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Worldwide, each year the sugar industry generates bagasse fly ash (BFA) in the process of producing sugar
including ethanol and jaggery. With the increasing average value of 2% consumption of sugar per annum,
the quantity of solid waste BFA continuously increases and creates environmental problems. The
valorisation of BFA is a convenient and sustainable means for decreasing the environmental burden. This
paper aims to review the various important analyses and valorisation of BFA. BFA is a porous material and
has oxides of several elements, such as silicon, aluminium, iron, sodium and other metals. Based on
some of its excellent properties, untreated and modified BFA can represent an important source in
different fields. Metals, dyes, petrochemicals, insecticides and other contaminants can be adsorbed using
BFA, where the maximum adsorption capacities can be described using different adsorption variables
and isotherms. It is convenient and a sustainable resolution to use traditional adsorbents for water
treatment. This also decreases the environmental solid burden, eventually reducing greenhouse gas

emissions. This ash has been incorporated into different construction materials, including cement and
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maintaining economic and environmental sustainability. Also, several products such as zeolites, silica,
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1. Introduction

Rapid industrialization, haphazard use of non-renewable
resources, vast pollution growth, and improper legislative
pollution management are the main drawbacks for sustainable
development. As earth's resources, such as petroleum, coal and
ores are being used up, it is feared that these might soon get
exhausted. Consequently, there is always a need for the newly
developed materials in various fields. Scientists are continu-
ously working on applications of industrial sludge, food pro-
cessing waste, agriculture by-products, animal waste, and
marine extracts to minimize the solid waste burden associated
with environmental pollution. These materials are inexpensive,
easily available, locally accessible, safe to use and environ-
mentally sustainable renewable resources and are alternatives
to traditional materials." It is estimated that 2 billion tonnes
were collected world-wide in 2016 and it may increase to 3.4
billion tons in 2050, with Asian and African countries being the
main sources. This solid waste also causes global greenhouse
gas release due to the decaying organic sections of solid waste.
About 34% of total solid waste is recycled, 13% is composted or
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burnt to yield energy and the remaining waste is dumped or not
properly managed. Only 3.0-3.5% of solid waste is municipal
solid water and the remaining 76.5-77.0% of waste is industrial
solid waste. Solid waste, especially the industrial solid waste,
therefore, has become one of the environmental issues
worldwide.>?

Sugar, used as a sweetener in food and beverages, is a sweet
crystalline substance acquired from various plants, such as
sugar cane and sugar beet, but approximately 80% of the
world's sugar is produced from sugarcane. Sugarcane is grown
in tropical and subtropical climates having temperatures of 21—
27 °C and annual rainfall between 75 and 100 cm. Sugarcane is
an important commercial crop and is one of the principal
sources of sugar, ethanol, and jaggery (a semi-refined sugar
product used in the Indian subcontinent) globally. The by-
product, jaggery has various health benefits and ethanol as
well has industrial importance. Bagasse (fibrous residue behind
from sugarcane after extraction juice) has a net calorific value of
around 8000 kJ kg~ " and is therefore utilized as a fuel in boilers
in the sugar mills to generate steam and electricity. The effi-
ciency of boilers used in sugar mills is typically 60-70%. The
burning of bagasse could lead to the generation of around 3
million tonnes of fly ash annually, ie. 4% of the weight of
bagasse, called bagasse fly ash (BFA).*® For the production of 1.0
metric tonne (MT) of sugar and 0.07 MT of ethanol, it is esti-
mated that up to 9.05 MT sugar cane is required, which would
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Fig. 1 World sugar production by continents.®

generate up to 2.61 MT bagasse, from which 2.15 MT bagasse is
required to generate electricity and yield 0.045 MT bagasse fly
ash. According to the International Sugar Organization, world
sugar consumption has increased from 123.454 to 172.441 MT
from 2001 to 2018, having an average annual growth of 2.01%.
Fig. 1 represents the sugar production by continent in the year
2018, where the continent with the highest sugar production
was Asia, having 75 million tonnes, followed by South America
(37 MT) and Europe (30 MT). A bar chart presentation of the
sugar production of Asian countries is given in Fig. 2 for the year
2018, which indicates that India has the largest production of
sugar (50.92%), followed by China (14.69%) and Thailand
(14.10%). In that year, India produced 29.5 million metric tons
of sugar. From Fig. 1 and 2, it was concluded that India has the
highest sugar production from sugarcane and generated BFA.°

Bagasse fly ash contains a high amount of unburned carbon
and can have several potential effects on humans, plants and
animals through the air, water and soil. (1) Since BFA has very
small particle sizes ranging from 0.5 to 300 microns and being
lightweight, it can be easily airborne and tends to cause air
pollution and respiratory problems. (2) It contains traces of
heavy metals, which pollute the air, soil and groundwater. (3) It
can be used as fertilizer but it hardens underground. (4) Only
land-filling (dumping) techniques are used to dispose of it,
which requires large areas. This fly ash is not disposed of in
open fields or aquatic bodies such as seas, rivers or ponds.”® In
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Fig. 2 Asian sugar production by major countries.®
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this review, we focus on the valorisation of bagasse fly ash (the
solid waste of the sugar industry) in different areas to reduce the
solid waste generation and environmental pollution load,
thereby eliminating the environmental load.

