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CHAPTER-1
ABSTRACT




1. Abstract:

This is the first report on experimental and hajereeous kinetic simulation on waste papaya
(Carica Papaya) peel hydrolysis for glucose synthesis. The effedtfar infrared (FIR) radiation
on pretreatment and subsequent hydrolysis in oheystem using Amberlyst-15 catalyst have
been optimized. Respective optimal values of progeEgameters in one-pot pretreatment and
subsequent hydrolysis were viz. 70°C and 80°C,toedemperature, 20 min and 10 min batch
time, water to biomass ratio (w/w) of 5 and 20, /OH loading (w/w) of 2.5 and catalyst
concentration (wt. %) of 7.5 corresponding to theximum 88.21 mol% glucose yield using far
infrared radiated reactor (FIRRR). The glucosedymbout two times greater than that obtained
through conventionally heated stirred batch rea¢@HSBR) (36.42 mol %). Eley-Rideal
mechanism was best fitted with the hydrolysis kosetompared to Langmuir-Hinshelwood and
pseudo-homogeneous models. Significantly, the FIRRfsumes approximately {&nergy of

CHSBR (68.25 kJmdi) owing to lower activation energy (16.27kJfpunder FIR radiation.
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CHAPTER-2
INTRODUCTION
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2. Introduction:

Amongst all the sovereign countries, India generdtenillion tons of solid wastes per day
due to lack of awareness regarding solid wasteodapthus rendering environmental and
ecological disturbances. So, it is an utmost neeghitigate such disposal problem by enacting
proper solid waste management policy. Hence, reBees are focusing on the utilization of the
solid waste for generation of value added chemiegialsfermentable sugars, propanol, furfural,
5-hydroxymethyl furfural and bioethanol in a sustdile and economic pathways.

Therefore, there is an utmost necessity to uttlimebiomass through a sustainable hydrolytic
route.This not only meets the increasing energyiiof the recent world that has leaded the
researchers to explore an alternative renewabteires.

Biomass specifically lignocellulosic biomass(LB)asailable all over the world and it has
been generated in tons from organic materials sgcagricultural crops and their residues and

daily household wastes.

2.1. Lignocelulosic Biomassand its Resour ces:

Several tons of waste biomass is getting accunuildeey by day which has raised the
concern of environmentalist to find out a bettenagement policy that will mitigate the existing
problem. LB resources seem to be the most aburadwhthus researchers are trying to reduce,
reuse and recycle this LB to generate bio fuelhalde-added chemicals. LB includes industrial
wastes,municipal wastes, energy crops, wood anduigiral residues.Biomass availability in

India has been summarizedTiable 2.1to understand the present scenario.
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2.1.1. Lignocelulosic Industrial and Municipal Waste:

Industrial and municipal waste management has bstbnomic and environmental
implications which should be considered also foofietl production KKalogo et al. 2007;
Chester et al., 2009 Cellulosic materials from industrial and munaipvastes consisting of
paper, cardboard, kitchen waste, could be conventedbiofuel (i et al., 2007, though these
are not an ideal feedstock, because of contammsatio miscellany industrial and municipal
wastes components. Nevertheless, the biodegradabdanic fractions which contain

lignocellulose could be used as potential raw nelter
2.1.2. Lignocellulosic Agricultural Waste:

Agricultural crop residues generated from both batmg and processing of crops are
abundant and renewable resources.It generally iosnt@more hemicellulosic material than
woody biomass (approximately 25-35%)¢emirbas et al., 2005 Apart from an ecofriendly,
uses of agricultural residues also help to avopeddence on forest woody biomass and thus
reduce deforestation. Agricultural crop residuesganerally straw and stalks, leaves, seed pods
which are left as field residues and husks, seegigasse, roots left after the processing of the
crop.In terms of availability of biomass rice strawheat straw, corn stover, and sugarcane
bagasse are the foremost agricultural wadt@s (et al., 2004 among which Sugarcane is the
main agricultural crops cultivated in India.

2.1.3. Lignocellulosic Forestry Wastes:

Residues from natural forest, forestry wastes lagentain sources of waste woody materials
such as sawdust, dead trees, and cultivated fiogtigg energy tree species. There are two kinds
of forest woody materials available as LB feedstbaked on density and duration of growth,

softwoods and hardwoodHd@adley et al., 2000 Softwoods produced by conifers and
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gymnosperm treesSanchez et al., 2008~hich involve evergreen species viz. pine, cypres

spruce, fir, cedar, hemlock, and redwood whereadwwods include trees such as poplar,

willow, oak, cottonwood, and aspen.Woody biomassspsses certain advantages over

agricultural plants in terms of flexibility in hagsting, less ash content and transportation ease

due to thick secondary wall.

Table 2.1:Lignocellulosic Biomass availability in India

Lignocellulosic Resour ces Availability (Mt/year) Reference
Municipal waste >68.8 Sharholy et al., 2008;Pappu
et al., 2007
Agricultural waste >350 Pappu et al., 2007
Forestry waste >321 Sudha et al., 1999; Sudha et
al.,2003

2.2. Constituentsof Lignocellulosic Biomass and its Properties:

Composition ofLB playsavery important roleinthepenianceandefficacy of both

pretreatmentand hydrolysis stages. This dry wdsia pnaterial is generally made of three main

components viz. cellulose, hemicellulose and lignhich are varies from plant to plaritgble

2.2). The carbohydrate polymer components (cellulbseajicellulose) of biomass cell wall were

surrounded by an aromatic polymer component (ligBesides these three main components,

some other substances such as extractives (emplgheonstituents terpenoidsjfstrom et al.,

1993, ashesand pectin were also present in the cdll wa
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Cellulose is a homogeneous polysaccharide derirad flucose unitswhich are connec
throughp-1, 4glycosidic bonds. It is a linear polymer with a degyof polymerization (DFup
to 15,000 Bodirl@u et al., 200). The crystalline cellulose structure is formed da its higr
molecular hydrogen bonding which is actually himadgrthe catalysts icess during the
hydrolysis process. The natural form of celluloseellulose | with two different crystal phas
Cellulose | and cellulosegl Cellulose | is less stable than cellulosgds the later one can
reversibly converted by heating treatrt. These two crystal phasegardlg varies depending on

the speciesHayashi et al., 1997Wada et al., 2006Chundawat et al., 201).

‘ — Carbon
‘— Oxygen
¢ — Hydrogen

Figure 2.2 (a): 3D structure of cellulose

Hemicellulose is another carbohydrate polymer camepb in biomass cell vl but
unlike cellulose it is a heterogeneous polysacdearits DP is normally around 200 and it i
mixed branchedpolymer of petnoses (xylose, arabinoshexoses (glucose, mannose |
galactose) and sugar acids-glucuronic acid, D-galacturonic acidiRdgauskas et ¢, 2006;
Harmsen et al.2010; Zhao et al. 201). Hemicellulose connected witellulose microfibrilvia

hydrogen bonds and lignia connected to hemicelluloby covalent bonc (Faulon et al.,1994.
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Hemicellulose is hydrophilic in nate and furthermore, it has random, amorphous strey
which makes it easily hydrolysable component theltulose. Like, cellulose i composition
and structure also variegependingupon the species such s&m, branches, roots and ba

(Sj6strom et al., 1993

‘ — Carbon
B, —Oxygen
L —Hydrogcen

Figure 2.2 (b): 3D Structure of hemicellulo

Lignin is a three dimensional aromatic polymer of olgmols (aromatic alcohols). Tt
three main monolignols viz. coniferyl alcohol, sayhalcohol and -coumaryl alcohol; are tr
fundamental buding blocks of lignin which are vary among diffatespecies Ramos et al,
2003; Whetten et al., 1998Generally, lignin in grasses contents all thneenolignols units
whereas lignin insoftwood is primarily containsdenyl alcohol units (95%). In hawood
lignins both coniferyl alcohol units and sinapycathol units are present in different rat
(Buranov et al., 2008; Chundawat et al.,, 20). The ether, ester and glycosidic linka

between lignin and carbohydrates give the physstiangth to plat tissue Sjostrom et al.,
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1993. Lignin acts as a protective barrier that prever#pcell destruction. So, it must

broken down for easy access of cellulose for trdrdlysis conversior

. — Hydrogen

Figure 2.2 (c): 3D Structure of three building blocks ignin: (a) F-Coumaryl
(b) Coniferyl (c) Sinapyl

Table 2.2:Different LB resources and its composit (g/100 g of dry matt)

Lignocellulosic Biomass Cellulose (%) | Hemicellulose (%) | Lignin (%)
Municipal Waste Banana eel 1.3 3.83 0.93
(Das et al., 2010; Tomato 9.1 11 5.3

