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Abstract

The non-energy circular bioeconomy potential of rice husks was examined via sustainability
assessments, namely life cycle assessment (LCA), life cycle impact cost assessment (LCICA),
and techno-economic assessment (TEA). The study was conducted with three objectives. The
first objective was to review previous studies on the non-energy utilization potential of rice husks
by the method of meta-analysis. This review followed a systematic approach where research
papers were collected following a defined set of criteria. The study revealed 16 key utilization
pathways, all of which showed promising results. However, a comprehensive sustainability
assessment was lacking in all of the pathways. The second objective was to examine the circular
bioeconomy potential of rice husks as a resource for bioplastic production. This study evaluated
the techno-environmental assessment of three bioplastics, namely carboxymethyl cellulose,
cellulose acetate, and cellulose nitrate relative to rice husks combustion. This provided
information on the environmental impacts and the environmental impact costs of all three
bioplastics. The result suggested that carboxymethylcellulose would be the most sustainable
pathway, reducing the impact on human health and the cost of open-air combustion by 82% and
74%, respectively. The third objective was to examine the sustainable production of xylo-
oligosaccharide from rice husk via a techno-economic and an environmental performance
assessment. The study examined two production methods: autohydrolysis and enzymatic
hydrolysis, considering a pilot and a large production scale for each. The results revealed that
autohydrolysis is the best method to produce xylo-oligosaccharides, considering the damage to
the environment and human health, and profitability (net profits of $ 7.1M and $ 42.4M for pilot

and large-scale setups) hence, it is viable to thrive in the market.
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1 Chapter One: Introduction

1.1 Background and Justification

The need to find supplements and/or alternatives to natural resources has become a topic of
discussion over the past years. This is because of the over-exploitation of these non-renewable
natural resources, leading to their drastic depletion (Dixit, 2021). In the quest to curb this
problem, research has been geared toward industrial and agricultural by-products, as these
materials are abundant and exhibit promising characteristics (Dixit, 2021). Nevertheless,
agricultural by-products seem to be more appropriate for this agendum because they are likely to
require no extensive pre-treatments before use (Galanakis, 2013; Lai et al., 2017). Among the
agricultural by-products, however, rice husks are gaining more attention because they are more
common, readily available, and have wide valorization scope (Tan & Norhaizan, 2020).
Nonetheless, most studies on rice husks are poised toward energy production, with only a few
explorations on the non-energy valorization potentials ( Quispe et al., 2017; Lim et al., 2012;
Quispe et al., 2017). These energy pathways focus on fuel and electricity generation, but they
present us with new problems such as pollution, via the different emissions throughout the
process life cycle, making them not entirely sustainable (Kang et al., 2019). An example is the
work by Kwofie & Ngadi, (2016), where the potential of rice husk as a substitute fuel for wood
for rice parboiling process in West Africa was studied via the processes of direct combustion,
briquetting, and gasification. A Green House Gas (GHG) of 8.32, 22.01 and 3.72 tCOze/year
were recorded for the direct combustion, briquetting, and gasification respectively. Even though
the intended purpose of the research, which is to improve fuel situation for the parboiling process
was achieved, the values of GHG are high enough to cause problems such as climate changes

and health problems. Prasara-A & Grant, (2011) also performed a life cycle assessment on the



utilization of rice husk for energy generation, mainly electricity and cellulosic ethanol. The
results showed that such applications will result in high impacts of human toxicity, terrestrial and
marine acidification as well as ecotoxicity. Additionally, utilizing rice husks for energy purposes
is restricted to small-scale systems, as large-scale applications could cause deforestation and
increased rice farming demands. The processes involved in these energy extractions are
somewhat complex and require special control systems. Finally, utilizing rice husks for only
energy applications is not enough because of the continuous rise in rice production which
demands novel means of dealing with associated by-products, such as rice husks, and ensuring
sustainability. The need to look at other alternatives by which rice husks can be valorized is thus
important. This project is therefore aimed at promoting rice systems’ circularity by providing
techno-eco-environmental evidence of non-energy utilization pathways of rice husks. The
research will be conducted with three objectives; the first objective will review the different non-
energy utilization pathways over a 5-year period to understand what has been done and how they
could be improved, and the second and third objectives will explore the overall circularity
potential of using husks as a resource to produce bioplastics and xylo-oligosaccharides

respectively.

1.2 Objectives

1.2.1 Overall Objective

The collective objective of this project is to analyze the circularity potential of rice by evaluating
the valorization pathways and developing a decision support system for the non-energy utilization
of rice husks. This will be achieved by first reviewing the already existing ways rice husks have
been valorized, analyzing the loopholes within those pathways, and finally suggesting ways to

improve them. The assessment will include a meta-analysis of the existing studies on rice husks



valorization, an environmental performance analysis by the method of life cycle impact assessment
and life cycle cost assessment, and a techno-economic assessment of some selected systems. The
assessment is at the farmer/processor level considering selected farmers and processing units and
providing inputs for decision-making regarding rice circularity in Arkansas.
1.2.2 Specific objectives
1. Objective 1: A Meta-analysis of the Non-energy Utilization Potential of Rice husks: A
Systematic Review
2. Objective 2: Circular Bioeconomy Potential of Rice Husk as a Bioplastic Resource:
Techno-environmental Assessment
3. Objective 3: Sustainable Production of Xylo-oligosaccharide from Rice Husk: A Techno-

economic and Environmental Performance Assessment
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2 Chapter Two: A Meta-analysis of the Non-energy Utilization Potential of Rice Husks:

A Systematic Review

Abstract

Rice husk has received enormous attention to be utilized for value-added products over the past
years owing to its amazing properties and wide valorization scope. Most studies are, however,
centered on energy production, with fuel and electricity being the focus. Utilizing rice husks for
energy purposes presents us with new problems such as pollution throughout the process life
cycle and increase in rice farming demands due to high volumes of rice husks requirements.
Moreover, because of the continuous rise in rice production, only the energy options are not
enough. The need to exploit rice by-husks for non-energy purposes is therefore very important.
This review therefore aims at presenting a broad overview of the different non-energy utilization
pathways of rice husks, identify the current trends and research gaps, and provide insight into the
need for further studies in the field. Via a systematic review, a meta-analysis was conducted to
assess the different processes and analysis of 105 published studies on the non-energy rice husks
utilizations. The analysis revealed 16 utilization pathways, most of which showed positive results
in terms of the potential of rice husks. A comprehensive sustainability assessment for these
pathways was, however, lacking indicating that further research is required for a good

justification of non-energy utilization of rice husks.