Table 1 Various properties of BFA”

Type of analysis Particular Reference
Chemical constituents (%) by XRF

MgO 0.80 9
ALO, 16.9

Sio, 63.1

Cl 3.00

K,O 3.27

CaO 3.50

TiO, 0.34

MnO 0.12

Fe,0; 4.40

Na,O 4.57
Physiochemical properties

Specific density 1.882

Bulk density (g cm ) 1.725

Dry density (g em ) 1.081

Void ratio 0.747
Fractional porosity 0.428

PHpse 8.18

Proximate analysis (%)

Moisture content 2.51 10
Loss on drying 12.3

Ash content 30.95

Volatile matter 23.48

Fixed carbon 43.03

Surface area of pores (m® g ")

BET 168.39 11
BJH - adsorption cumulative 70.90

BJH - desorption cumulative 45.30

Average pore diameter (A)

BET 25.54

BJH - adsorption cumulative 49.85

BJH - desorption cumulative 58.44

BJH cumulative pore volume (cm® g™ )

Single point total 0.1067 12
BJH adsorption 0.0844

BJH desorption 0.0622

BJH - pore size distribution

Average adsorption pore diameter (nm) 6.33 13
Average desorption pore diameter (nm) 5.23

Total pore volume (cm® g™ ) 0.0669
Elemental analysis (%)

Carbon 60.04 14
Hydrogen 0.62

Nitrogen 0.28

Sulphur 0.00

Oxygen 6.77

Others 32.29

“ XRF - X-ray fluorescence, pHy,. - the point of zero charge, BET -
Brunauer-Emmett-Teller, BJH - Barrett-Joyner-Halenda.
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2. Properties of BFA

For a better understanding of its application, the physical,
chemical and other properties of BFA play significant roles.
Various properties such as the chemical constitution, proximate
analysis, physicochemical properties, surface areas of pores,
Barrett-Joyner-Halenda (BJH) cumulative pore volume, average
pore diameter, BJH - pore size distribution and elemental
analysis were determined and are depicted in Table 1. The
chemical composition of BFA was determined using standard
methods. BFA mainly consists of calcareous materials, viz.,
silica (63.1%), alumina (16.9%), calcium oxide (3.50%) and
magnesia (0.80%), determined using XRF (the X-ray fluores-
cence method). It is also comprised of several oxides of metal
such as iron, manganese, titanium, sodium and potassium.
Moisture, loss of drying, ash, volatile matter and fixed carbon
were determined in proximate analysis using standard
methods,’ and the values obtained were 2.51, 12.3, 30.95, 23.48
and 43.03%, respectively. The total carbon content was 60.04%,
as derived by elemental analysis; thus, BFA has a high unburnt
carbon content. The specific density, bulk density, dry density,
void ratio, fractional porosity and point of zero charge (pHy,) of
BFA are 1.882, 1.725 g cm_s, 1.081 g cm_s, 0.747, 0.428 and
8.18, respectively. The Barrett-Joyner-Halenda (BJH) cumula-
tive pore volume, average pore diameter, and BJH - pore size
distribution were determined and presented in Table 1. It
contains amorphous calcareous materials, high unburnt carbon
content, high surface area, low moisture content, high porosity
percent, high pore size distribution and characterization, and
therefore, can be utilized for different purposes.

Fourier transform infrared (FT-IR) spectroscopy of BFA was
performed to identify its functional groups. Fig. 3 shows the FT-
IR spectrum of BFA, where the medium and sharp peaks near
3774 and 3100 cm ™ ' indicate the presence of the O-H stretching
groups of silanol and N-H stretching respectively. Two medium
peaks at 3000-2840 cm ™' are due to the C-H stretching of
alkanes. The peak due to -OH stretching in carboxylic acid was
seen near 2200 cm . Three medium peaks in the range of
1750-1650 cm ™' are due to different groups in BFA like the
carbonyl stretching of the aromatic groups and alkene groups,
and the -N=O0 stretching of the alkene and aromatic groups.
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Fig. 3 FT-IR spectrum of BFA*
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Fig. 4 X-ray diffraction pattern of BFA.*®

The 1385-1123 cm™ ' bands can be attributed to the -CO and
—-C-OH stretching peaks of carboxylic acids, lactones, and
alcohols. The weak peaks in the lower IR region at 870 and
476 cm™ ' are assigned to the bending vibrations of alkenes and
C-OH. Further, XRD was used to identify the crystalline struc-
ture and the pattern is presented in Fig. 4, which indicates the
presence of minerals with respect to d-spacing. Table 2 shows
the d-spacings obtained from the diffraction pattern, and the
respective minerals."®

Thermal analyses of BFA were accomplished using TG
(Thermogravimetry), DTG (Derivative Thermogravimetry) and
DTA (Differential Thermal Analysis) techniques, which
demonstrated the decomposition temperature of the various
oxides and functional groups. Available surface carbon and the
various forms were constant at 150 °C but above this tempera-
ture, the surface carbon decomposed to yield CO (200-600 °C),
CO, (450-1000 °C), water vapour and free hydrogen (500-1000
°C). Thermal decomposition of BFA was performed using an
oxidizing environment like oxygen and also, an inert atmo-
sphere (nitrogen) at a heating rate of 10 K min~'. TG and DTG
thermographs were divided into three zones: the first (25-400
°C), second (400-523 °C) and third (523-1000 °C) temperature
zone with respect to mass loss. In oxygen and nitrogen atmo-
spheres, maximum mass losses were found to be 22.8 and
19.2% of the mass respectively, due to active pyrolysis and
oxidation. Further, 6.4 and 1.1% mass losses were observed in
the first and third zones, respectively in an oxygen atmosphere,
while 4.8 and 0.0% mass losses were observed in the first and
third zone respectively in a nitrogen atmosphere. Moisture and
the light volatiles were removed in the first zone, while
hydrogen, carbon monoxide and carbon dioxide were removed
in the third zone. After the third zone, i.e., above 1000 °C, the
residue remaining was ash, i.e., 70 and 76% of the total weight

Table 2 d-Spacing values of the diffraction of BFA and its minerals*®

D

@)
S. no. value Preferable mineral
1 4.690 Geothite
2 3.740 Mullite
3 2.730 Hematite
4 2.528 Kaolinite
5 2.234 o-Quartz
6 2.012 Y-Aumina
7 1.496 Hematite
8 1.314 Hematite
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in air and nitrogen atmospheres."”” In the DTA thermogram,
a strong exothermic peak was observed in the range of 450-
480 °C, due to the oxidative degradation of BFA.