Hadar et al., Oat see 11.9 - -
2013) Potato pet 1.2 9.2 -
Papet 85.0-99.0 0.0 0.0-15.0
WastePapersrom 60.0-70.0 10.020.C 5.0-10.0
Chemical Pulp
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Newspaper 40.0-45.0 25.0-40.0 18.0-30.0
Primary wastewater 8.0-15.0 0.0 24.0-29.0
solids
Agriculture Waste Wheat Straw 35.0-39.0 23.0-30.0 12.0-16.0
(Mood et al., Barley Hull 34.0 36.0 13.8-19.0
2013; Barley Straw 36.0-43.0 24.0-33.0 6.3-9.8
Hadar et al., Rice Straw 29.2-34.7 23.0-25.9 17.0-19.0
2013) Rice Husks 28.7-35.6 12.0-29.3 15.4-20.0
Oat Straw 31.0-35.0 20.0-26.0 10.0-15.0
Ray Straw 36.2-47 19.0-24.5 9.9-24.0
Corn Cobs 33.7-41.2 31.9-36.0 6.1-15.9
Corn Stalks 35.0-39.6 16.8-35.0 7.0-18.4
Sugarcane Bagasse 25.0-45.0 28.0-32.0 15.0-25.0
Sorghum Straw 32.0-35.0 24.0-27.0 15.0-21.0
Softwood Pine 42.0-50.0 24.0-27.0 20.0
(Hadar et al., Douglas fir 44.0 11.0 27.0
2013) Spruce 45.5 22.9 27.9
Hardwood Poplar 50.8-53.3 26.2-28.7 15.5-16.3
Oak 40.4 35.9 24.1
Eucalyptus 54.1 18.4 21.5
Grasses Grasses 25.0-40.0 25.0-50.0 10.0-30.0
Switchgrass 35.0-40.0 25.0-30.0 15.0-20.0
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2.3. Valuable chemicalsfrom LB and itsapplications:

As mentioned earlier, LB is the most promising wealkle resource with great potential for
viable production of biofuels and value-added cloatsiVarious LB feedstocks can be
processed to a range of biorefinery streams calladorms which includes six carbon sugars
derived from cellulose; a mixed five or six carbmarbohydrates from hemicellulose, lignin and
organic solutions from grasses. These primaryqiai$ can be further treated to produce a wide
range of marketable chemical products using th@ngements of thermal, chemical and
biological process.

The sugar derived from cellulose is glucose whicfurther converted into valuable products
viz. ethanol, propanol, lactic acid, succinic acatetone, butanol and butandiol while both
glucose as well as the other six (mannose, rhammyzdactose) and five (xylose, arabinose)
membered sugars can be produced by hydrolyzingahgcellulose \Verpy et al., 2004

Besides polysaccharides, conversion of lignin d&as promising potential and it can be
considered as most abundant component in the LBpfoduction of aromatic compounds.
Recently, several studies have been investigatedotvert the lignin into more versatile
products such as fuel additives. Currently ligrsrused as road binder, concrete admixture, dye
dispersant, vanillin production, oil well drillingud, animal feed pellets, pesticide dispersant
and solid fuel for combustionB@zell et al., 200)

The fermentation products such as ethanoland aeebartanolwill allow several derivative
products to capture new and increased market shdiesr conversion products such as
ethylene, ethylene glycol,vinyl chloride, propenad dutadiene have made a great impact on

polymer chemistryEzeji et al., 200). Lactic acid is also considered as a useful fetate/e
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product due to its biofunctionality and it can letler converted to many reaction compounds
viz. acetaldehyde, propanoic acid,acrylic acidditleand 2,3-pentanedionRyiz et al., 201p

The other chemical transformation products are isdrb furfural, glucaric acid
hydroxymethylfurfural and levulinic acid derivedom the platform chemicals by selective
dehydration, oxidation and hydrogenation processhi®l is used as a food ingredient, personal
care ingredient (e.g. toothpaste) and also for stréal use Zhang et al., 201BFurthermore,
Furfural is used as raw material for Nylon 6 andddy6,6 whereas as a lubricants, softener and
chemical HMF is usedY(oshida et al., 2008Another useful chemicalevulinic acid produced
from hydrolysis of carbohydrates is used as plasticresin, textile, animal feed, coating and as

antifreeze I(eibig et al., 2010; Ertl et al., 2024
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2.4. Importance and Utility of present work:

In India papaya peel is abundantly available biemakich contains large amount of
cellulose (60-80 wt. % of cellulose and 4-6 wt. #ignin) (Vikas et al., 2013t indicating a
great potential as feedstock for hydrolytic coni@rdanto valuable products. Waste papaya
peel (WPP) usually contains appreciable amountlwéoge.Patidar et al., 2016reported
valorization of waste papaya peel for production amidic pectin methylesterase by
Aspergillustubingensisth at 50 °C and pH 4.68/Nankasi et al., 201Pbroduced furfural from
ripe papaya peel by acid hydrolysisamaruzzaman et al., 200&eported the use of dried
papaya peel as a nutritional ingredient for bradleickens Sittiruk et al., 2006reported the
extraction of proteolytic enzyme from papaya latdich can be used for hydrolysis purpose
of raw hide. Evidently the literature review rewed@hat no research has been reported on
papaya peel hydrolysis for glucose production iitespf presence of high amount of

cellulose.

The first report on the hydrolysis kinetics of LBrocellulosic biomass such as wood
was delineated as pseudo-first order homogenequsecutive series reactions Bgemens
et al., 1945 Subsequently Several reporgg(ilar et al., 2002; Chong et al., 2004; Kumar
et al., 201% on pseudo-homogeneous (PH) hydrolysis kinetic$rat/food wastes, viz.,
sugar cane bagasse has been observed. Howeviithie mentioned works, the initial sugar
content in the biomass feedstock was not considd@dhe best of our knowledge no report
is available in scientific literature considerimgtial concentration of glucose in evaluation of
hydrolysis kinetics of WPP and similar other fruiaste/vegetable wasteggndruscolo et

al., 2008; Cekmecelioglu et al., 2005
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From literature review it is evident that no warés been reported on WPP hydrolysis for
glucose synthesis. This article investigates onmnopation of pretreatment and subsequent
hydrolysis of pretreated waste papaya peel (PWBP)nfaximization of glucose yield
through one-potMlatson et al., 2011; Kobayashi et al., 2Q1®nversion in energy-efficient
far infrared radiated reactor (FIRRR). The paraimetonditions of pretreatment and
hydrolysis were optimized using Taguchi orthogodakign (TOD). The superiority of
FIRRR over that of conventionally heated stirretthaeactor (CHSBR) in the one-pot batch
glucose synthesis process has been evaluated.tistabgprocess condition, novel pseudo-
homogeneous pseudo-first order (PHPF) hydrolysietic model has been developed by
modifying the conventional modeA@uilar et al., 2002 through consideration of initial

glucose concentration in the PWPP.
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3. Literature Review:

3.1. Hydrolytic Transformation of L B:

Transformation of LB into value added chemicalsoiwes mainly three crucial steps viz.
pretreatment, hydrolysis and fermentation. Iniafhysical treatment of biomass feedstocks is
done followed by other chemical/physicochemicalbmycal pretreatment process to break the
crystalline structure of biomass and enhance tleessibility of cellulose component. After
pretreatment, the pretreated biomass is hydrolymedither enzymatic or catalytic hydrolysis
process which is further processed to produce \adiged products by fermentation process.

LB hydrolysis process, which involves breakdowrpdif,4-glycosidic linkage of cellulose is an
important step for cellulose conversion. So fae tydrolysis process is not economically
feasible at an industrial scale due to its low eroy and efficiency. Although extensive research
work has been carried out to improve the hydrolysiscess, the efficient conversion of
carbohydrate in LB into the reducing sugar is stileadache. Hydrolysis of LB can be achieved
by either enzymatic or catalytic hydrolysis proceAsnumber of enzymes like cellulasg;
glucosidase, xylanase showed important roles inyreatic hydrolysisand for catalytic
hydrolysis, several liquid inorganic or organicdsciand solid acids such as sulfonated carbon,
heteropoly acids, zeolites and oxides. Recedily,et al., 201performed an experiment using
cellulase enzyme for hydrolysis of Catalpa sawdkstthermore, the results showed that using
thermo-Ca(OH) pretreatment the sugar yield was increased up 1#85.7% at optimized
condition.Since last few decades,uses of diffeesrtymes mixture in the cellulosic hydrolysis
process also have been broadly studied(et al., 2002; Excoffier et al., 1991; Xin et.al993.

For instance, a mixture of b-glucosidases with @eseicellulases system achieved better

saccharification than for the system without b-gkidasedfxcoffier et al., 1991; Xin et al.,
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1993. Though enzymatic hydrolysiresulted iconsiderably high amount of sugars, still it
some drawbacks viz., high reaction time, difficedtiin product separation and reusability

high cost of enzyme.

CELLULOSE

HYDROLYSIS

' — Carbon

‘ — Oxygen

n

& — Hydrogen

¢
GLUCOSE

Figure 3.1: schematic diagram of hydrolytic convion of cellulose into gluco:
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3.1.1. Direct Hydrolysis:

Hydrolysis of LB without pretreatment can be ack@\by using acid catalyst as they have
the capability to penetrate the cellulosic struetwvhich results swelling of cellulose and
breakage of glycosidic bonds. Several researchsoake been reported on direct hydrolysis of
LB using mineral acidsKupiainen et al., 2012; Park et al., 2013; Zhou at, 2019 which
suggested that two different approaches are comynapplied for direct hydrolysis process viz.
dilute acid and concentrated acid hydrolysis. Rilatids with high reaction temperature and
pressure for hydrolysis of biomass is the oldesthowt Though dilute acids can disrupts the
cellulosic structure, several disadvantages sudbveer product yield, high energy consumption
are associated with this process. To overcome tiuacentrated acids are introduced. For
instance, the effect of 480, concentration (31-70%, (w/v)) on microcrystallicellulose
hydrolysis was investigated bZamacho et al., 1996He reported that total cellulose
solubilization of was achieved when acid concernatvas above 62% (w/v). Furthermore, to
understand the efficacy of acids catalysts in direiomass hydrolysis process, recently
Hilpmann et al., 2016performed an experiment to hydrolyze xylan usiegesal mineral acids
(HCI, H.SQ,, trifluoroacetic acid, oxalic acid) and a solidicacatalysts (Smopex-101) with
varying the pH value (0.5-3) at moderate tempeeat{t0-90C). The results showed that
maximum Xylan conversion can achieved when the gldesof the homogeneous catalysts were
lower than 2. However, concentrated acid hydrolpstcess also has some disadvantages such
as corrosion and recovery issues as mentioned quglyi and strict requirements on water
content of raw materials. In last few years, twagst hydrolysis process for biomass conversion
has been introduced for successively hydrolyzed hibmicellulose and cellulose portion to

produce better sugar yieldoon et al., 201has performed a two-step concentrated sulfurid aci
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process for hydrolysis of cotton. The result showed, sever degradation of sugar was occurred
at higher reaction temperature (100-120in second hydrolysis step. He also reported, tioat

maximize glucose yield, reaction temperature shiakb at 10 in second hydrolysis step.