2.1 Introduction
Rice is the most common cereal in the world and the staple food of about half the world’s

population (Chaudhari et al., 2018; B. L. Tan & Norhaizan, 2020). The production of rice has



been maintained and held steady by the rice industry over the past years, such that as of 2020, the
annual global rice yield was about 769 million tons (FAQO, 2023). This value has been predicted
to increase substantially (an estimated value of 3 billion tons of cereal yield), with a
corresponding rise in the by-products by the year 2050 (B. L. Tan & Norhaizan, 2020). The by-
products of rice are the husk (hull), straw, bran, germ, broken rice, and brewers’ rice (Mohd Esa
& Ling, 2016; Moraes et al., 2014; B. L. Tan & Norhaizan, 2020). These by-products are
obtained via rice milling, a series of mechanisms for processing rice for the market (Figure 2.1).
The rice straw is an important by-product of rice, which unlike the rest of the by-products is
obtained at harvest. It forms the vegetative part of the rice plant and is typically made of
lignocellulosic biomass. Rice straw has the largest mass of all the by-products, about 1.35 tons
for every ton of paddy harvested (Kadam et al., 2000; Moraes et al., 2014). Despite its large
quantity, rice straw has only a few widespread utilizations, with fuel and non-wood fibers being
the major ones (Kadam et al., 2000). Rice husk is the first by-product obtained from the milling
process via a mechanism known as dehulling (shelling). It forms the hard outermost layer that
makes up about 20% of the rice kernel (0.2 tons for every ton of rice harvested) (Moraes et al.,
2014; B. L. Tan & Norhaizan, 2020). It is composed mainly of cellulose (50%), lignin (30%),
and inorganic residue (20%) which is mainly made of silica in the amorphous hydrated form
(Moraes et al., 2014). Rice husk is palpably the most prominent by-product of rice in terms of
valorization potential. This is due to its composition, bulk density (90-150 kgm), caloric value
(12.3 x 108-16.7 x 10° Jkg™?) and packing density (118.2-122 kgm™). Following the husk is the
rice bran. It forms the fibrous layer after the rice husk and makes up about 10% of the paddy
(Moraes et al., 2014; Reafio, 2020). It is composed mainly of lipids, proteins, mineral salts, and

vitamins, typically tocotrienols (vitamin E). Notwithstanding its compositions and nature, the



rice bran has not been exploited to its full potential and hence has a very low value in terms of
usage. Another by-product that is generated from rice processing is rice germ. This is usually
attached to the rice bran after shelling and is considered the most nutritional part of the rice grain
(Mohd Esa & Ling, 2016). It makes up about only 2% of the grain yet it is 40 times more
concentrated in nutrients than the rest of the rice grain (Reafio, 2020). Just like the bran, the rice
germ has had little valorization capacity. Broken rice and brewers’ rice are the final by-products
after processing. The broken rice is the rice that remains (less than three-fourths of the whole
grain) after polishing whereas the brewers’ rice is a mixture of the bran, germ, and broken grains
that are regarded as waste (Bilo et al., 2018). Seemingly, these by-products possess unique
characteristics that can be harnessed to serve as alternatives and/or enhancements for the scarce
non-renewable natural resources. Even though over the past years, these by-products were
ineffectively utilized and under-exploited causing serious economic and environmental
problems, researchers have realized that their unique properties can be harnessed for beneficial
purposes (AlBiajawi et al., 2022; Kumar et al., 2017). This has proven to be a step in the right
direction as innovative ideas have come up and new materials have been built. However, most
studies are poised toward energy production, with fuel and electricity being the focus. These
utilization pathways present us with new problems such as pollution (via the different emissions)
throughout the process life cycle (Kang et al., 2019). Some examples include the work by
Kwofie & Ngadi, (2016), where rice husks were used as a substitute fuel for wood for the rice
parboiling process in West Africa, via the processes of direct combustion, briquetting, and
gasification. The results from the research recorded a Green House Gas (GHG) of 8.32, 22.01,
and 3.72 tCOzelyear for the direct combustion, briquetting, and gasification respectively.

Another study by Prasara-A & Grant, (2011) explored rice husk as a resource for the generation



of electricity and cellulosic ethanol. The results showed that such applications will result in high
impacts of climate change (9.53x10° kg CO> eq), human toxicity (1.61x10* kg 1,4-DCB eq),
terrestrial acidification (5.83x10* kg SO- eq), and marine ecotoxicity (1.10x10? kg 1,4-DCB eq).
These values are high enough to cause significant climate changes and health problems, which
are a disadvantage in the long run. Additionally, utilizing rice husks for energy purposes is
restricted to small-scale systems, as large-scale applications require large volumes of rice husks
for production and this could cause an increase in rice farming demands even though these
applications yield low-value products (Stegmann et al., 2020). Moreover, because of the
continuous rise in rice production which demands novel means of dealing with associated by-
products such as rice husks and ensuring sustainability, only the energy options are not enough.
The need to exploit these rice by-products for non-energy purposes is therefore very important.
With this idea, the aim of this review is to present a broad overview of the different non-energy
utilization pathways of rice husks, identify the current trends and research gaps, and provide

insight into the need for further studies in the field.
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Figure 2.1: The rice processing steps: from harvest to marketing (Moraes et al., 2014)

2.2 Review Methodology
2.2.1 Data Collection

2.2.1.1 Literature search

This review was conducted by following the reporting checklist of the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) (Liberati et al., 2009). A comprehensive
search was first undertaken, to gather the different research works that have been done on the
utilization of rice husk. Articles were sourced from the Science Direct database following two
different search inputs. The searches were focused on papers that fall between the years 2019-

2023 (a 5-year span) with “rice AND husks AND valorization” and “rice AND husks AND



utilization” as keywords for the first and second searches, respectively. This means papers that
have these terms in either their titles, abstracts, main texts or as part of their keywords should be
included as results of the search. The records were next filtered to restrict them to only research
articles and Book chapters. 299 and 811 papers were obtained from the first and second search,

respectively (Figure 2.2). The last database search was performed on May 10, 2023.

2.2.2 Screening

The authors’ name, title, abstract, authors’ keywords, index keywords, year of publication,
journal name, document type and Digital Object Identifier (DOI) of the identified records were
exported to an Excel spreadsheet. The titles and abstracts of the papers were examined, and
records that were clearly not related to the topic were discarded. Records that appeared more
than once were discarded as well. Finally, review papers that went through the initial filtration in
the data search were removed. This left a total of 458 papers, and their full texts were
downloaded for subsequent scrutiny.