C. W. Purnomo et al. analyzed the surface morphology of
BFA using Scanning Electron Microscopy (SEM)."® Three types
of BFA was separated according to the size fractions, viz., large
(>1.4 mm), medium (0.7-1.4 mm) and small (<0.7 mm) using
mechanical sieving and SEM images. SEM images of the small
fraction showed small-sized particles adjacent to the fibrous
particles and also, some non-fibrous particles. Non-fibrous
particles had some identical shapes like cenospheres, spheres
and prisms. This shape was due to the melting and re-
solidification of the silica, alumina and metal content. A large
fraction of SEM contains the cell walls of fibrous particles. The
SEM of silicon elemental mapping for the small fraction was
examined, which showed that silica was conserved during
combustion and was arranged systemically within the fibrous
particles while producing the configuration of cell walls.

3. Valorisation of BFA

BFA has some extraordinary properties, and an outline of the
valorisation of BFA is presented in Fig. 5, as per author
knowledge.

3.1 Adsorption

Adsorption has shown extraordinary properties for the removal
of various contaminants including dyes, metals, pharmaceu-
tical products, herbicides, insecticides, and also chemicals
contributing to COD, BOD, colour and other contaminants from
their synthetic solutions as well as real (industrial) wastewater.
Two materials interact for adsorption: (1) the adsorbent, the
material adsorbed on the surface and available in the bulk; (2)
the adsorbate, the materials being adsorbed on the surface of
the adsorbent material." Lots of varieties in adsorption-like
treatments were investigated: [batch, continuous moving bed,
continuous fixed bed (up-flow or down-flow), continuous
fluidized bed and pulsed bed], different parameters [adsorbent
dose, pH, contact time, initial concentration, temperature, flow
rate, bed height, particle size], adsorption isotherms [Langmuir,

Adsorption for removal
of dye, metals and
other contaminations

Preparation of

Electrode for
water polymer

capacitive deionization

Construction industries
as cement additives and
substitute as cement

Preparation of

Baggase Fly ash Mesoporous silica

Secondary abrasive in
composite preparation

Preparation of
briquette

Preparation of
immobilization media

in the bioreactor

Fig. 5 Possibilities for the valorisation of BFA.
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Freundlich, Dubinin-Radushkevich, Temkin, Redlich-Peter-
son, Sips, Thomas, Bed Depth Service Time, Adam & Bohart,
Yoon-Nelson, Clark model and Wolborska model], adsorptive
kinetic models [pseudo-first-order, pseudo-second-order, Elo-
vich, intra-particle diffusion, Boyd and surface mass transfer
model], desorption/regeneration/elution of adsorbent, thermo-
dynamic studies (change in free energy, enthalpy and entropy),
statistical analysis [RSM (Response Surface Methodology),
ANOVA (Analysis Of Variance), ¢-test, IAST (Ideal Adsorbed
Solution Theory) model and other analyses], error analysis [R
(coefficient of determination), ERRSQ (the sum of the squares of
the errors), HYBRID (a composite fractional error function),
EABS (sum of the absolute errors), x> (nonlinear chi-square
test), ARE (Average Relative Error), RMSE (Root Mean Square
Error), MPSD (Marquardt's Percent Standard Deviation), SNE
(Sum of Normalized Errors) and SD (Standard Deviation)].2*->*

The surface of the adsorbent plays an important role in the
adsorption phenomena. The adsorbent surface was intention-
ally made more porous, to increase the adsorption and hence,
the percentage removal of adsorbate was higher.?® For confir-
mation of the adsorbent surface, various characterizations like
BET surface area, pore volume, pore diameter, porosity
percentage, FT-IR, SEM, TEM (Transmission Electron Micros-
copy) and XRD were performed. For example, Vidya S. Batra
found that BFA contained unburned carbon, which was char-
acterized by surface analysis (BET surface area, pore volume and
pore size), thermal analysis (DTA, TGA and TG), electron
microscopy [SEM, TEM and EDS (Energy-Dispersive Detector)]
and nitrogen adsorption. These analyses indicated that this
carbon has a combination of meso- and micro-pores and is
suitable for the adsorption of several contaminants.**

3.1.1 Dye adsorbate. Dyes are considered among the most
useful chemicals and are used as colouring materials all over
the world. Dyes are mostly organic materials and they form
chemical bonds with substrates by destroying the structure of
the substrate and are therefore not removed from the
substrate." There are various types of dyes, such as acidic dyes,
basic dyes, mordant dyes, direct, vat, food dyes, sulphur, azoic
dyes, phthalocyanine dyes, triaryl dyes, which are used for
several purposes like textiles, printing inks, paints, coatings, etc.
The consumption of dyes increases annually.”® In 2019, the
demand for colouring materials, i.e. dyes and organic pigments
increased by 6.0% to $19.5 billion globally.>® For the manufac-
ture and application of dyes, large amounts of water are
consumed and complex mixtures of effluents having high
organic loads and resistance to biodegradation are generated.
Dye industries are facing major problems where about 30-40%
of dyes are utilized for dyeing purposes only, and the remaining
60-30% dyes are washed out in effluent.”® Dyes are normally
synthetic composite aromatics with steady structures that
cannot be removed by conventional treatment, including bio-
logical treatment. Even a very small amount of dye in water is
visible and creates lots of problems such as aesthetic deterio-
ration. Also, dyes inhibit light penetration and photosynthesis
thus, drastically affect aquatic life. Some classes of dye are toxic,
mutagenic and carcinogenic at lower concentrations. Dyes
containing water cause allergic reactions, dermatitis, skin