3.1.2. Pretreatment Before Hydrolysis:

In order to enhance accessibility of cellulose éffective hydrolysis of LBpretreatment
before hydrolysis process is required. Since teeflawv decades, several pretreatment methods
have been studied which are broadly classified fotar categories viz. physical (milling,
grinding), chemical (alkaline, acid, wet oxidatiomrganic solvent, oxidizing agent),
physicochemical (steam explosion, super criticalidfl liquid hot water, ammonia fiber

explosion) and biological pretreatment.

| Y - -
er"-(' f Pretreatment 4/"5 .
___"lf"f é [ < )
— l:‘ = - : ( ~ e
ﬂ!f f =Y {Q\\ Y \ ;
RS \ >

{ Cellulose (Amorphous)
= Hemicellulose
— Lignin

—= Cellulose (Crystalline)

Figure 3.1.2: Schematic representation of LB pretreatment

20| Page




The above-mentioned pretreatment process can lietagemove lignin and hemicellulose
part, reduce the crystallinity of cellulose andrease the surface area with the aim of rapid

conversion of carbohydrate portion to monomericassigvith greater yields.

3.1.21. Physical pretreatment:

The physical pretreatment process is performed ibingior grinding process which reduces
biomass crystallinity through breakdown of biomsige. The reduced biomass size increases the
mass transfer characteristics as it increases uhiace area which in turns improved the
hydrolysis rate. The required energy for physjuatreatments depends on the final reduced

biomass size which is greater than the theoregicatgy content available in the biomass.

3.1.22. Chemical pretreatment:
i.  Alkaline pretreatment:

The chemical pretreatment of LB can be done byliakkgretreatment method by using
bases viz. sodium, potassium, calcium and ammotydnoxide. In this pretreatment process,
effective alteration of lignin is occurred as aikeduses degradation of ester and ether linkage
which enhances the accessibility of hemicellulos® @ellulose to the catalysts.

Sodium, calcium and potassium hydroxide generaifpleyed for the pretreatment of
low lignin content biomass such as softwood andsga These pretreatment processes, cause
low sugar degradation and prevent lignin condeasativhich increases lignin solubility
(Sharma et al. 201 The effect of lime (calcium hydroxide) pretreatm on rice hulls for
ethanol production was investigated I3afa et al., 2008 They found that the maximum sugar

yield was 12.6% resulted at optimal condition ofl'2and 1h pretreatment time at 100 mg
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lime/g hulls. Similarly, Kim et al., 200% also studied the pretreatment effect on cornestov
using excess lime (0.5 g Ca(QH) raw biomass) at different temperature in botldative and
non-oxidative conditions. The maximum xylose andicgke vyield of 79.5% and 93.2%
respectively were achieved, when corn strover wgdrdtyzed withl5 FPU/g cellulasefor
4 weeks at 5% with aeration.The effects of sodium hydroxide fioetreatment of switchgrass,
wheat straw, hardwoods and softwoods with lignintent less than 26% has been studied by
Zhao et al., 2008. Zhu et al., 20aBo showed that production of biogas from cornestavas
increased by 37% compared to that of untreatedlosk.Similar to the above study, potassium
hydroxide (KOH) effect on switch grass was investiggl by Sharma et al., 201R It was
observed that around 99.26 % sugar retention wasre at 21C and after 12 h treatmentat 0.5
% KOH.

As it has been clearly observed from the presamtystthat alkaline pretreatment process
involving calcium, sodium and potassium hydroxidesre highly effective for biomass
conversion, however, efforts must be made to oveecseveral drawbacks such as high
downstream processing costs, utilization of hugewrh of water for washing salts of calcium

and sodium, formation of inhibitors.

ii.  Wet oxidation:
In this pretreatment process, oxygen is used tdizeithe LB which involves both low and high
temperature reactions. It is used to separateghedellulosic compound by removing lignin and
solubilizing hemicellulose.During this oxidationogess, lignin is oxidized to carbon dioxide,
carboxylic acids, water and approximately 50% t&oA@@nin removal can be achieved after the

pretreatment depending upon the biomass type atdeptment conditions useBjérre et al.,
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1996;Mart’in et al., 2007; Banerjee et al., 200Bffect of wet oxidation pretreatment of
sugarcane bagasse at several pretreatment cosditias investigated bylart in et al., 2007
The result showed that at pretreatment conditiéri®6 C and 15 min 40-50% of ligninand 93—
94% of hemicelluloses were solubilized, while a6 18, 5 min and alkaline pH only 20% of
ligninand 30% of hemicelluloses were solubilized. dombination with other pretreatment
methods,wet oxidation pretreatment can be usedtaree the biomass conversion process
(Schmidt et al., 2002; Georgieva et al., 2008; Sam@met al., 2008 For instance, wet oxidation
with alkaline pretreatment can reduce the bypra&faomnation, thus decreasing inhibition
(Mart"in et al., 2006 whereas in addition with steam explosion, thigcpss has the capability to
process larger particle sizes and to work at highérstrate loadings, up to 50% substrate
(Georgieva et al., 2008urthermore, a comparative study between thetdfiesteam explosion
and wet explosion on sugarcane bagasse has besstigated byNlart'in et al., 2008. It is
observed that after pretreatment over a time spd® onin, 50% of lignin was removed in wet
explosion process whereas only 35% lignin was aisgdd in case of steam explosion, under the

same pretreatment conditions.

iii.  Acid pretreatment:

Both diluted and concentrated acids can be useadmt pretreatment of LB. Dilute acid
pretreatment operates at elevated temperature asemncentrated acid pretreatment operates
under low temperature condition.Various researchrkevohave been reported on acid
pretreatment on different biomass, among whichusiglfacid (HSQ,) is the most commonly
used acid. Sulfuric acid pretreatment mainly usebydrolyze hemicellulose into xylose which

further converted into furfuralZgitsch et al., 2000Cara et al. 200&tudied the effects of dilute
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sulfuric acid on thin branches and leaves of otie® biomass at various acid concentrations
(0.2-1.4 %) and temperatures (170-ZI0 At optimized pretreatment condition of i@0
temperature and 1.0 % acid concentration, maximar % sugar yield was observed. Other
pretreatment process using acids viz. hydrochladd (HCl)(Wang et al., 2014 nitric acid
(HNOs3) (Himmel et al., 199Y,oxalic acid Kundu et al., 201p and phosphoric acid gROy)
(Zhang et al.,, 2007; Marzialetti et al., 20}gave also been investigated since last few
decades.Effects of oxalic acid in pretreatment ggeavere investigated hge et al., 2013sing
waste medium after cauliflower mushroom as biomd3ge enzymatic conversion of this
pretreated biomass results glucose yields up 63%FAvci et al., 2013also studied effects of
another acid (dilute $P0Qy) in pretreatment of corn stover for furfural pratian. Result showed
that maximum 61.6% furfural yield was attained ptimal temperature of 200 and optimal
time of 20-25 min.Owing the capability to effectivemoval of hemicelluloseK{met al.,
2012;Sun et al., 20106 it can be considered to use with alkali pretresit for pure removal of

cellulose.

iv.  Organosolv Pretreatment:

Organic solvent viz. acetone, ethanol, methandlylehe glycol can be used for lignin
extraction from LB [chwan et al., 201)1.Due to some serious drawbacks such as enviromnent
pollution, uses of hazardous chemicals, problempmduct separation associated with
conventional pretreatment process, organosolv gagtrent process can be considered more
feasible for lignocellulosic biorefinery process. this pretreatment process, breakdown of the
interior lignin bonds and as well as the bonds betwhemicellulose and lignin was occurred at

an elevated temperature (150-200 (Ghose et al.,1983 However, in addition with acid
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catalysts this pretreatment process can be coralucider milder conditionGhum et al., 198ph

As a catalysin organic solvent pretreatment processseveral nainacids such as
sulfuric,hydrochloric and phosphoric acids and aorgaacids such as oxalic, salicylic,and
acetylsalicylic acids can be usesug et al., 200RIchwan et al., 201%eparated cellulose from
oil palm pulp using several solvents such as etharader, ethylene glycol-water and acetic
acid—water mixture. The extracted cellulose yiemEweached to 41.7; 48.1 and 50.1% by using
acetic acid—water mixture, ethanol-water and etteylglycol-water, respectively. Furthermore,
it was found that, acetic acid—water mixture pufpimifered maximum cellulose degradation
whereas ethanol-water mixture pulping offered higirgstalline cellulose (68.67), followed by
ethylene glycol-water mixture as (58.14) and acatid—water mixture as (54.21).In organosolv
pretreatment process, the lignin and hemicelluppséions are dissolved in the solvent as liquid
and cellulose is recovered as solid which overctimeeproblems related to product separation.
For instance, organosolv pretreatment of wheaiwstraing crude glycerol was conducted by
Sun et al., 2008eported up to 70% of hemicellulose and 65% afihgemoval were achieved
whereas 98% cellulose retention was achieved am@@d pretreatment condition. Though
organosolv pretreatment process has been extepsitieted for effective extraction of lignin, it

has also some drawbacks such as high solvent &algsta cost, inflammable organic solvents.