2.2.3 Eligibility Test

The full texts from the screening process were examined. For the purpose of methodological
consistency and to limit biases, the following research questions were formulated to serve as
criteria to select the papers for the review.

Is the study concerned with a value-added product, process, or service?
Does the study have a non-energy application?
Are rice husks playing a key role in the study?

Are rice husks compensating for the defects of another material to enhance the findings?

o ~ W e

Does the study solve a problem or help overcome a gap in research?
After careful assessment, 106 papers passed the eligibility test. The study selection is

summarized in the flowchart in Figure 2.2. Data from these records were extracted and sampled
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based on the publication year, main objectives, methods, and major findings (value-added
product, process or service, and application). The review included a general utilization trend, that
reveals the frequency and status-quo of non-energy utilization of rice husk. It also highlights the
relations and links in the various utilization pathways by means of a bibliometric analysis.
Furthermore, an overall analysis of the general overviews of the methods involved in each
utilization pathway is performed. Finally, records that perform any form of sustainability
assessment were assessed. A table showing the references used for the review can be found in

the supplementary document.

Records from Search 1 Records from Search 2
n=209 n=2811
v ¥ | Screening
Total records screened 1£r
n=2a81
:'“IE_Ii_gTiFJ_iIi_t;-_t_eT::t": v Records excluded after screening
"""" N o n= 4538
- Records accessed for eligibility
n=423

h 4

Ineligible records
n=318

Records used for review
n=105

Figure 2.2: Flow diagram of study selection
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2.3 Review Discussion
2.3.1 Non-energy Utilization Pathways of Rice Husks

2.3.1.1 Utilization Trend

Figures 2.3(A) and 3(B) show the distribution of the research over the stipulated years (2019-
2023) and the frequency of the utilization pathways over these years, respectively. From the
graph, it is evident that most studies were conducted in the year 2022, about 47.6% of the total
studies (50 studies). This is proceeded by year 2023 (up to May), with 24 studies (22.9%), and
then by 2021 (18 studies, 17.1%), 2019 (7 studies, 6.7%) and finally 2020 (6 studies, 5.7%).
From this graph, it can be predicted that by the end of the year 2023, there will be more research
on the non-energy utilization of rice husks than in any of the previous years. This is because as
of only May 2023, the recorded number of research on this topic is half the number recorded for
2022 (highest record). This suggests that the interest in non-energy valorization of rice husks is
growing among researchers, especially over the past five years. As shown in Figure 2.3(B), there
are 16 different non-energy valorization pathways for rice husks, however, the largest is utilizing
them for Secondary Cementitious Materials (SCMs). SCMs make up about 36.2% of the total
valorization pathways. Other pathways are biochar (18.1%), biopolymer (11.4%), carbon
(10.5%), bio-composites (11.4%), biocatalyst (1.9%), coagulant (1.9%), zeolite (1.9%), aerogel,
bioactive peptides (BP), xylo-oligosaccharides (XOS), humic acids, molecular sieve, demulsifier

and o amylase.
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2.3.1.2 Utilization Specifics
This section details the process/production systems of the various valorization pathways
mentioned in the previous section. For each pathway, the process, method, techniques employed

and some findings are highlighted.

2.3.1.2.1 Secondary Cementitious Materials (SCMs)

Secondary Cementitious Materials are materials that are used as supplements or alternatives to
cement, essentially playing the binder role and in some cases adding new desired properties to
the building material. SCMs can however, be refined to serve different purposes other than
building materials, such as scaffolds, anticancer drug delivery, acid catalyst and adsorbents
(Dhinasekaran et al., 2020; Haider et al., 2022; Mozafari et al., 2022; Yadav et al., 2022). From
the papers collected, most studies utilized rice husks as these cementitious materials (38 studies).
Table 2.1 shows the different studies on SCMs. From the different studies, the recorded SCMs
include cement, silica, geopolymer, concrete, and Ni-phyllosilicate catalyst. Generally, the
production of these SCMs precedes with sizing the rice husks into desirable particle sizes to
facilitate the subsequent processes within the production system and then subjecting the RH
particles to thermochemical processes to finally synthesizing the material. For example, for
concrete, cement, geopolymer and bricks, the thermal synthesis involves the calcination (thermal
process) of rice husk at a controlled temperature to produce rice husk ash (RHA) and then adding
a defined quantity of the RHA to another mixture (Ketov et al., 2021; Muthukrishnan et al.,
2019; Nana et al., 2021; Plando et al., 2023). These mixtures vary for each SMC type and even
for each study. In the case of geopolymer, examples of mixtures are metakaolin and volcanic
(Nana et al., 2021); aluminum anodizing sludge, sodium silicate and sodium hydroxide (da Silva

Nuernberg et al., 2021); and ceramic waste powder, waste glass powder, waste brick powder,
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waste marble powder, metakaolin, sodium hydroxide, sodium silicate, red mud and
superplasticizer (Uysal et al., 2022).  For concrete, examples are superplasticizer, alkali
solution, water, air-entraining agent, ordinary Portland cement, fine and coarse aggregates
(Plando et al., 2023); sand, cement, hollow clay bricks, water, and tire rubber residues (Sampaio
et al., 2022); and Portland cement, micro-silica, steel fibers, superplasticizer, water, fine and
coarse aggregates (Safdar Raza et al., 2022). Calcium silicate, water, alkali metal
aluminosilicate hydrate, metakaolin, sodium hydroxide, and sodium silicate are a typical
composition of a mixture for cement (Kamseu et al., 2022). In the synthesis of silica, rice husks
are treated with an acid, such as carboxylic acid, gluconic acid, hydrochloric acid, at temperature
ranges from 60 — 85 °C for about 0.5 — 2 h (Gautam et al., 2021; Nayak et al., 2023; Setiawan &
Chiang, 2021). This process is termed acid leaching. This is proceeded by a thorough cleaning of
the rice husks with water (de-ionized in some scenarios) to remove excess acid and then dried.
The dried husks are afterward calcined at temperatures from 450 — 800 °C for 1 — 3 h to produce
silica. Silica synthesized via these processes are generally used for constructional purposes, such
as scaffolds. For non-constructional purposes such as acid catalyst and anticancer drug delivery,
the size of the silica particles required are usually in the nano range hence, the silica produced in
the initial processes undergo further treatment. In the work by Dhinasekaran et al., (2020), the
silica is dispersed in sodium hydroxide solution and heated at 100 °C for an hour while stirring.
This process breaks the SiO» network and produces a transparent sodium silicate solution. This
solution was used to produce silica nanoparticles via the Stober method. Mozafari et al., (2022)
used a similar approach, except that silica is dispersed in sodium hydroxide at room temperature
for 24 h. In the synthesis of Ni- phyllosilicate catalyst as described by Y. Chen et al., (2022),