This journal is © The Royal Society of Chemistry 2020
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irritation and hair loss.*” Effects of various metals are reported
by various scientists. There have been several studies on the
toxicity of dyes.*®*

Adsorption studies were carried out on two basic dyes, ie.,
Rhodamine B (RB) and Methylene Blue (MB), using BFA and
various experimental parameters such as adsorbent dose, pH,
contact time and initial concentration. The data were analyzed
using adsorption isotherms, thermodynamics, and kinetics
studies. The highest removal amounts of 14.3 and 0.202 X
10° mol g~ for these two dyes were achieved using Langmuir
isotherms for RB and MB, respectively.*® BFA (collected from
bagasse fired boilers) along with activated char (commercial-
grade (ACC) and laboratory-grade (ACL)) were utilized for the
adsorption of Congo red, in which various process parameters
(adsorbent dose, pH, contact time, initial concentration) were
used. The data were incorporated with adsorption isotherms,
thermodynamics, error analysis and kinetics studies. Maximum
removal capacities for BFA, ACC and ACL were found to be
11.885, 0.638 and 1.875 mg g ', respectively.*® Comparative
studies of these three carbons for the removal of malachite
green dye were conducted and their adsorption capacities were
calculated, in which BFA (170.33 mg g~ ') was a better adsorbent
than ACC (8.27 mg g ') and ACL (42.18 mg g ').*' Surface
analyses such as bulk density, particle size, and proximate
analysis, SEM, XRD, TGA, DTA and dTG of BFA were conducted
by I. D. Mall and team members. Also, experiments were con-
ducted for the removal of orange-G and methyl violet dyes. The
adsorption data for the maximum adsorption capacities sug-
gested that carbon-rich BFA has the potential for use as an
adsorbent.>* Batch experiments were carried out for the
adsorption of brilliant green (BG) using BFA without any pre-
treatment. Different process parameters (adsorbent dose, pH,
contact time, initial concentration and temperature), isotherms
(Freundlich, Langmuir, Redlich-Peterson, Dubinin-Radushke-
vich and Temkin model), kinetics (pseudo-first-order, pseudo-
second-order, Bangham's equation and intra-particle diffusion
model), thermodynamic parameters and error analysis were
evaluated. The maximum adsorption capacity was found to be
133.33 mg g ' for the Langmuir model.”

BFA was converted to synthesized zeolite (ZFA) by alkaline
hydrothermal treatment. Surface analysis of ZFA and raw BFA
was conducted using surface area, density, proximate analysis,
XRD, FT-IR and chemical composition and it was found that
ZFA surface was more porous than that of raw BFA. Batch
studies for the adsorption of methylene blue dye were con-
ducted using different experimental parameters such as
adsorbent dose, pH, contact time, initial concentration and
temperature. Also, adsorption isotherms, thermodynamics,
kinetic studies, economic evaluation were carried out to analyze
the feasibility for industrial use.**** Comparative studies of two
adsorbents, ZFA and raw BFA, for the removal of turquoise blue
(TB) and brilliant magenta (BM) dyes were accomplished by B.
A. Shah et al. The maximum adsorption capacities of TB and BM
of ZFA (21.74 and 100 mg g ' respectively) achieved were
approximately double that of BFA (12.66 and 45.45 mg
g~ respectively).®

This journal is © The Royal Society of Chemistry 2020
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3.1.2 Metal adsorbate. In the periodic table, there are about
95 metals out of 118 elements. Each metal has different uses
according to its chemical and physical properties. It is consid-
ered that the world's economy is dependent upon metal, after
petroleum and coal, because nobody can survive without metal.
These metals include arsenic, iron, zinc, gold, nickel, silver,
cobalt, manganese, selenium, gold and copper. Generally,
metals are very strong, durable and resistant to wear and tear,
and are used for a variety of purposes such as construction,
medicines, automotive, aviation, railway transport, jewellery,
computer, phones, electronics, machinery and refractory
materials. The purification of metal from the earth's crust and
the production of alloys have been continuously increasing; for
example, crude steel and alloys of iron and carbon increased by
3.4% in 2019, reaching 1869.9 million tonnes. Even in small
quantities of freshwater used mainly for cleaning and cooling in
different metal industries, the concentrations of contaminants
are high and include dissolved and undissolved metals, solids,
organic matter, and chlorides. Of these pollutants, heavy
metals, in particular, have become one of the most serious
environmental problems. Metals are easily removed from
stream but special treatment is required such as chemical
precipitation, ion-exchange, adsorption, membrane filtration,
coagulation, flocculation, flotation and electrochemical
methods. Industries, such as electro-plating, mining opera-
tions, fertilizer, tanneries, batteries, paper industries and
pesticides, liberate metals into water bodies.** Due to modern
industrialization and haphazard human activities, these metals
penetrate human bodies and other ecosystems through the air,
food, and water. Since they are non-biodegradable, they are not
metabolised by the body and tend to accumulate in the soft
tissues. Each metal has a toxic effect. The Environmental
Protection Agency (EPA) recommends a maximum permissible
concentration for each metal in natural water for the protection
of human health. These metals directly or indirectly affect all
organ systems, including the kidneys, nervous, cardiovascular,
dermatologic, lungs, hepatobiliary, renal, gastrointestinal,
respiratory and blood circulation systems. They may be
destructive to the eyes, skin and liver, and cause headaches,
muscle weakness, coma, osteoporosis, hypertension and
sometimes cancer. There have been many reports on the various
effects of metals.**%""°