v.  Ozonolysis pretreatment:

It is another chemical pretreatment process, irckvbzone is used for treatment of LB. This
pretreatment process generally involves lignin ugison by ozone which attacks the lignin
aromatic rings structures, whereas the structureenficellulose and cellulose remain unchanged

(Nakamura et al., 2004 In such pretreatment process, lignin is coneketteacids, which have
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to be removed for enhancing the subsequent hydsotysd fermentation procesbgmmel et
al., 2002; Alvira et al., 2010Pretreatment of wheat and rye straws with ozanerthance
enzymatic hydrolysis has been investigated@ayci’a-Cubero et al., 200@nd result showed
that after hydrolysis up to 88.6 and 57 % fermeletahgar yields were obtained compared to 29
and 16 % in non-ozonated wheat and rye straw, céspl. In ozonolysis pretreatment process,
Moisture content is the most significant factorfeéf of ozonolysis in combination with Wet
Disk Milling (WDM) on Japanese cedaCriyptomeria japonica) to improve sugar production
was investigated biviura et al., 2012 He reported that, when the moisture content aswd
more than 40 %, ozone consumption was decreaseadh wdsults less delignification. Another
study, ozonolysis and WDM for pretreatment of suogae bagasse and straw was also
investigated byarros et al., 2013After 60 min ozonolysis followed by WDM (4 cyclasd 1.2
min/g), saccharification of sugar cane bagassesgd87 % of glucose and 48.8 % of xylose
whereas in case of straw, 92.4% of glucose and &2d xylose were obtained after WDM (4
cycles and 0.2 min/g) followed by 60 min ozonoly$tsom the above study it is observed that
type of biomass also an important factor for ozgsisl pretreatment process. Ozonolysis alone
can be ineffective for removal of lignin though ambysis in combination with other

pretreatment process such as WDM has shown pragiesults.

3.1.2.3. Physico-chemical pretreatment:
i. Steamexplosion:
Steam explosion pretreatment process involves sucitiiction in pressure which makes an
explosive decompression in lignocellulosic material this pretreatment process, effective

removal of hemicellulosic sugar was occurred wittréasing pretreatment temperature up to a
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certain level (160-26C). However, by further increase in temperature miegrease the total
sugar recoveryJosefsson et al., 2002; Sun et al., 2004; Vargaakt 2004. Effects of steam
explosion on sunflower stalks at 180-280temperature has been investigatedRoyz et al.,
2008Study showed that after pretreatment,highest relhaiose recovery was obtained at 210
‘C and maximum glucose yield was obtained at Z2n pretreated sunflower stalks. Another
research work carried byWegro et al., 2003showed that steam explosion for poplar
(Populusnigra) pretreatment at 21D and 4 min results 95% cellulose recovery. Howeirer
order to avoid unnecessary degradation of the aterand physical properties of the cellulose,
correct selection of the steam explosion conditiaresrequired. Severe pretreatment conditions
may cause lower cellulose recovery from lignocellels after Steam explosion pretreatment
process. To overcome this probleEklundet al., 1995studied steam pretreatment of willow
with the addition of S&or H2SOswith the purpose of recover both cellulose and lettulose. It

is reported that maximum 95% glucose yield wasinbthwhen steam pretreatment was done

with 1% SQat 200 C.

ii.  Supercritical Fluid (SCF) Pretreatment:

In this physico-chemical pretreatment process, @emuitical fluid which possesses both
liquid like density and gas-like diffusivity andsdosity is used for the breakdown of crystalline
structure of different LB. SCF can penetrate ifite trystalline structure of LB overcoming the
mass transfer limitations associated with the ofinetreatments processy{ et al., 2013)

Supercritical carbon dioxide (GPwith a critical temperature ¢ of 31C and a critical
pressure (B of 7.4 MPa, normally used as an extraction sdl{8chacht et al., 2008shows

effective potential in biomass pretreatment. Durihg pretreatment process, £€acted with
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water and formed carbonic acid which acceleratedchidrolysis process. Furthermore,explosive
release of Cealso disrupts the crystalline structure ofhemideeand cellulose, which
increases the accessible surface area for hydsolgbieng et al., 1998; Luterbacher et al.,
2010.Effect of supercritical C®pretreatment on a hardwood (Aspen) and softwoodtligrn
yellow pine) with varying moisture contents (0-73%/w)) was investigated b¥im et al.,
2001 Supercritical CQtreated biomass showed better sugar yields afeehtfrolysis when
compared to thermal pretreatments without superaliCQ,. Furthermore, it was also reported
that when moisture free biomass was used for @ttent, the final reducing sugar yield from
hydrolysis of this pretreated biomass was simitathat of untreated biomass. A comparison
study between the effect ofsupercritical £&one and a combination of G@nd steam on dry
and wet wheat straw under different operating diosrliwas investigated bwlinia et al.,
201Qlt was found that maximum overall yield of sugamss achieved by applying the
combination of supercritical Gand steam pretreatment.Although, several resewocks have
been done on SCF for pretreatment, implement sffghocess on a large scale has not proven to

be economically feasible due to the high pressanedvement.

iii.  Liquid hot-water (LHW) pretreatment:

Liquid hot-water pretreatment is an another hydrothal pretreatment process much like
steam explosion where water at higher temperatulepaessure maintaining its liquid form was
used for pretreatment of LB since several decadesira pulp industries.The majorbenefits of
LHW pretreatment over steam explosion are minomédion of inhibitory compounds

andhigher pentosan recoveyién et al., 200BWater at high pressure can penetrate into the
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crystalline structure of LB overcoming the massisfar limitation and remove hemicellulose
and part of lignin. Furthermore, in this processr¢his no requirement for extra chemical
addition and corrosion-resistant ingredients fadrolysis reactors.

An experiment using two-step liquid hot water pratment process for complete
saccharification oEucalyptus grandis was studied byru et al., 2010At first step, total xylose
yield was 86.4% at 180 after 20 min and at second-step it is observed rtinimal sugars
degradation were occurred at 200 and 20 min. After enzymatic digestion Bficalyptus
grandisat the above optimized pretreatment conditions) migar yield was reached to 96.63%.
Laser et al.,, 2002had performed a comparative study between theoqeaince of LHW and
steam pretreatments on sugarcane bagasse, whichsweasssively used for production of
ethanol by SSF. The pretreatment process was petbin a 25 | reactor at high temperature
(170-230°C) for 1-46 min with 1% to 8% solids concentratidime results showed that higher
xylan recovery was achieved by LHW pretreatment manmed to steam pretreatment.However,
LHW pretreatment process consumes higher energyamdpto steam pretreatment as it
involves higher pressures and higher water supplthé system.LHW pretreatment were also
beneficial over dilute-acid pretreatment procesasghere is no requirement for hazardous acids

or production of neutralization wastes.

iv.  Ammonia fiber explosion (AFEX):

Pretreatment of LB by ammonia fiber explosion (ABEptocess is considered to be an
effective technique in which biomass is treatednwiguid anhydrous ammonia at moderate
temperatures (6G-100C) under high pressured/sier et al., 2005; Kumar et al., 20R9

Similar to steam-explosion pretreatment process, lfomass is saturated with anhydrous
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ammonia in a pressurized reactor for a period metbefore being released to atmospheric
temperature. At high pressure, ammonia causesisgeif LB which consequently disrupts the
lignin structure and increases the surface acabgsibor hydrolysis. Furthermore, it also
promotes hemicellulose depolymerization and pactdiulose decrystallizatiorendriks et al.,
2009; Sousa et al., 2009Alizadeh et al., 200Bvestigated the effect of AFEX pretreatment on
switchgrass. He reported that, the pretreatmerttgsowas optimized at a temperature of 0
with an ammonia loading of 1 kg of ammonia per dibom of dry matter, a moisture content of
80% (dry weight basis), and a residence time ofirh ithe hydrolysis of AFEX-treated samples
results 93% glucan conversion whereas 16%, glucawversion was achieved from untreated
sample under the same hydrolysis condition. Besidd@simum formation of degradation
products this pretreatment process has also sometades which includes lower moisture

content, nearly all ammonia recovery and its rellisab

3.1.24. Biological pretreatment:

Microorganisms such as brown, white and soft rogfucan also be used to degrade the
lignocellulosic materials Zhang et al. 2007; Narayanaswamy et al. 2013hese applied
microorganisms have the ability to degrade hemitasle and lignin part but leaves the cellulose
intact, Sanchez et al., 2009; Nanda et al. 2Q1Biological pretreatment requires lower energy,
mild operation conditions.Mousdale et al., 2008 However, these pretreatments were not so
efficient for biomass conversion owing to longeetpeatment times (several day§gadona et

al., 2007%.
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3.2. Hydrolysisusing homogeneous catalysts:

Previously homogeneous acid catalysts are empléyedhe acidic digestion of LB. For
homogeneous catalyzed hydrolysis process, botlyamic acids (SO, HCI, and HPQ,) and
organic acids (carboxylic acids, p-toluenesulfcsad) can be used as catalyirzialetti et al.,
200&emonstrated utilization of different liquid acidtalysts for hydrolysis of Loblolly pine. A
comprehensive study was also performed to invdstigdfect of pH, acid types, reaction
temperature and reaction time on hydrolysis pralwsing mineral acids viz. HCI, ,BO,,
HNO3;, H3PO, and Trifluoroacetic acid. Among these acids, Tiofbacetic acid is found to be
the promising one and results highest amount ofadiveoluble monosaccharides{0% yield
from the hemicelluloses fraction) at optimized temgture of 150C and pH of 1.65. Similar to
previous work, recentlyHilpmann et al., 2016eported that hemicellulose (xylan) can be
selectively hydrolyzed by four different homogengaiid catalysts (HCI, 0, triflouroacetic
acid, oxalic acid) at moderate temperature (7@P@nd experiment results higher xylose yields
up to 95%. To get maximum sugars yield and minintieeformation of inhibitors optimization
of acid hydrolysis parameters is important. In dogso, Naseeruddin et al., 20®nducted an
experiment to optimized liquid acid catalyst cortcation in biphasic dilute acid hydrolysis of
delignifiedProsopiguliflora. The experiment was performed using phosphorid, &gidrochloric
acid and sulfuric acid separately for biphasic dgydrolysis of delignifie@rosopiguliflora at
110 C for 10 min for phase-land 121 for 15 min for phase-Il.He reported that, amolmgé
acids, sulfuric acid with concentration of 1 & 2%/\) in a biphasic combination, results
maximum holocellulose(cellulose and hemicellula#e}5.44 + 0.44% releasing 0.51 + 0.02 g/L
of phenolics and 0.12 + 0.002 g/L of furans respebt.Furthermore,reaction time and

temperature for delignified substrate hydrolysisngsthe selected acid ¢80O,) was also
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optimized by varying hydrolyzed 55.58 + 1.78% ofduellulose releasing 2.11 + 0.07 g/L and
1.37 + 0.03 g/L of phenolics and furans, respebtiae operating conditions of 11D for 45 min

in phase-l & 121C for 60 min in phase-Il.To avoid higher reactiemperature associated with
dilute acid hydrolysis process, concentrated acadsbe used for biomass hydrolygijaya et
al., 2014; Kumar et al., 2009.acerda et al., 20liBvestigated the effect of concentrated
sulfuric acid (25%) onmercerized sisal at modetataperature (10C). It was reported that
sulfuric acid concentration at 25% favored glucpseduction up to 12% (approximately 10 g
L™). The efficacy of concentrated acid catalysts alas investigated bySpronsen et al., 2011;
Lacerda et al., 201p Lacerda et al., 201&lso reported that oxalic acid at higher conceiatnat
(4.6molL"Y) for hydrolysis of sisal pulp results higher glaeoconcentration (8gt) at
temperature of 10C after 16h and the percentage of hydrolyzed aekilunder these
conditions was 50.4%.

From literature review, it can be seen that minexalds are effectively used at high
temperature (150-250) for hydrolysis processranmahboob et al., 2002;0rozco et al., 2011
but there are also many problems associated with idrolysis process viz., equipment
corrosion, acid separation from the product andirenmnental pollution. The drawbacks of
previously published research activities on hydsislyof LB with homogeneous catalysts are

highlighted inTable 3.2.
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Table 3.2:Drawbacks of previously published research acéisibn homogeneous hydrolysis of

LB
Homogeneous | Feedstock | Pretreatment | Hydrolysis | Glucose | Drawbacks | Reference
Catalysts (w/w Condition Conditions | Yield
of Biomass) (%)
H,SO, Corn cobs _ 403 K, 3.2 Low product| Rivas et
(0.02) 15min yield, High al., 2008
reaction
temperature
H,SO, Rye straw Liquid hot 463K, 2h 43.6 High reaction Rogalinski
(0.01) water time and | etal., 2008
pretreatment temperature
H.SOy Rye silage Liquid hot | 463K, 2h 39.9 High reaction Rogalinski
(0.01) water time and | etal., 2008
pretreatment temperature
H,SOy oak wood _ 353K, 34.53 High acid | Wijaya et
(2.0) 30min concentration al., 2014
H.SOy pine wood _ 353K, 29.94 | Poor product Wijaya et
(2.0) 30min yield and al., 2014
High acid
concentration
H.SO, empty fruit _ 353K, 31.68 | Low product| Wijaya et
(2.0) bunch of 30min yield and al., 2014
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palm oll High acid
concentration
H3POy municipal _ 473K, 30 Poor product Orozco et
(0.05) bio-waste, 10minusing yield, High al., 2011
wood Autoclave reaction
shavings Parr reactor temperature
HsPOy Potato pee _ 408K, 8min| 46.02 Reaction | Lenihan et
(0.3) using temperature| al., 2010
Autoclave and pressure
Parr reactor is high
H3POy Yam Ultrasound 323K, 5h 20.5 Poor produgt Ramon et
(0.5) (Dioscorea | irradiation yield and al., 2015
sp.) high reaction
time
HCI Bamboo Ca' ion, 373K, 4h 39.5 High reaction Wang et
(0.025) [Camim]CI time al., 2014

3.3. Hydrolysisusing Heter ogeneous Catalysts:

Reusable heterogeneous catalysts could be a peologion for hydrolysis of LB over

enzymes or mineral acids. Uses of heterogeneoaly/stst can overcome some of the drawbacks

associated with the enzymes or mineral acids hydi®lprocess and thus present a thought-

provoking and possible opportunity to be used dect¥e catalyst in biomass hydrolysis
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process. In last few decades, utilization of s@ald catalysts as heterogeneous catalyst for
hydrolysis process has been coming up to a progisiathodology. Up to now, several solid
acid catalysts such as carbonaceous acids, H-fewlites, heteropoly acids, functionalized
silicas, metal oxides, supported metals and acthseare used into the cellulose hydrolysis
process.This type of catalysts carry s:8Q-COOH, and —OH functional groups that results
higher catalytic activity over conventional acidtatgsts. This lies in the fact that their
potentiality to adsorlf-1,4glucan resulting good access of reactantsa@ddic sites of -Sbi

groups Guo et al., 2012; Bootsma et al., 2007

To understand the efficacy of carbon based catalysBuganuma et al., 2010; Suganuma
et al., 2011had compare carbon based catalyst against homagehESO, catalyst. Literature
reported 10% glucose yield using$0; (20.4mmold’) for hydrolysis of crystalline cellulose.
The same research group developed carbon matexsg@dbcatalyst possessing sHQgroup
(1.9mmolg") rendering 4% glucose yield. Remarkably, for femtakle sugar production, carbon
based sulfonated catalyst enumerated lower adivanergy compared to conventionalSiy.
The efficacy of carbon based catalyst also invastid) by Sakdaronnarong et al., 201@nd
Zhong et al., 2015Zhong et al., 2015also reported that hemicellulose can be selegtivel
hydrolyzed by nanoscale solid catalysts. Thus, ararbased solid catalyst serve as a good
replacement for conventional and corrosive homoges¢+SO, catalyst. The catalyst revealed
excellent acid density and superior stability imte of catalytic activity and reusabilitiFigure

3.3).

35|Page




20 + 100

[}
LN

[
=

D-glucose yield%o
Remaining contents of 5%

1st 1 2 3 4
Reused number

Figure 3.3:Catalytic activity of reusd carbonbased solid acid for hydrolysis
cellobiose and the remaining S content in the gsttafter reactionsSuganuma et al.,

2010.

Amberlystl5 is a cation exchange resin which is used comairdor effective
conversion of cellulose in hydresis process. Its structure acts like a membranehwallows
penetration of reactants to the site of hydrog&s iduring the hydrolysis reaction. Furthermc
inhibitors which are produced after hydrolysis @& can also be removed by this type
catalst which is an advantage over the other typesadian based catalysiOnda et al., 2008
reported that hydrolysis of 45mg cellulose in Smdtiled water for a time span of 24h by 50
of Amberlystd5 resulted more than 25% yield of glucose at C. Similar to the above stud
Meena et al., 201%lso performed an experiment using ambe-15 for hydrolysis of pretreate
rice straw. The result showed that maximum 255mggar yield was achieved after

hydrolysis at 7% biomass and catalyst loac
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Although solid carbon catalysts have large surf@@a, strong acidity, they have been

difficult to use effectively in large scale duentass transfer limitations, high catalysts costd, an

high energy consumption. The drawbacks of previoysliblished research activities on

hydrolysis of LB with homogeneous catalysts arénhgipted inTable 3.3.