silica was first produced following similar approaches described above. It was then dispersed in
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a nickel nitrate solution and hydrothermally treated at 220 °C for 48 h. The resulting solution was
centrifuged, washed, dried, and calcined at 400 °C for 2 h to produce Ni-phyllosilicate catalyst.
The main application of this SCM was for CO, methanation. For each study on SCM, the authors
take the materials through some characterization techniques to understand the morphologies,
structure, and chemical compositions of the products. Some of these techniques include Scanning
Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), Thermogravimetric Analysis (TGA), and X-ray Fluorescence (XRF). Some studies,
usually those on cement, concretes, and bricks perform mechanical testing to evaluate the
strengths, toughness, hardness, elastic moduli, water absorption capacity, autogenous shrinkage,
and load deflection capacity of the materials. Overall, the studies show improvements in these
mechanical properties. For example, (Muthukrishnan et al., 2019) recorded an increase of 17%
and 23% in compressive strength and water tightness when 20% of RHA was used as cement in
mortar. Nikhade & Nag, (2022) also showed that a 10% addition of RHA increased the
compressive strength, flexural strength, and tensile strength of the concrete by 27.4%, 29.3% and

34.0% respectively. These indicate that rice husks are good resources for SMCs.
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Table 2.1: Different types of SCMs, their application and characterization techniques and analysis used for their evaluation

Reference SCM Characterization technique, testing and analysis Application
SDTPS for
(Yadav et al., 2022) Silica XRD, SEM, FTIR tissue
engineering
(Muthukrishnan et al., SEM, PIDS, ICP-OES, XRF, XRD, Multipoint N2 adsorption (BET), BJH, -
Cement Building
2019) MIP
(Setiawan & Chiang, Silica EA, Bomb calorimetry, TGA/DTA, ICP-OES, XRF, XRD, FTIR-DTGS, N/S
2021) BET, BJH
(Taiwo et al., 2022) Bricks XRF, FTIR, SEM, Compressive strength test Building
(Safdar Raza et al., SFRC Compressive strength test, Splitting tensile strength test, Load deflection Buildin
2022) test, Water absorption, UPV, CHMC g
DLSG, N2 adsorption isotherms (BET), DSC/TGA, XRD, FTIR, Water o
N ., 2021 I . . Buil
(Nana et al., 2021) Geopolymer absorption, Compressive strength test, ESEM uilding
(Plando et al., 2023) Concrete XRF, XRD, FTIR, SEM Building
(Nayak et al., 2023) Silica XRD, ANOVA, ANN, TOPSIS, SEM, EDS, FTIR N/S
(Gautam et al., 2021) Silica XRF N/S
(Kamseu et al., 2022) Cement MIP, SEM, Flexural test, Indentation test, XRD, FTIR, Scratch test Building
(da Silva Nuernberg et Geonolvmer XRD, FTIR, DSC/TG, XRF, Particle size distribution, Density test N/S
al., 2021) Poly (Archimedes principle), Tensile test (diametrical compression test)
(C. Liu, Zhang, Liu, . . . . -
Lin, etal., 2022) Cement XRD, XRF, BET, Particle size analysis, Compressive strength test, Building
Water absorption analysis, AVPV, Permeability test (air, water, RCPT), .
(Fernando etal., 2023)  Concrete Chloride diffusion, Carbonation of concrete, XRD, FTIR, SEM, EDS Building
Compressive strength test, Elastic modulus, Flexural strength test, Tensile o
Alkhal ., 2022 . . Buil
( alyetal., 2022) Concrete strength test, Autogenous shrinkage, Absorption rate test, SEM uilding
(Dhinasekaran et al., Silica TGA-DSC, XRD, FTIR, micro-Raman spectroscopy, SEM, TEM, Zeta Anticancer
2020) nanoparticle  potential analysis, UV-Vis spectrophotometry application
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(Mozafari et al., 2022)

(Nikhade & Nag, 2022)
(Haider et al., 2022)
(Y. Chenetal., 2022)

(Fernando et al., 2022)

(Sampaio et al., 2022)

(Xiao et al., 2022)
(R. Chen et al., 2022)

(Xia et al., 2023)

(Manubothula & Gorre,
2022)

(Uysal et al., 2022)

(Kannur & Chore,
2023)

(Nasir Amin et al.,
2022)

(Anto et al., 2022)

Nano-silica
Concrete
Silica

Ni-
phyllosilicate
Bricks

Concrete

Cement-
stabilized soil

Cement
Cement

Concrete

Geopolymer

Concrete

Concrete

Cement

FTIR, BET, CHNS analysis, FE-SEM, TEM, VSM, TGA-DTG, EDX, XRD

Compressive strength test, flexural test, STS, water penetration test, Chloride
penetration resistance test, XRF

XRD, FTIR, EDS, FESEM, SEM-EDS, XRF, BET, Adsorption capacity
analysis, ED-XRF, WD-XRF

XRF, XRD, SEM, TEM, ICP analysis, H2-TPR analysis, DRIFTS

LCA, Benefit analysis, leaching analysis, cost analysis

LCA, Compressive strength test, tensile strength test, flexural test, modulus
of elasticity, water absorption analysis, sensitivity analysis

Compressive strength test, STS, SEM

SEM, EDS, XRD, MIP, UCS, BSE, Compressive strength test

LCA, SEM, MIP, XRD, Compressive strength test, Isothermal calorimetry,
TGA

Compressive strength test,

SEM-EDS, XRD, Compressive strength test, water absorption analysis, STS,
Flexural test, UPV, abrasion resistance test

Compressive strength test, XRF, XRD, FESEM, Flexural test, STS, RCPT,
Water absorption test, water penetration test, EDX

FTIR, XRF, XRD, SEM-EDS, TGA, N2 adsorption isotherm analysis, LCA,
Compressive strength test, STS, Apparent porosity analysis, Water
absorption analysis,

UPV, Water absorption test, acid attack test, XRD, Compressive strength
test, flexural test,

Acid catalyst

Building

Adsorbent
for dye
removal
Cco2
methanation
Building

Building

Building

Building
(road)