Two types of modified bagasse, namely, acrylic acid-grafted
bagasse fly ash (BFAG) and hydrochloric acid-treated bagasse
fly ash (BFA/HCI) were prepared and various physicochemical
characteristics were determined such as BET surface area, total
pore volume (Vi), primary mesopore volume (Vy,.), micropore
volume (Vy,;), and zero-point of charge (pH,pc). Comparative
studies of BFA, BFAG, BFA/HCI and AC (commercially available
activated charcoal) were performed for the adsorption of anti-
mony using contact duration and system pH and it was found
that BFA/HCl was more preferable than other investigated
adsorbents based on the value of the maximum adsorption
capacity (Qmax). Sorption-desorption studies were also con-
ducted using various concentrations of sodium hydroxide
solution and it was revealed that a small amount of Sb

RSC Adv, 2020, 10, 31611-31621 | 31615
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molecules from the adsorbent was eluted from the adsorbent.
This may be due to chemisorptions and strong bonds formed
between the adsorbent and adsorbate.* Batch and column
studies were conducted on the adsorption of arsenic species
(arsenate and arsenite) onto BFA by Imran Ali. BFA was char-
acterized by surface area, density, porosity, moisture content,
elemental analysis, FT-IR, scanning electron microscopy (SEM),
and point of zero charge, and it was concluded that BFA is

View Article Online

Review

a preferable adsorbent. Various parameters such as initial
concentration, pH, process time, adsorbent dose and temper-
ature for the adsorption of arsenic species were determined.
Thermodynamic, chemical kinetics and isotherms were also
studied for batch treatment. Breakthrough curves were plotted
for different flow rates (0.5-2.50 mL min ') and the optimum
flow rate was found to be 0.5 mL min~". The column data were
analyzed by the bed depth service time and Yoon and Nelson

Table 3 Details of metal adsorption study using BFA and its activated forms

Maximum adsorption
capacity®

S. no. Adsorbate Variable Details of adsorption study (mg of metal per g of BFA) Reference
1 Cr(vr) PH, temperature, time Adsorption isotherms 5.0 x 10° mol g * 46
duration, adsorbent dose, (batch and column);
initial concentration thermodynamic study;
regeneration of adsorbent;
cost estimation
2 Pb(i1) pH, adsorbent dose, initial Adsorption isotherms 2.60 x 10° mol g™* 47
concentration (batch); thermodynamic
study; regeneration of
adsorbent
3 Cu(u) & Zn(u) pH, adsorbent dose, initial Adsorption isotherms 2.36 & 2.54 48
concentrations, (batch and column);
temperature, particle size thermodynamic study;
regeneration of adsorbent
4 Zn(u) pH, time duration, Adsorption isotherms 2.02 x 10* mol g 49
adsorbent dose, initial (batch); thermodynamic
concentration study; kinetic analysis; cost
estimation
5 Cd(ur) & Ni(m) pH, adsorbent dose, initial Adsorption isotherms 2.00 & 1.70 50
concentrations, (batch); thermodynamic
temperature, particle size study; kinetic analysis
6 Pb(u) & Cr(m) pH, adsorbent dose, initial Adsorption isotherms 2.50 & 4.35 51
concentrations, contact (batch and column);
duration, temperature, thermodynamic study;
particle size regeneration of adsorbent;
cost estimation
7 Cr(vi) & Ni(n) Hydrogen ion Adsorption isotherms 0.001 & 0.001 52
concentration, contact (batch) including
time, adsorbent dose, Bhattacharya and
initial concentration, Venkobachar model
particle size
8 Pb(u) & Cd(u) pH, agitation time, Adsorption isotherms 93.20 & 77.10 9
adsorbent dose, initial (batch and column);
concentration, thermodynamic study;
temperature regeneration of adsorbent
9 Cd(u) & Ni(u) pH, contact duration Adsorption isotherms 6.1942 & 6.4887 53
(single & multi-
components); regeneration
of adsorbent
10 Cd(u), Ni(u) & Zn(u) Temperature, initial Adsorption isotherms 0.225, 0.432 & 0.399 mmol 54
concentration (batch); thermodynamic g !
study
11 Cd(u), Ni(u) & Zn(1) Adsorbent dose, Determination of statistic — 55
temperature, initial parameters
concentration, contact
duration
12 Cd(u), Ni(u) & Zn(1) Initial concentration Adsorption isotherms 6.13, 6.49 & 7.03 56

(single & multi-
components)

“ The value of the maximum adsorption capacity is corresponds to the Langmuir isotherm.
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models. Retention of BFA was studied using sulphuric acid,
hydrochloric acid, nitric acid, sodium hydroxide, and potas-
sium hydroxide and it was revealed that 1.0 M NaOH was the
more preferable desorption solvent.**