Table 3.3: Drawbacks of previously published research acéigsibn heterogeneous hydrolysis of

LB
Heter ogeneous Feedstock | Pretreatment | Hydrolysis | Glucose | Drawbacks | Refere
Catalysts M ethod Condition Yield nce
(mg/mg of (%)
biomass)
Amberlyst-15 Cellulose Milling 423K, 24h 25 Poor glucose Onda
(1.11) yield, high et al.,
reaction 2008
temperature
and time
AC-SGH Microcrystalli Milling 423K, 24h 40 high reaction| Onda
(1.11) ne temperature | etal.,
Cellulose and time 2008
H-ZSM5 Microcrystalli Milling 423K, 24h 12 Low glucose| Rinald
(12.11) ne yield, reaction | i et al.,
Cellulose time and 2008

temperature is
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high
Amberlyst-15 Cellulose 423K, 3h 15 Poor glucose
(2.0) yield and high| Lai et
reaction al.,
temperature | 2011
Fe;04-SBA-SGH Corn cob 423K, 3h 45 Reaction | Lai et
(1.5) temperature al.,
and time is 2011
high
Fe;04-SBA-SQH | Microcrystalli | [BMIM]CI 423K, 3h 50 Reaction Lai et
(1.5) ne temperature al.,
Cellulose and time is 2011
high
Dowex 50wx8- | Microcrystalli | [EMIm]CI 383K, 4h 83 Reaction time Qi et
100 ne is high al.,
ion-exchange Cellulose 2011
resin
(0.52)
Amberlyst-15 Rice Straw Alkali 408K, 4h 255 Low product| Meena
(2.0) Pretreatment yield, et al.,
temperature is| 2015
high
Glycerol based Rice Straw Alkali 413K, 4t 26.2 Lprmoduct | "Gosw
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Carbon Acid Pretreatment yield, ami et
Catalyst temperature is|  al.,
(1.0) high 2015
CMC-SGH Microcrystalli | [BMIM]CI 403K, 4h 78.5 Reaction Hu et
(0.6) ne temperature al.,
Cellulose and time is 2016
high
CMC-SGH Rice Straw [BMIM]CI 403K, 4h 73.2 Reaction Hu et
(0.6) derived temperature al.,
cellulose and time is 2016
high

[AC-SOsH: Sulfonated activated-carbon; H-ZSM5: Zeolite @o¢ Mobil-5; FeO4-SBA-SGH:

Sulfonic group functionalized magnetic SBA-15 cgtl CMC-SQH: cellulose mimetic

3.4.

catalyst]

Intensification Techniques:

Recently, some Intensification techniques viz. miave, ultrasound, infrared radiation (IR)

are used for effective hydrolysis of the biomasd anhance the conversion yield. Several

research works have been investigated to underst@nefficacy of these auxiliary techniques in

hydrolysis process, which are discussed in moraildetthe following sections.

i. Microwave Irradiation:

In last few years, microwave heating has been adopt biomass hydrolysis process to

accelerate the hydrolysis rate and reduce the iopatime as compared with conventional
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heating mode.The rapid rise in temperature due tcromvave heating causes intra-water
vaporization in biomass which consequently incredsea-particle pressure to untie the biomass
structure and thus reduced the cellulose crysigll{Xue et al., 2011; Chen et al., 20L1The
absorption capacity of microwave energy (600-1600id\ifferent for different lignocellulosic
components\Wan et al.,, 200R Wu et al., 2010performed an experiment with biomass char
sulfonic acid catalyst for hydrolysis of crysta#lircellulose in water under microwave heating.
He reported that using microwave heating atC9€r 60 min can resulted up to 24.1% of
reducing sugar yield which was 3.8 times highenttieat for conventional heating. The uses of
microwave heating with ionic liquids to enhance thalrolysis process were also focused as
they have good solubility for celluloséhang et al., 2009eported that with in 8minup to 37%
reducing sugar yield can be achieved by hydrolyZrgel cellulose in ionic liquid 1-butyl-3-
methylimidazolium chloride ([@nim]CIl) under microwave heating (80 W). He alsoared
that, higher MI power (400 W) can causes degradatfgylucose and produced some byproducts

such as 5-hydroxymethyl furfural, humins.
ii.  Ultrasonic Treatment:

Ultrasonic treatment is another process intersific technique for biomass hydrolysis
where ultrasonic energy is used to depolymerizebibenass structure by using an ultrasonic
probe or an ultrasonic bath. The ultrasound asbkigteetreatment destroys intermolecular
hydrogen bonds between lignocellulosic component$ enhances lignocellulose dissolution
(Tang et al., 2005; Werle et al., 20L5~urthermore, it also endorses solvent penetratito
cellulosic materials and thus increases mass gamateVelmurugan et al., 201linvestigated
the effect of ultrasound pretreatment on sugardaaggasse with 10% NaOH for 1 h in an

autoclave. The results showed that after pretraattn®% lignin reduction is occurred whereas
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79% cellulose and 99% hemicellulose recovery wéseaed. Ultrasonic treatment also altered
the cellulose structure and improves the cellulaseessibility to catalystsMikkola et al.,
2007;Lan et al., 2011)anet al., 201teported that by assistance of 30W ultrasound gnferg
20 min can reduce the complete dissolution timeedfulose in 1-butyl-3-methylimidazolium

chloride ([Gmim]CI) from 190 min to 60 min.
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CHAPTER-4
AIMS AND OBJECTIVES
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4. Aimsand Objectives:

The key objectives of the present research arellasvk:
I.  Identification of appropriate process factors vieaction temperature, catalyst

concentration, batch time, water loading, JOH loading.

II.  Optimization of process factors for hydrolysisatsan to maximize the desired product
yield.

lll.  Reduction of hydrolysis reaction time and reactemperature; hence, minimization of
energy consumption and the overall operating cost.

IV. Intensification of the one-pot hydrolysis of WPP.

V. Analyses of the raw WPP and hydrolysis product BDX(X-ray diffraction), FTIR
(Fourier transform infrared spectroscopy), and HPI(gigh performance liquid

chromatography).
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5. Materialsand Method:

5.1. Materials:

The waste papaya peels (WPP) were collected franldbal fruit shopsand all the
chemicals used were of analytical reagent gradeledgs NHOH (25%), Acetone, DNS (di-
nitro salicylic acid) etc. were purchased from Meirdndia), Amberlyst-15 (with a macro
reticular matrix with an average particle size 0831.2 mm) was purchased from Sigma

Aldrich.

5.2.  Reactor configurations and reaction procedure:

The AFEX pretreatmenBg@lset al., 2011; Zhonget al., 2009; Balanet alQ@)of WPP
was carried out in a three-neck flask using afénared radiated reactor (FIRRR) (150 W; far
infrared wavelength: 2700-30,000 nm). A mecharstiater with speed controller was fitted at
the central neck of the flask and uniform tempegmfiisothermal) was maintained by using a
PID temperature controller. In one-pot conversionthe FIRRR, for pre-treatment purpose,a
measured quantity of WPP was taken into the thes#-flask, followed by addition of measured
qguantity of deionized water and aqueous8H and the mix was stirred at 400 rpm at a
controlled temperature for the specified duratisndearTable 5.6 (a)). After pretreatment, the
reactor content was water-washed to remove thessxbd}.Subsequently for hydrolysis,
measured quantity of water and amberlyst-15 cdtalyse added to the reactor content and
stirred at 400 rpmat a controlled temperature fepecified timeTable 5.6 (a)). Afterwards, the
catalyst and residue PWPP were separated througlurafiltration of reaction mix and the
filtrate was used for determination of glucose @nration by standard DNS methbtiller et

al., 1959.
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5.3. X-ray diffraction analysis (XRD):

The changes in crystalline structural of the ceBel for raw WPP, optimally pre-treated
WPP and optimally hydrolyzed PWPP residue sample® wivestigated by the XRD analysis
using an X-ray diffractometer (INTEL CPS 120 herhispcal detector, Rigakuminiflex Co.
Japan) at 40 kV and 30 mA. The diffracted intensit{u Ko radiation was measured at 1.5418

A wavelengths in &0 range between 0° and 50°.
5.4. Fourier transform infrared spectroscopy (FTIR):

FTIR analyses (FTIR-Shimadzu Alpha, from 400crto 4000crit) of raw WPP,
optimally pre-treated WPP and optimally hydrolyZd&PPresidue samples as well as of product

liquor were analyzed to detect the chemical charatic of the samples.
5.5.  High performanceliquid chromatography (HPL C):

The hydrolysis product was further analyzed throaghAgilent 1200 series HPLC unit provided
with a refractive index detector (RI-HPLC) and a®id HPX-87H column, eluted by deionized
water at a flow rate of 0.6 mLniin The concentration of each compound in hydrolpseiuct
was determined through calibration curves prepaogdanalyzing standard solutions of
respective compounds of known concentrations.

5.6. Optimization:

The TOD[ ‘MINITAB-16": Minitab Inc. USA for Window7] provides a set of 9
numbers of experiments{jto evaluate the impact of all process parametaershe response
variable and a set of optimal process parametersegmonding to maximunfgthrough
estimation of signal to noise(S/N) ratios and asiglpf variance (ANOVA)Tosun et al., 2004
Here, signal (S) represents the arithmetic meatinrele experimental replication values of the
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response ¢g) whereas the noise (N) is the standard deviafldtre S/N ratios are calculated

using the glucose yieldY; ) of each trial as presented by Eq. (1):
S/N = —10I09£%Zn: izj 1)
i=1 Yi
Where, idenotes the number of repetitiomsjs the number of experiments performed in any
particular parametric combinations as pable 5.6 (b).

In pretreatment process, the four independentnpetexrs chosen for the process design
were reactor temperatur@-), batch time @;), NH,OH loading®.,) and water to PWPP weight
ratio (Owp) While Qgwas selected as the dependent parameter (respamakl®) Table 5.6 (a)).
The optimal parameters for pretreatment were etedua\fterwards, the hydrolysis process was
performed by selecting reactor temperatuge), batch time @), catalyst concentratiortfy)
and water to PWPP weight rati®\f) as independent parameters (Tablel)with an obgedtt
maximize theQg. In both pretreatment and hydrolysis, the resp@asameter@g)has been be

optimized using the ‘higher is better’ algorithnr /N ratio.