Building

Building

N/S

Building
(road)

Building

Building
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(Nie et al., 2022)

(Meraz et al., 2023)

(Yanetal., 2022)

(C. Liu, Zhang, Liu,
Zhu, et al., 2022)

(Ketov et al., 2021)

(Shetye et al., 2023)

(Hu et al., 2020)

(Pimentel Tinoco et al.,
2023)

(Wahab et al., 2022)

Magnesium
oxychloride
cement

Concrete

Cement

Concrete

Bricks

Silicate

Cement

RH particles

Silica

Compressive strength test, Water resistance analysis, Water absorption
analysis, Volume stability analysis, XRD, TGA, EDS, DSC, Environmental
assessment

XRD, XRF, PSD test, EMI, Compressive strength test, flexural test, STS,
Modulus of elasticity, structural application assessment, SEM, Chloride ion
penetration test, MIP

Flexural test, Compressive strength test, EDX, XRD, SEM, STS, Shrinkage
test, Compression resilience modulus test, Freeze-thaw cycle test

SEM, XRD, MIP, STS, Compressive strength test, Environmental Impact
Assessment

SEM, DSC, TGA, XRD, Compression test

SEM, EDS, Total organic carbon analysis, turbidity measurement, ANOVA

Sustainability analysis, Compressive strength test, XRD, XRF, Laser particle
size analysis (BJH), Lime-ash test, Isothermal calorimetry, Sulfate resistance
analysis, Environmental benefit analysis

XRF, Density measurement (Helium pycnometer), Laser diffraction, SEM,
Isothermal calorimetry, Rheological test

XRD, PES, Electronic densimeter, Color chromaticity, UV-vis spectrometry,

Building

Building

N/S

Building

Building
Oceanic

phytoplankto
n

Building

3D printable
cementitious
composites
Zinc
borosilicate
glass

N/S — Not stated



2.3.1.2.2 Biopolymer

Table 2.2 summarizes the different biopolymers from the various studies. From the studies, the
different biopolymers produced from rice husks are cellulose, aromatics, Superabsorbent
polymers (SAPs) lignin and melamine formaldehyde. Each biopolymer type is produced via a

series of thermochemical processes at regulated temperatures and time.

2.3.1.2.2.1 Cellulose and Cellulose-based Polymers

Table 2.3 describes the production of cellulose and cellulose-based biopolymers as illustrated by
Hafid et al., (2021), Aboelfetoh et al., (2023), Yeboah et al., (2022), Gupta et al., (2019), Rashid
& Dultta, (2021) and Hayatun et al., (2020). The production of cellulose as described by the
studies has four main unit procedures, that is pretreatment, milling, alkali treatment, and drying
with the only disparities been type of chemical used, temperature values and process times. The
first process, pretreatment, usually involves washing and drying of the rice husks to get rid of
any inorganic impurities, such as dust that may be part of the husks. However, this process could
go beyond washing and drying. For example, in the study by Rashid & Dutta, (2021), the rice
husks were dewaxed as part of the pretreatment process. Dewaxing helps remove the extractive
substances found in the husks, such as was, fat, fatty acids, terpenes, and steroids that may
become impurities in production reactions (Novitasari et al., 2019). Pretreatment is followed by
milling, which involves grinding and sieving the rice husks into finer particles to facilitate the
subsequent conversion reactions. Following this process is alkali treatment. This process
involves treating the husks in an alkali solution at elevated temperatures to remove the silica and
some part of lignin and hemicellulose content from the rice husks to obtain cellulose. From the
studies, the common alkalis used are sodium hydroxide (NaOH) and potassium hydroxide

(KOH). Some studies subjected cellulose to other reactions such as acid hydrolysis, bleaching,
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and mercerization for the purpose of obtaining better results. For example, acid hydrolysis is
performed to neutralize any excess sodium hydroxide from the alkali treatment step and remove
excess lignin and hemicellulose. Some studies perform this process as an environmentally
friendly mechanism (Hafid et al., 2021). The process of acid hydrolysis involves heating the
alkali-treated husks in acidic solution, such as sulfuric acid and nitric acid. Bleaching involves
treating cellulose with bleaching chemicals, such as sodium chlorite (NaClO.) at elevated
temperatures to remove the coloring components in the rice husk to obtain white cellulose.
Mercerization also involves treating the cellulose with chemicals, usually isopropanol and
sodium hydroxide at elevated temperatures to give it a lustrous appearance and increase its
strength (Gupta et al., 2019). Cellulose can be further processed to give other forms of
biopolymers, such as carboxymethyl cellulose, cellulose acetate, and cellulose nitrate (Gupta et
al., 2019; Hayatun et al., 2020; Rashid & Dutta, 2021; Yeboah et al., 2022). The processes
involved in each biopolymer type are described in Table 2.3. The production of carboxymethyl
cellulose involves treating cellulose in monochloroacetic acid at elevated temperatures, a process
termed etherification. This is proceeded by washing the resulting material with ethanol (some
studies add hydrochloric acid in this process), filtration and finally drying. Cellulose acetate and
cellulose nitrate follow similar routes, except that in their production, the first steps are
acetylation and nitration, respectively, rather than etherification. Acetylation involves treating
cellulose in acetic anhydride and iodine, whereas nitration involves treating it in a concentrated
nitric and sulfuric acid solution (Yeboah et al., 2022). Hayatun et al., (2020) also produced an

unknown polymer with the addition of chitosan solution and sorbitol.
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Table 2.2: Different types of biopolymers, their application and characterization techniques and analysis used for their evaluation

