2_g)2+ ............. Uy —0)°
N-1

(A.2)

In the present work, the membranes used as mentioned in chapter 4, were cleaned thoroughly
following each experiment. Besides, before each experiment, performance of all the
membranes were checked through pure water flux (PWF) measurement; hence uncertainties
involved in the PWF measurements are reported here. The uncertainties involved in different
experimental measurements for (PWF) for membranes M1 and M2 are estimated and shown

in Table A.1.
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Table A.1. Values of uncertainties estimated in PWF measurements for
membranes M1 and M2.

Membranes Run1 Run 2 Run 3 u AU Uncertainties
(%)
M1 341 337.5 345 341.16 3.75 0.60
M2 319 315.6 323 319.16 3.75 0.60
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