Table 5.6 (a): Independent experimental parameters and levelspfetreatment-hydrolysis
system of WPP

Pre-treatment Hydrolysis
Process 6, Or 6 Owp
@T(OC) @np(W/W) @Wp(W/W) @pc(Wt. %)
parameters (min) (°C) (min) (w/w)
L1 50 10 0.5 5 60 10 2.5 10
L2 70 20 15 10 70 15 5 20
L3 90 30 2.5 15 80 20 7.5 30
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Table 5.6 (b): Taguchi orthogonal design for pretreatment-hydislggstem of WPP

Trial no Pre-treatment Hydrolysis

Qg Std  S/Nratio Qg Std  S/N ratio
1 L1 L1 L1 L1 1836 +.014 2528 36.36 +260 31.21
2 L1 L2 L2 L2 19.71 +021 258 39.09 +.032 31.84
3 L1 L3 L3 L3 2149 +£150 26.65 43.24 +230 32.72
4 L2 L1 L2 L3 2323 =+022 27.32 70.38 +.017 36.95
5 L2 L2 L3 L1 36.42 +017 3146 87.16 +110 3881
6 L2 L3 L1 L2 2754 =+120 28.79 40.79 +.028 32.21
7 L3 L1 L3 L2 29.28 +.039 29.33 88.21 +015 3891
8 L3 L2 L1 L3 2580 =+110 28.23 55.69 +.140 34.92

9 L3 L3 L2 L1 3576 +016 31.07 59.59 +.022  35.50

L1=Low level value, L2=Middlelevel value, L 3=Upper level value.

5.7. Development of reaction kinetic models:

In the present study a modified PHPF hydrolysistiea model has been formulated to
determine the kinetic parameter of the hydroly$i$WPP at TOD predicted optimal process

conditions.
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5.7.1. PHPF first order reaction formalism

Formulation of pseudo-homogeneous pseudo-firstraeseetion kinetic models of PWPP
under optimal process conditions are based on owioval assumptions; viz. hydrolysis rate is
independent of excess water concentrat©nofig et al., 2004; Jeonget al., 201gseudo-first

order approximation); the PWPP hydrolysis is aseautive irreversible first order series

reactions $aemens,1945; Rafiqulaet al., 2012

The conventional PH model has been modified thraugational consideration ofinitial

glucose concentration of PWPP; &, #0 (2)

A (PWPPKB (Water)l % - C (Glucos@)™ -~ D (Undesired prot (3)
dC

e = dtc = kCGCACB - kDPCC (4)

Wherek; and k,,are the reaction rate constants for formation atgse and deformation of

glucose respectively.

After integration from t=0C. =C_, to t=t,C. = C_ (5)
This Eq. (4) can be rewritten as follows:

Ce = Ceo + KosCalal —kppCet (6)

The reaction rate constaqt, follows Arrhenius equation:

E 1 1
=Egexp ——=8| —-—
Kes cG p{ R [Tz Tlﬂ
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Where E; = the activation energy (kJ/mol) anfl.;,= pre-exponential factoR=8.314x10

3(kd/mol.K).

The kinetic rate constarkf{,) was evaluated using build-in nonlinear applying

MATLAB R2013b.
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CHAPTER-6
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6. Result and Discussion:

6.1. Individual parametric effectsand optimal conditionsfor pretreatment process:

Analysis of variance of the process parameters wihatfect the WPP pretreatment

process in the FIRRR is presented able 6.1 (a).

Table 6.1 (a)indicates that, the reaction temperature and waielWPP ratio are
statistically significant process parameters at @8¥fidence level (p-value < 0.05). Notably, the
process parameter corresponding to highealue exhibited Table 6.1 (b)) greater effect on
the response parameté&dd) compared to the other process parameters. Hraohe 6.1 (b), it
can be concluded that relative significance ofgheess parameters on the response parameter
(Pre) Were O1>0,,>0n>0:. Moreover it was also observed thaiable 6.1 (b)), the reaction
temperature and catalyst to PWPP ratio are stalbtisignificant process parameters at 95%
confidence level (p-value < 0.05). Notably, thegass parameter corresponding to higher
value exhibited Table 6.1 (b)) greater effect on the response paramedgy)) Ccompared to the
other process parameters. From Table 3, it canobeluded that relative significance of the

process parameters on the response paranSBRmMere Or>0p>0>0yy.

Table 6.1 (a):Analysis of variance (ANOVA) of factors affecting R® pretreatment and
subsequent hydrolysis process

WPP pretreatment PWPP hydrolysis
Sum  Adjuste Adjuste
D F p- D Sum of
Source of d mean Source dmean F P
F value value F square value value
square square square
162.¢ 13.¢ 0.0z 1198.¢
o:°c) 1 162.99 o°’c) 1 1198.47 13.0 0.02
9 0 1 7 2 3
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0.17

O(min) 1 3227 3227 2.69 O(min) 1 439.35 439.35 4.77 0.09
6 ' 4
Onp(Wiw 0.12 Opc 1225.6
1 4519 45.19 3.77 1 1225.67 13.3 0.02
) 4 (Wt.%) 7 1 2
Op(Wiw 0.04  Owp(wiw
1 7343 73.43 6.13 1 31.74 31.74 0.58
0.34
) 9 ) 9
Error 4  47.9: 11.9¢ Error 4  368.2] 92.0%
361.¢ 3263.t
Total 8 Total 8
0 0

Table 6.1 (b): SN ratios at different levels of process parametets/arvalues in pretreatment
and subsequent hydrolysis process

WPP pretreatment PWPP hydrolysis

Level  Or &  Op O  Or 6 Ox O
1 2594 2731 27.44 29.27%31.92 35.69* 32.78 35.17*
2 29.19 2853 2809 2801 3599 3519 3476 34.32
3 29.54* 28.84* 29.14* 27.40 36.44* 33.22 36.33* 34.86
Delta@) 3.60 153 1.71 187 452 221 403 0.85

Rank 1 4 3 2 1 3 2 4

The maximum S/N ratio values corresponding to tloegss parametersare marked using
asterisk Table 6.1 (b)) indicating that maximun@gin pretreatment could be achieved at®0

O1, 504, 30 min @, and 2.560,,. Also the maximum S/N ratio values corresponding t
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theprocess parametersare marked using astéraig 6.1 (b)) indicating that maximunflg

(88.21%) in hydrolysis could be achieved al@®: 7.0, 10 min®;, and 100y,

6.2.  Interaction among process parametersfor pretreatment-hydrolysis process:

Keeping other factors at optimal, an increment rietpeatment temperature for any given
time (@) resulted highef2g and vice-versaHigure 6.2 (b) a). These indicate that, the medium
was thermally sensitive. Similarly gradual increasgemperature resulted in high€g and
vice-versa at all values @,, (Figure 6.2 (b) b). On the other hand frofiigure 6.2 (b) b it
could be concluded tha®.phasnegative influence ofeg over the temperature range of
pretreatment. Frorfigure 6.2 (b) d, it is observed that, at highér,, >2.3 Qg increased with
time due to the greater accessibility of XiHH to cellulose. For a specific pretreatment time,
increasing®y, resulted loweKg (Figure 6.2 (b) e). A similar trend was followed ifigure 6.2
(b) f, which again depicted negative effect of increg#i, on Qg for all values®,, considering

the present study.

In one-pot process, after pretreatment, in consexihydrolysis step, keeping other
parameters at optimal level, an increase in tenperaould enhanc@g up to about 12.5 min.
beyond that time, possibility of glucose decompositould occurfigure 6.2 (b) g). A gradual
increase in hydrolysis temperature could accelagiatense yield at higher catalyst concentration
(O>4.9)(Figure 6.2 (b) h). FronFigure 6.2 (b) i, it can be concluded that, the augmented yield

of glucose could be attained at higher temperataependent of,,, values.
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Figure 6.2 (a):Individual parametric effect for each process patamfor (a) Pretreatment; (b)
Hydrolysis process obtained in FIRRR at optimalditbon.
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Figure 6.2 (b): Interaction plot for glucose yield for Pretreatmgai)-(f)) and hydrolysis ((g)-

(1)) of WPP
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Moreover it is observed frolngure 6.2 (b) jthat, at high®>5.0, Qg increased. But as time
spend,Qg gradually decreased. An increment in hydrolysisetifor any given®,, resulted
lower Qgand vice-versaHigure 6.2 (b) k). On the other hand, FroRigure 6.2 (b) dl, it can be
concluded that, the increased vyield of glucosectbel achieved at higher catalyst concentration

(@) independent oy, values.

6.3. Verification Test:

In order to validate the TOD predicted optimal mss parameters for both pretreatment and
hydrolysis process, pretreatment of WPP and hydi®lgf PWPP were conducted at the derived
optimal parametric valued éble 6.1 (b)). The result indicated an acceptable standarcatexni
of Qg(mol %) of +0.227 to +1.243 and +0.198 to +1.5138pectively for pretreatment and
hydrolysis process using FIRRR. Under identicaimgl process conditions, tleg in one pot
pretreatment-hydrolysis process in CHSBR resulted36.42 mol% and 88.21 mol% in

pretreatment and subsequent hydrolysis respectively

6.4. Effect of Infrared radiation on hydrolysiskinetics at optimal condition:

Figure 6.4 depicts the glucose concentration variation withet at optimal hydrolysis
condition in one-pot FIRRR. It can be observed that glucose concentration increased with
increase in hydrolysis time up to 10 minutes urkel® radiation and attains a maximum value of
0.111 mol /L corresponding tRg of 88.21mol%. On the contrary, in case of CHSBR the
glucose concentration increases slowly due to keaction rate and achieves a maximum value
of 0.0499 mol /L corresponding feg of 36.42 mol% within same period of hydrolysis tii®

min).
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Figure 6.4: Variation of glucose concentration with time atioy@l condition in hydrolysis of

PWPP obtained in (a) FIRRR; (b) CHSBR

The main aim of the present work wasassess the effect of FIR radiation in the
hydrolysis reaction along with the pretreatmentcpss in intensifying conversion of PWPP to
glucose in a one-pot pretreatment-hydrolysis systarthe present process, it is found that FIR
radiation (150 W) could applicably accelerate thelrblysis conversion significantly; thus,
shortening the pretreatment-hydrolysis time to exhithe highes€gin comparison with the
conventional heating protocol (500 W). The convarsaf WPP to glucose could be enormously
augmented and intensified significantly as FIR addn (Chakraborty et al., 20156 could
penetrate pretreatment-hydrolysis reaction mix de@nd get absorbed intensely into different
cellulosic-layers to breakdown the crystalline stiwes. Besides, the interactions between the
FIR radiation and the reactant molecules enhame&hbing vibration rendering severe molecular

collisions, thus, facilitating both pretreatment WPP and hydrolysis of PWPP. Hence, the
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conversion of WPP to glucose employingFIR radiatan be considered as an energy-efficient,

time saving and cost-effective method for syntheéglucose.