Two heavy metals, cadmium [Cd(u)] and zinc [Zn(u)] ions,
were adsorbed onto BFA in individual form and a binary system.
The effects of different metal initial concentrations, tempera-
ture, time and BFA were examined. Individual metal data were
analyzed using Redlich-Peterson (R-P) and Freundlich
isotherms, which showed that the Langmuir model was the
best-fitted model, and zinc was better adsorbed than cadmium.
Also, non-modified Langmuir, modified Langmuir, extended-
Langmuir, Sheindorf-Rebuhn-Sheintuch (SRS), non-modified
R-P and modified R-P adsorption models were utilized for
the binary adsorbent system.** A fixed-bed column study of the
adsorption of Cr(vi), Cu(u) and Ni(u) was conducted and
breakthrough curves were prepared using tubes with different
lengths.* Iron-coated bagasse fly ash (BFA-IC) and sponge iron
char (SIC) were prepared and the surface areas were determined
by BET surface area, ZPC and PZC techniques. Using these
newly prepared adsorbents, batch studies for the removal of
trivalent arsenic [As(ui), or arsenite] and pentavalent arsenic
[As(v), or arsenate] were carried out. Different parameters, i.e.
adsorbent dose, pH, contact time, temperature and initial
concentration, and various isotherms and kinetic models were
performed. From the correlation coefficient values (R?), the
Temkin and pseudo-second-order models were found to be the
best fitting among the investigated models. The maximum
adsorption capacities for BFA-IC [25.82 mg g~ ' for As(v) and
39.83 mg g~ 314 for As(m)] and SIC [28.58 mg g~ for As(v);
27.85 mg g~ for As(m)] were achieved, which showed that the
modified BFA had excellent potential for use as an adsorbent.**

Ferric chloride-coated BFA was characterized using the BET
surface area, particle size, proximate analyses, SEM, FT-IR,
EDAX and TGA, and utilized for the adsorption of seleniu-
m(v). Apart from the process parameters (adsorbent dose, pH,
contact time and temperature), isotherms (Freundlich, Lang-
muir and Temkin), kinetics (pseudo-first-order, intra-particle
diffusion and pseudo-second-order), thermodynamics and
error analysis, the thermal degradation of the spent adsorbent
was determined to analyze the feasibility of re-use/recycling.*
Table 3 depicts the details of the metal adsorption study using
BFA and its activated forms, in which the value of maximum
adsorption capacity is from the Langmuir isotherm.

3.1.3 Another adsorbate. Apart from dyes and metals, some
pollutants such as petrochemicals, fertilizers, pesticides,
insecticides, detergents, medicines and solvents also impact the
environment. These pollutants mostly originate from industrial
backgrounds and may have short- or long-term effects on
humans and the ecosystem. WHO published guidelines for
permissible limits for over 200 chemicals including petro-
chemicals, pesticides and solvents in drinking water.>” For
example, petroleum industrial products, such as phenol, p-
nitrophenol, phenolic inhibitors, pyridine, 2-picoline and 4-
picoline, cause ulcers, allergies, cancer, and liver and kidney
problems, when they accumulate in water. Solvents, pesticides
and insecticides may cause nausea, vomiting, diarrhoea,
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headache, loss of consciousness, extreme weakness, seizures
and sometimes even death.*® Bagasse fly ash was characterized
by different sophisticated analyses such as SEM, XRD, FT-IR,
and AAS, and used as an adsorbent for the removal of
unpleasant odours and colours from stevia extract and soy
milk.** The removal of COD and the acidity of vinasse, a by-
product of the sugar or ethanol industry, on BFA were studied
by Bongani Yalala and co-scientists. At first, BFA was analyzed
using proximate analysis (moisture, ash, volatile matter and
fixed carbon), chemical analyses (chemical compositions of
various metals) and physicochemical analysis (bulk density),
which revealed that BFA may be used as an adsorbent. Batch
experiments using different contact durations, adsorbent doses,
particle sizes and initial pH and data were evaluated using
adsorption isotherm and chemical kinetics. The adsorption
follows the Freundlich isotherm and pseudo-second-order
model, which indicated chemisorption and a heterogeneous
adsorbent surface, and also stronger bonds between the bio-
sorbent and the adsorbate. Also, column studies were per-
formed using a mixture of BFA and filter sand (ratio of 1: 4%
wt/wt). Maximum adsorption capacities were achieved up to 258
and 263 mg g ' using batch and column treatment,
respectively.®

Adsorptive comparative studies of two types of biomass ash,
namely rice husk ash (RHA) and bagasse fly ash (BFA) for the
removal of diuron (herbicide) were carried out. The surface
characteristics (BET surface area, particle size and silica-to-
carbon ratio), chemical composition, the effects of different
variables (adsorbent dose, initial diuron concentration, contact
time, pH, particle size and temperature), thermodynamic
properties, adsorption kinetic modelling (pseudo-first-order
and pseudo-second-order), isotherm modelling (Langmuir,
Freundlich and Temkin model) and also a comparison of the
diuron adsorption of this work with previous studies were per-
formed. The results revealed that BFA has a greater adsorption
capacity than RHA.®* The adsorption behaviour of another
herbicide 2,4-D (2,4-dichlorophenoxyacetic acid) was studied by
Deokar et al.®* using the batch (initial concentration, contact
time, temperature, pH and particle size) and continuous packed
bed (influent concentration, flow rate, and bed height) tech-
niques. Adsorption isotherms, i.e., Langmuir and Freundlich
isotherms were obtained for the batch technique, and the BDST,
Thomas, Bohart-Adams, Clark and Wolborska models were
applied to the data. The application of the deactivation kinetic
model was also analyzed. Maximum adsorption was achieved,
up to 7.14 mg g~ ', using the Langmuir isotherm. Studies of
COD and colour removal from sugar industry effluent were
performed.®® Highly polluted distillery spent wash of sugar
industries was characterized by Jemal Fito and it was found that
this wash was acidic, with a high content of organic pollutants,
and elevated amounts of heavy metals and other pollutants.
Batch experiments were conducted for the reduction of COD, in
which various adsorption parameters, isotherms, kinetic and
thermodynamic studies were performed. Maximum adsorption
capacities and removal efficiency was achieved up to 92.40 mg
¢ " and 61.6%, respectively, using untreated BFA.**
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Phenolic inhibitors were adsorbed using untreated BFA®
and carbon dioxide-treated BFA® for the improvement of
biomass saccharification, enzymatic hydrolysis and alcoholic
fermentation in bio-refineries. Hydrogen peroxide-treated BFA
was characterized, and adsorptive batch treatment and column
treatment were carried out for the removal of toxic and carci-
nogenic pesticides, DDD and DDE. Various parameters,
isotherms, kinetics, thermodynamic desorption studies, and
cost estimation were also determined. Maximum adsorption
capacities were found to be 7.69 and 6.67 pg g~ for DDD and
DDE, respectively.”” The remaining details of adsorption studies
for other adsorbates using BFA and its activated forms are
mentioned in the ESI} table, in which the value of the
maximum adsorption capacity is from the Langmuir isotherm.