Reference Biopolymer Characterization technique, testing and Applicati Combined
. pplication
analysis resource
(Yeboah et al., 2022) Carboxymethyl cellulose, Uncertainty analysis, Sensitivity analysis,
cellulose acetate, LCA, LCICA N/S None
cellulose nitrate
(Zakaria et al., 2020) Lignin UV-vis spectroscopy, FTIR, TGA, NMR,
FESEM, KFC, GC-MS N/S None
(Hafid et al., 2021) Cellulose TGA, DTG, FTIR, PCA, XRD, SEM, TEA
N/S None
(Rashid & Dutta, 2021) Carboxymethyl cellulose  Degree of substitution (wash method),
Rotational viscometry, FTIR, XRD, TGA, Cake additive None
TPA, DMRT
(Kenawy et al., 2021) SAPs FTIR, TGA, SEM, Water absorption capacity
test, Pot experiment Agriculture None
(Gupta et al., 2019) Carboxymethyl cellulose  Degree of substitution, FTIR, XRD, Tensile Food
test, Elongation test packaging None
(Hayatun et al., 2020) Cellulose-based plastics FTIR, Tensile test, Elongation test
N/S None
(Moogi et al., 2022) Aromatics N2 physisorption (BET), NH3-TPD, GC-
TCD/FID, GC-MS, DTG N/S None
(Balasubramanian & Lignin Raman Spectrometry, NMR, TGA, FTIR
Venkatachalam, 2023) N/S Marble waste
powders
(Moogi et al., 2021) Aromatics (benzene, N2 physisorption (BET), NH3-TPD, TCD
toluene, ethylbenzene, N/S None
xylene)
(Aboelfetoh et al., Cellulose XRD, SEM FTIR, EDX, TEM, VSM, BET, Wastewater Iron and Zinc
2023) TGA/DTG, Adsorption isotherm study treatment oxide

nanoparticles

N/S — Not stated
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Table 2.3: Synthesis of cellulose and cellulose-based polymers

Reference Cellulose production Cellulose-based polymer production
1.Washing RH with distilled water and drying in an oven at 70 1.Etherification in mono-chloroacetic (20% wi/v) acid
at 55 °C
"Cfor 16 h 2.Washing with hydrochloric acid and ethanol
2.Milling to a particel size of 0.177 mm 3 Filtration and  drying at 60 °C to  obtain
carboxymethyl cellulose
3.Alkali treatment in sodium hydroxide (5% w/v) in a 1:5 ratio 1.Acetylation in acetic anhydride and iodine at 80 °C
for5h
In an autoclave at 120 °C for 0.75 h 2.Cooling and treatment with saturated sodium
4.Washing and filtration thiosulphate
3.Ethanol addition and stirring for 1 h
(Yeboahet 5 Acid hydrolysis in nitric acid (10% wi/v) at 120 °C for 2 hto  4.Washing with ethanol (75% v/v) and distilled water
al., 2022) 5.Drying at 60 °C

obtain cellulose

6.Washing with distilled water to remove excess acid
7.Bleaching in sodium chlorite (3% wi/v) and acetic acid (25%
w/v) at 70 °C

8.Mercerization in isopropanol and sodium hydroxide (20%

w/v) at 55 °C for 3 h

6.Dissolution in methylene chloride, filtration and
evaporation of filtrate
7.Collection of CA residue with ethanol and drying at

60 °C for 2 h to obtain cellulose acetate

1.Nitration in concentrated nitric and sulfuric acid
nitration solution for 1 h

2.Quneching by excess deionized water

3.Filtration of precipitate by vacuum

4.Incubation in boiling water for 5 min




144

5.Washing and drying at 60 °C to obtain cellulose

nitrate

1.Milling to a particle size of 0.25 mm
2.Alkali treatment in potassium hydroxide (6% w/v) at 85 °C
for2h

1.Etherification in 20% chloroacetic acid at 50-60 °C
for 2.5-4 h

2.Washing and filtration with ethanol and

(Gupta et 3.Acid hydrolysis in sulfuric acid (4% w/v) at 85 °C for 2-2.5h  hydrochloric acid

al., 2019) 4.Bleaching in sodium chlorite (3% w/v) and acetic acid at 80 °C  3.Drying at 60 °C in oven to obtain carboxymethyl
for4h cellulose
5.Mercerization in isopropanol and sodium hydroxide (20%
wi/v) at 50-60 °C for 2.5-4 h
1.Milling to a particle size of 0.1-0.25 mm 1.Etherification in monochloroacetic acid at 55 °C for
2.Dewaxing in 1:2 v/v methanol:benzene at 75 °C for 9 h 4h
3.Alkali treatment in sodium hydroxide (3% w/v) at 45 °C for 8§ 2.Washing and filtration with C.HsOH

(Rashid & 3.Washing with absolute ethanol

Dutta, 2021)

4.Autoclave samples at 121 °C, 15 psig for 8 h — repeated thrice
5.Bleaching in 6.5:2.0 v/v acetic acid:hydrogen peroxide at 45
°C for 7h

6.Mercerization in isopropanol and sodium hydroxide (40%

wi/w) for 50 min

4.Drying at 60 °C for 9 h to obtain carboxymethyl

cellulose

(Hayatun et
al., 2020)

1.Cleaning and drying RH in sun

2.Milling to a particle size of 0.177 mm

3.Maceration with methanol sovent for 7 dyas

4.Alkali treatment with 5% wi/v solution of sodium droxide and

sodium carbonate

1.Addition of chitosan solution and mixing
homogeneously

2.Additon of sorbitol solution and stirring

3.Printing mixture on glass plate

4.Drying at 60 °C to obtain plastic film




T4

5.Acid hydrolysis with 10% sulfuric acid
6.Drying at 50 °C in an oven

(Aboelfetoh
etal., 2023)

(Hafid et al.,
2021)

1.RH is pulverized and soaked in 0.4 M sulfuric acid for 2 h,
while stirring at 90 °C

2.Washing of solid residue with distilled water

3.Alkali treatment in 0.9 M sodium hydroxide at 90 °C for 2 h
4.Bleaching with 0.33 M sodium chlorite solution and acetic acid
at80°Cfor4h

5.Washing of residue with de-ionized water

6.Drying

1.Alkaline treatment with 5% sodium hydroxide solution in a
1;10 rice husk:liquor ratio at 120 °C for 0.75 h

2.Acid hydrolysis with 25 wt% acetic acid, 5 wt% hydrogen
peroxide and 5 wt% sulfuric acid or 10 wt% nitric acid
3.Filtration and washing with distilled water — twice

4.Drying at 60 °C for 24 h

5.Bleaching with a buffer solution of sodium chlorite, 1.47%
acetic acid and distilled water at 70 °C