6.5. Kineticsof PWPP hydrolysis at optimal condition:

The hydrolysis kinetic model at the Taguchi derivegtimal condition has been
evaluated using the modified PH model Eq. (4) eyiptp MATLAB R2013b. The goodness of

fit along with other model fit parameters is presennTable 6.5.

The reaction rate constant and activation energyPtd models for FIRRR at several

temperaturehave been presentedTiable 6.5.

Table 6.5: Hydrolysis kinetic parameters and activation enezxgmputed from different models
for FIRRR.

Apparent Temperatures kinetic Parameters Statistical Parameters
reaction
rate
constants
333k 343k 353k | Ecg(kd/mal) | Ecgo Rzadj RMSE | Modé
p_
value
PH(FIRRR) Kea 0.00104 | 0.00132 | 0.00153 18.84 0.95 | 0.959 | 0.000638 | 6.32e-
08
PH(CHSBR) Ko 0.000295 | 0.000389 | 0.00044 19.57 0.355 | 0.974 | 9.13e-05 | 5.09¢
08

FromTable 6.5, it is quite evident that the reaction rate comtstaare much greater at all
temperatures under FIRRR in comparison with CHSHIRsides, the activation energy
computed under optimal process conditions indicateh lower values in case of FIRRR
compared to CHSBR, signifying lower energy requieaimwhile achieving significantly greater

and faster glucose yield by employing FIRRR.
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6.6. FTIR analysesof hydrolysis product:

Optimal hydrolysis products were analyzed througHRFspectroscopy using FIRRR
(Fig. 11a) and using CHSBRHg. 11b). The vibration at 3426.51 ¢htould be ascribed to
the presence of O-H group.The stretching vibrat#in1410.28 ci corroborated the
existence of H-C-H groupSpcrates et al., 2004 These spectra confirm the characteristic
functional groups of sugars. The sharp peaks a@.28&n, 1150.14crit could be assigned

to C=C and C-O-C bonds respectiveBo¢rates et al., 2004
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Figure 6.6:FTIR analyses of hydrolysis product derived fromRPPat optimal condition (a)

FIRRR; (b) CHSBR.
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6.7. XRD Analysisof WPP:

The X+ay diffractogram of raw WPPFig. 12a), optimally pretreated WPPFig. 12b) and
optimally hydrolyzed PWPP residue by employment FIRRR ig. 12c), demonstrated
appreciable peak a&6=21.8ascribing to crystalline phase of celluloiWang et al., 2006 It
may be apprehended that the cellulose peak ingebgitame sharper due to the effect

pretreatment and subsequent hydrolysis proZhao et al., 200Y.
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Figure6.7:XRD analyses using FIRRR of (a) PWPP residue afgdrolysis; (b) WPP afte

pretreatment; (c) raw WPP at optimal condit

6.8. FTIR analysesof WPP:

The characteristic functional groupsraw WPP Fig. 13a), optimally pretreated WPP
(Fig. 13b) and optimally hydrolyzed PWPP residuusing the FIRRR)(Fig. 13c) were
determined by FTIR spectra. The stretching vibratib 3302.13 ¢ represents -H functional
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group while the existence of-C-H bands were detected at 1413.82'¢@atyamurthy et al.,

2017).A significant peak at 1612.49 * indicates the presence of theHDvibration of adsorbe

water molecules. The peak located at 1026.1™ was attributed to the existence of C

vibrations. Moreover, the C, asymmetric stretching was recorded?8i8.29 cr™* (Oh et al.,

2005. Additionally, CH deformation stretching peak weéstected around 1321.24 ~*. It can

be evidenced fronfig. 13ato Fig. 13c that, gradual augmentation in peak areas occl

corresponding to transformation from raw WPP tc-treatedWPP and finally to hydrolyze

WPP Meyabadiet al., 2014
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Figure6.8:FTIR analyses using FIRRR of (a) PWPP residue &ftdrolysis in FIRRR; (b

WPP after pretreatment; (c) raw WPP at optimal ¢ard
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6.9. HPLC analysesof Hydrolyzed product:
High performance liquid chromatography (HPLC) system evaludtesl quantitative

analysis of produced glucose and other decompaosfoducts arising through the hydroly
process for both FIRRR and CHSBR at the optimatit@n whichis presente in Fig. 14. The
retention times corresponding to glucose, fructoss &-HMF were 8.413min, 13.376 min al
23.985 min respectivelyN@amchot et al., 201). The concentration of the glucose was 89 m
in which the glucose concentration (62mol %) wagimhbigher than the frtose concentration

(28mol %) whereas, the concentration -HMF was relatively smaller (10 mol ¢

: M Glucose
B & Fructose
: ‘- ®5-HMF
g | &
ol ;
S ]
> ] @
1 ®) L fL
0 10 20 30 40 50

Retention Time (min)

Figure 6.9:HPLC of hydrolyzed product conducted in (a) FIRRIR; CHSBR
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7. Conclusion:

Thus, the infrared radiated one-pot batch reacialdcdemonstrate remarkable higher energy
efficiency and productivity in terms of the desirgldicose yield advocating its promising
application in synthesis of fermentable sugar fraaste lignocellulosic vegetable/ fruit
resources in economically sustainable pathwaysprasent study demonstrates an efficient
novel process to convert LB into glucose catalybgdamberlyst-15 using an IRBR. A
substantial reduction in batch time, and highetdy®f the glucose at a considerably low
temperature could be achieved in comparison wittveotionally heated batch reactor. The
Taguchi optimization method could effectively detere the optimal parametric values
corresponding to maximum yield of glucose. The @pgibn of far infrared radiation not
only accelerated the overall reaction but also phecess can be performed at a minimum
temperature level with shorter reaction time as gamad to any other conventional heating
and it improves to get the better yield of gluco&esignificant amount of energy is saved
(almost 27%) through the application of far infidreadiation in comparison with the
conventional heating system. Present study alstoegthe valorization of waste through
preparation of glucose by a cost effective and remvinentally benign process. The method
may also be exploited in the future for direct lojgsis of LB into glucose and other

chemicals.
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8. Future Scope of Work

I.  The hydrolysis reaction under FIR investigatedh@a present study may be conducted in
a manner to facilitate production of 5-HMF, fornacid, levulinic acid by allowing for
additional hydrolysis time to accomplish the sergssction.

II.  One pot pretreatment or hydrolysis of selected L®yrhe carried out in a semi-batch
mode to achieve desired product strategy.

lll.  We can produce bioethanol which is from these uesdl stocks by fermentation
technique. (as a direct substitute of petroleunetdisel, bio ethanol can be produced by
fermentation of lignocellulosic biomass)

IV.  Process factors can be optimized further employmapern technologies like RSM

(Response Surface Methodology), ANN (Artificial MeuNetwork) etc.
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APPENDIX I:

OPERATING VARIABLES

Variables Description
O+ Reactor Temperature
A Batch Time

Onp NH,OH Loading

Oup Water to PWPP Weight
Ratio
Opc Catalyst Concentration

Qg Glucose Yield

SUPERSCRIPTS

Variables Description
K Kinetic Energy
r Reaction Rate
A Pretreated Papaya Peel
B Water

C.g Glucose

D Undesired Product
SUBSCRIPTS
Variables Description

i Number of Repetitions

n Number of Experiments
Performed

t Time
Temperature
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STATISTICAL VARIABLES

Variables

Ke

Description
Reaction Rate Constants for Glucose
Formation
Reaction Rate Constants for Glucose
Degradation
Activation Energy

Pre-Exponential Factor

Concentration of Water and PWPP,
Respectively
Glucose Concentration at Time Zero

Glucose Concentration
Glucose Production Rate

ABBREVIATIONS

Variables

FIR
FIRRR

CHSBR

LB
WPP
PH
PWPP

TOD
PHPF

ANOVA
XRD

HPLC

FTIR

AFEX

Description

Far Infrared
Far Infrared Radradtor

Conventionally Heated Stirred Batch
Reactor
Lignocellulosic Biomass
Waste Papaya Peel
Pseudo-Homogeneous
Pretreated Waste Papaya Peel

Taguchi Orthogonal Design
Pseudo-Homogeneous Pseudo First

Analysis of Variance
X-Ray Diffraction

High Performance Liquid
Chromatography
Fourier Transform Infrared Spectroscopy

Ammonia Fiber Explosion
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