3.2 Construction industries

For the preparation of cement and other construction materials,
natural materials, i.e., calcareous materials, argillaceous mate-
rials, gypsum and pulverised coal are utilized. Further, calcar-
eous and argillaceous materials contain oxides of calcium,
silica, aluminium and iron, and BFA is also comprised of oxides
of various materials as per XRF, so, BFA was utilized for
construction purposes.®® Sieved BFA (SBFA) and fly ash (FA)
were used to prepare pastes and mortars and analyze the
rheological and mini-slump properties like viscosity, yield
stress, Herschel-Bulkley yield stress, mini-slump cone test and
flow properties. The results indicated that SBFA and FA (indi-
vidual as well as mixtures) efficiently worked in pastes and
mortars, as the viscosities of the pastes and mortars increased
using SBFA, and yield stress was reduced in the presence of FA
and SBFA.”® Various combinations using FA and BFA for
manufacturing reinforced ternary concrete were prepared to
evaluate unessential chloride-induced corrosion. Chloride-ion
diffusion coefficients, long-term microstructure, mineralogical
and microstructural analysis, percentage of voids and
compressive strength, estimated time for depassivation, densi-
ties, and electrochemical testing were determined and it was
found that a mixture of FA and BFA is capable of reducing
redundant chloride-induced corrosion in concrete.” Experi-
ments on BFA for application as an additive in cement were
conducted by A. K. Anupam and co-scientists. Analyses such as
California bearing ratio, unconfined compressive strength,
triaxial test and micro-structural investigation were performed,
and it was concluded that BFA has the properties of cementi-
tious materials.”* Mortar was prepared by mixing BFA and FA in
various proportions and were characterized via chemical
composition, particle size distribution, BET surface area, SEM
and XRD. Mechanical and durability properties like the strength
activity index, compressive strength, ultrasonic pulse velocity,
electrical resistivity and rapid chloride permeability were also
determined by J. C. Arenas-Piedrahita.”” Economical and eco-
friendly fly ash and sugar cane bagasse fly ash were used as
binders by blending them with activated alkaline solutions of
Si0,/K,0 in different ratios in the preparation of pastes and
mortars. Different proportions of SiO,/K,0 were also taken. The
mechanical properties of these ratios were assessed by different
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analytical techniques such as XRD, FT-IR, DTG, SEM, mercury
intrusion porosimetry, pH and electrical conductivity, and it
was concluded that the molar ratio of 0.75 for SiO,/K,O and the
75/25 proportion for FA/SCBA provided the best results.”?
Bagasse-rice husk-wood ash (BRWA) was used as an additive to
improve the strength and durability of coarse fly ash (FA)
concrete. Strength and corrosion resistance were increased in
concrete containing 60% FA concrete with ground BRWA.”™
Bagasse fly ash (BFA) industrial waste was included with base
materials of cement-like clinker, trash, gypsum and limestone
having different percentage weights. The chemical composition
determined by XRF, the fineness, setting time, expansion, and
compressive strength of cement and concrete indicated that BFA
(up to 15% total weight) can be utilized as a cement additive.*®
Recycled aggregate concrete was crushed, and ground fly ash
(GFA) and ground bagasse ash (GBA) were added in different
proportions of 20%, 35%, and 50% by weight respectively.
Concrete was prepared using these mixtures and various analyses
were conducted. Of these proportions, favourable results, ie.,
suitable compressive strength, reduced water permeability,
elevated chloride penetration and sulphate resistance were ob-
tained at 20% by weight of the binder.” The utilization of sugar-
cane fly ash in the construction industries was also reviewed.””” A
short review on the valorisation of BFA in the manufacture of
stabilized/sintered earth blocks and tiles was published.”

3.3 Other uses

BFA is also used to produce several materials that may be
utilized as alternative sources of energy, thus preserving natural
products. Amorphous silica was obtained from BFA by treating
it with an alkaline solution, followed by heating. Beta zeolite
was prepared by treating purified silica with several chemicals
such as sodium hydroxide, tetraethylammonium hydroxide,
sodium chloride, sodium aluminate and water. This beta zeolite
was characterized by XRD, BET surface area, SEM and particle
size distribution. This zeolite was used as a catalyst for the
dehydration of methanol to dimethyl ether.” Another ion-
exchange beta zeolite from BFA was prepared and employed
as a catalyst for the dehydration of methanol to dimethyl
ether.®® Due to the presence of alumina and silica, FA and BFA
were used in secondary abrasives. BFA and FA having different
concentrations up to 12% of total weight were used with
primary abrasives for the preparation of phenolic-based
composites. Various determinations such as hardness,
compressive strength, friction and wear properties were con-
ducted and it was observed that 4% of the total weight was
optimum concentration.®® BFA and rice husk ash were explored
for the preparation of water glass. First, both types of ash were
added to the NaOH solution and heated to give the geopolymer.
This geopolymer was further treated with NaOH, followed by
a curing process at room temperature for 7 days to yield water
glass. Various investigations such as XRD, SEM, FT-IR, setting
time and mechanical strength of water glass were conducted
and favourable results were obtained.®