6.Cooling and filtration

7.Drying at 60 °C for 24 h

None

None




2.3.1.2.2.2 Aromatics

Moogi et al., (2021) and Moogi et al., (2022) described the production of another type of
aromatics. Aromatics are organic compounds or polymers that emit pleasant smells. Examples
are benzene, toluene, ethylbenzene, and xylene. The first step of production involves the
synthesis of a catalyst, typically a zeolite-based catalyst, via the incipient wetness impregnation
method. The method involves fusing y-Al.O3 with a solution of rare earth metal nitrates, that is
La(NOz3)3:6H.0 and Ce(NO3)3-6H20 in water and drying it for about 12 h at 110 °C. This sample
is afterward calcined in a nitrogen medium for 5 h at 650 °C. The resulting material is then
impregnated with aqueous nickel nitrate solution, dried at 110 °C for 12 h and calcined in a
similar nitrogen medium for 5 h at 650 °C. The catalyst is enhanced by the addition of gallium,
typically in the form of Ga(NOs3)-xH20 aqueous solution, followed by drying, calcination and
reduction in hydrogen gas. The catalyst is then passivated at room temperature in nitrogen gas
and is used for the aromatic synthesis. The synthesis involves a thermo-catalytic conversion of
rice husks in an ex-situ pyrolyzer, consisting of three chambers. The first chamber is filled with
methane (40% balanced He, 50 mL/min) and nitrogen gas (50 mL/min) to create the right
medium for the production (depending on the stage of production). The second medium is filled
with the rice husk feedstock. This is where the production occurs, at a temperature of 650 °C.
The third chamber is filled with the synthesized catalysts and kept at a temperature of 550 °C.
The rice husks in the second chamber are heated to produce biomass vapors, which are quenched
at -22.5 °C by a chiller system and collected and in the third chamber, where the conversion
occurs. Aromatics such as benzene, toluene, ethylbenzene, and xylene are produced in this

process, and are used in medicine, plastics and as pesticide components (Moogi et al., 2021).
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2.3.1.2.2.3 Superabsorbent polymers (SAPS)

SAPs are hydrophilic homopolymers with lightly crosslinked three-dimensional structure that
have high liquid retaining capacities. They are the most successful of the products in the
hydrogel family, with applications extending from agriculture to pharmaceuticals (Zohuriaan-
Mehr et al., 2010). Their production as described by Kenawy et al., (2021) involves the
dissolution of gelatin in distilled water (7-26 wt%) at 50 °C while stirring at 750 rpm. RH is then
added to the mixture and stirred until homogenization. Acrylic acid (70% neutralized with
KOH), acrylamide, methylene bis-acrylamide, tetra methyl ethylene diamine (as catalyst) and
potassium persulfate (as initiator) were added, and the entire composition is heated at 70 °C for
5-10 minutes. This completely polymerizes the mixture, which is afterward washed with ethanol
to remove impurities. The final product is dried in a vacuum oven at 70 °C to a constant weight,
milled and sieved into powder. The SAP produced was in the form of a composite and was used

for water retention purposes in soil.

2.3.1.2.2.4 Lignin

In lignin production, a green solvent termed Deep Eutectic Solvent (DES) is first synthesized by
mixing choline chloride and p-toluenesulfonic acid monohydrate in a 1:0.5 ratio at 50 °C. A
slurry of RH (5-30 wt%) is added to the solvent and reacted at 70 °C for an hour. The mixture is
then centrifuged, and the cellulose-rich residue is filtered out. The filtrate is washed with distilled
water to remove any excess DES, and then dried at 50 °C. The remaining content was treated
with 1 wt% sulfuric acid to obtain a liquified fraction, containing solubilized lignin. Lignin is
precipitated by adding deionized water as an antisolvent and allowing the solution to sit for 24 h
at room temperature. After precipitation, lignin is washed with deionized water and dried at room

temperature (Balasubramanian & Venkatachalam, 2023).

27



2.3.1.2.2.5 Melamine formaldehyde

The production involves washing rice husks with distilled water and drying them in an oven at
100 °C. The dried RH are milled to submicron sizes and treated with sodium hydroxide at 100 °C
for 12 h. Alkali-treated RH are washed to remove any excess sodium hydroxide and then treated
with sodium periodate (NalO4) aqueous solution for 5 h at 60 °C. Sodium periodate-treated RH
and melamine were added to dimethylsulfoxide and heated for 6 h in dry air atmosphere at 120
°C, followed by a refluxed at 180 °C for 2 days. The sample is filtered to obtain melamine
formaldehyde (R. Chen et al., 2023). The authors utilized this as an adsorbent to remove
bisphenol A, bisphenol B and some other micropollutant (dye). The results showed that there
was a rapid mass transport and a good adsorption performance towards phenolic and other

antibiotic pollutants.

These biopolymers after production were characterized to study their thermal, physical, and
chemical properties. Techniques such as FTIR, TGA, SEM, XRD, UV-vis spectroscopy and
viscometry were employed. Some authors also studied their sustainability, including Life Cycle

Assessment (LCA) and Techno-economic Assessment (TEA).

2.3.1.2.3 Bio-composites

Rice husks have been combined with other distinct materials to form new materials via different
methods such as extruding, stir casting, . Table 2.4 summarizes some different bio-composites,
the method used for their production and their applications. MP-XRD, HR-SEM, TEM, FTIR,
XPS, EDAX, ICP-OES, TGA, DSC, mechanical testing (tensile, flexural, and dynamic
mechanical analysis), and 3D surface characterization were some characterization techniques
employed for the study. Other bio-composites produced includes Co0304-RH, AIN-epoxy-RH,

novolac-epoxy-RH, MCM-41-RH, protein isolate-RH, epoxy-RH, and SiC/C (Alshahrani &
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Arun Prakash, 2022; Balaji et al., 2022; Di et al., 2021; Kavitha et al., 2021; Mortada et al.,

2022; Wu et al., 2022; Zuwanna et al., 2023).
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Table 2.4: Different types of bio-composites, their production and application

Reference Bio-composite Production Application
1.RH is milled (0.42 mm)
2.Polypropylene and RH are fed into a corotating twin screw
(Hidalgo-Salazar & Polypropylene-RH (PP-  extruder separately at 165-185 °C and 50 rpm Reusable
Salinas, 2019) RH) . spoons
3.PP-RH are cooled in water bath
4.PP-RH are cut into pellets and dried at 60 °C
1.RH is washed with distilled water and dried at 95 °C for 48 h
2.Dried RH is pyrolyzed at 600 °C for 3 h in nitrogen to obtain
biochar
3.Na-TiO2 nanoparticles is synthesized by dissolving p25-
TiO2 powder in 10 M NaOH for 2 h, followed by hydrothermal
. o I . Wastewater
(Kamran et al., _ _ processing at 130 °C for 63 h, filtration and washing treatment
Nickel-doped TiO2-RH . Lo . . ) ;
2023) 4.Biochar is dissolved to distilled water to form a solution via (Pb(ll) ions
I removal)
ultrasonication
5.Na-TiO; is dissolved in Ni(CH3;CO,)-4H0 via ultrasonication
6.Both solutions are mixed and autoclaved at 120 °C for 15 h
7.0btained precipitates (bio-composite) are filtered, washed,
dried, and heated at 350 °C for 8 h
1.RH is washed and dried at 110 °C for 3 h
2.RH is treated with 1 M nitric acid and then 1 M NaOH
(Dada et al., 2022) RH-ZnO . . . . Wastewater
K 3.RH is carbonized at 400 °C for 1 h in 1 M phosphoric acid and  treatment

dried at 105 °C to obtain RH activated carbon (RHAC)