Comparisons were made of untreated sugarcane bagasse
ash® and activated BFA* in electrodes for -capacitive
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deionization (CDI) to improve the electrosorption of salts. The
carbon remaining during the consumption of BFA was distinct
and was activated using phosphoric acid, followed by loaded
iron. This iron-loaded activated carbon having high surface area
was employed for the oxidation of volatile organic compounds
(VOCs).* Pure Na-X and Na-A zeolites with very high porosity
and ion exchange capacity were manufactured from BFA.
Different zeolitization process parameters like curing time,
hydrothermal temperature, anion addition and Si/Al molar ratio
in the reaction mixture were assessed. The morphologies of
these newly prepared zeolites were determined using SEM, XRD
and FT-IR.*® Two mesoporous silicas, MCM-41 and SBA-15 were
prepared from BFA, which was used as the precursor.*” Since
BFA contains various inorganic fractions, viz., oxides of silicon,
aluminum oxides, iron, calcium, magnesium, and potassium, it
was exploited in red ceramic industries for the replacement of
quartz.®® Also, it contains higher amounts of carbon for the
preparation of briquette as an alternative fuel.** Comparative
studies of BFA and natural zeolite as the immobilization
medium in the anaerobic digester were carried out to improve
the digestion rate of a landfill leachate and it showed that the
zeolite was more feasible than BFA.*

4. Challenges and perspectives

(1) Bagasse fly ash, the sugar industry waste, is discharged as
solid waste. BFA is mostly used for the adsorption of metals,
dyes and other contaminants from their synthetic solutions.
Limited research has been conducted on the treatment of real
wastewater from different industries. The adsorption process is
a tertiary treatment, so, it is used after primary and secondary
treatments. Most adsorptive experiments are performed on
batch treatments, though column treatment is more feasible
industrially. BFA can be used as an adsorbent in wastewater
treatment by maintaining suitable operating conditions and
requirements.

(2) BFA has been used as an additive for cement and brick
preparation in the construction industry. Only a small portion
of BFA is used in cement. More theoretical and experimental
works are needed in this area to increase its usability according
to its huge production.

(3) Most experiments for the exploitation of BFA are at the
laboratory scale. Pilot and large-scale experiments are required
for proper industrial applications. Few researchers have tried to
estimate the cost of BFA in terms of US dollars.*”*>** The price
of commercially available charcoal ($285 per tonne) was
compared with that of BFA ($15 per tonne), considering all the
expenses including transport, chemicals and electrical energy,
to analyze the feasibility of BFA as an adsorbent in terms of cost,
efficiency and efficacy.

(4) The production of sugarcane crops is much higher in
tropical zone countries like India, Africa, China and some parts
of the United States. In these countries, sugar is produced from
sugarcane, and solid waste, i.e. BFA, is generated. Other coun-
tries like Russia, France, Italy, UK and Germany produce sugar
from beet sugar, and its waste is used as cattle feed. Also,
sugarcane is cut once a year, probably in two to three months.
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Hence, sugar industries are open for only four to five months in
a year. The generation of BFA is time-limited, so sugarcane
production depends on seasonality, geography and the agri-
cultural productivity of crops to generate BFA. Also, the prop-
erties of BFA change according to the origin, variety, treatment
method, activation process and geographic location.

(5) There have only been a few reports on its regeneration.
Regeneration may reduce the solid waste quantity.

5. Conclusion

(1) Sugar industries utilize bagasse, sugarcane waste, to
generate energy and its fly ash is called bagasse fly ash (BFA).
This BFA is considered industrial solid waste. This solid waste is
characterized using various sophisticated techniques, which
show that BFA contains unburnt carbon and different metal
oxides, including silicon and aluminum. The surface
morphology of BFA shows that it is a porous material. BFA has
outstanding usage in various fields due to versatile properties.

(2) Untreated and/or modified BFA using various activated
agents is extensively used as an adsorbent for the removal of
metals, dyes, petrochemicals, insecticides and hazardous envi-
ronmental pollutants. Various process parameters, adsorption
isotherms, kinetic models, thermodynamics, error and statis-
tical studies were executed in the adsorption exploration
including the calculation of the maximum adsorption capacity.
Well-known dyes were adsorbed using BFA. Most of the metal
adsorption research was carried out on cadmium(u), and the
maximum adsorption capacity was 6.13 mg g . Hence, BFA
may replace commercially available adsorbents for environ-
mental and economic benefits. Also, it was regenerated using
different solvents to eliminate the solid industrial waste load.

(3) Since BFA contains oxides of various metals, it is also
used as an additive in cement, bricks, pastes, blocks, tiles and
mortar. The combination of fly ash, bagasse-rice husk-wood
ash, and other ashes in different concentrations improved the
compressive strength, reduced water permeability, chloride-
induced corrosion and sulphate resistance. Therefore, it
reduced the utilization of cement, ultimately reducing the
natural calcareous and argillaceous materials.

(4) It is also used to prepare different zeolites, water poly-
mers, briquettes, mesoporous silica, electrodes, immobilization
media, catalysts and is a secondary abrasive. It also decreases
the use of natural materials.
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