1€

4.RHAC is dissolved in 1.5 M (NH4).COs and 1 M Zn(NO3); is
added

5.Bio-composite begin to precipitate after 3 h

6.Bio-composite is filtered, washed with water and ethanol,

annealed, ground, and calcined at 550 °C for 4 h

(Udoye et al., 2021)

AA6061-RH

1.RHA is milled to 75 microns

2.AA6061 is melted in a graphite crucible at 750 °C

3.Magnesium and wetting agent were added to the melt to reduce

casting fluidity and surface tension N/S
4.RHA powder is heated at 200 °C for 1h

5.RHA powder is heated at 600 °C and added to the melt to

obtain bio-composite

(Arumugam et al.,
2021)

RH-SD-Bio-benzoxazine

1.RH and SD are treated in sodium hydroxide solution at 80 °C for
3h

2.The fibers are washed and dried at 60 °C for 24 h

Acoustic

3.Alkali-treated RH and SD were soaked separately into X
adsorption

DGEBA-isophorone diamine blend
4.The blends are poured into a mold and cured overnight at room
temperature under mild pressure

5.The bio-composites are post cured at 100 °C for 3 h

DGEBA — bisphenol-A epoxy; AAA6061 — Aluminum Alloy 6061; SD — Saw dust



2.3.1.2.4 Biocatalysts

Wang et al., (2023) and Unglaube et al., (2022) produced catalysts from rice husks. The
processes described by each study were different and as a result, different outcomes were
observed. Wang et al., (2023) synthesized the catalysts via the incipient wetness impregnation
method. The process involves extracting silica from rice husks by pretreating (washing with
deionized water and drying at 60 °C for 24 h), treating dried RH in sulfuric acid (0.5 mol/L) at 60
°C for 0.5 h, filtration, washing, drying acid-treated RH at 60 °C for 24 h, and finally calcining
RH at 600 °C for 6 h. Silica from RH is added to a solution of dichloromethane and Co(II)
acetylacetone while stirring. The mixture is allowed to sit for half an hour at a temperature of 30
°C, and afterward dried at 60 °C for 12 h. The sample is milled into fine powder and calcined at
450 °C for 3 h to obtain the catalysts. The study by Wang et al., (2023) utilized the RH-based
catalyst in the selective synthesis of a large diameter single-walled carbon nanotube. Raman
spectroscopy, UV-vis-NIR spectroscopy, TEM, SEM, TGA, FTIR, XRD, UV-vis-DRS
spectroscopy and XPS were used in the study. Unglaube et al., (2022) on the other hand
dissolved rice husk in a solution of Co(I1)Cl2-6H20, ethanol and phthalocyanine at 21 °C while
stirring for 24 h. The solvent is evaporated in a vacuum and the treated RH is pyrolyzed under a
nitrogen atmosphere at 600 °C in an alumina pot inside a quartz tube furnace (which is flushed
out after pyrolysis) to obtain the catalyst. SEM, XRD, BET, XPS, IR, and ICP-OES were
employed in the study. For both studies however, the catalysts showed amazing stability and ease

in usage and reusability.

2.3.1.2.5 Coagulants
K. L. Tan et al., (2022) and Dadebo et al., (2023) derived coagulants from rice husks and used

them for wastewater treatment. In the study by K. L. Tan et al., (2022), RH is first washed with
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distilled water to remove soil particles, dirt and other surface impurities, and milled to a particle
size in 50-100 microns range. RH powder is treated with 0.1 M sodium hydroxide solution while
stirring at 300 rpm for 0.5 h. The solution is centrifuged at 5000 rpm for 5 minutes to obtain an
aqueous suspension of RH. The suspension is filtered, and the filtrate is used as coagulant to treat
urban and agricultural runoffs. The results showed that RH-based coagulant exhibited a good
performance with optimized removal rates of 85.9-95.2%, 85.1-89.8% , and 68.5-74.2% for
turbidity, total suspended solids, and chemical oxygen demand, respectively. FTIR, EDX and
SEM were employed in this study for surface functionalities, morphological characteristics, and
elemental composition. Dadebo et al., (2023) used a different approach. Firstly, RHA was
produced by calcining pretreated RH (double washed with distilled water and dried at 105 °C for
24 h) at 700 °C for 2 h. RHA is sieved to obtain a particle size of 0.2-0.3 mm and is used as
coagulant to remove surfactant-laden wastewater. The results showed that RHA can removed
surfactant by 42.3% at a 3.79 g/L RHA dosage. SEM, EDX, FTIR and XRD were used in the

characterization analysis. TEA for the design process was also studied.

2.3.1.2.6 Zeolite

Zeolite (beta) was produced by Phouthavong et al., (2023) via the dry-gel conversion method.
The process involves extracting rice husk ash from rice husks by alkaline extraction, followed by
acid precipitation to produce silica needed for the production. RHA is dissolved in 20 wt%
sodium hydroxide solution and 10 wt% tetraethyl ammonium hydroxide solution and stirred for
half an hour. Further dissolution was achieved by using ultrasonication for 2 h. Al>(SO4)3-16H.0
is then added and mixed via ultrasonication for an hour. The mixture is stirred for 16 h, followed
by heating at 80 °C. The solution is stirred for another 8 h and iron oxide (Fe3Os) is added. The

solution is allowed to sit until a dry gel is formed. The gel is collected, crushed, and put in an
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autoclave at 180 °C for 12 h in a convection oven. The product is collected and calcined at 450
°C for 12 h to obtain zeolite. The zeolite produced was utilized as an adsorbent to remove
paraquat herbicide from an aqueous solution. The results showed that the zeolite had a high
adsorption rate, quick magnetic separability, and excellent reusability up to about five cycles.
XRD, UV-vis spectrophotometry, FE-SEM and EDS were used in the study for property
analysis, such as crystallinity and morphology. Na Chat et al., (2022) also produced zeolite (X)
for adsorbent purposes, specifically propionic acid adsorption. The production involves washing
and drying of RH overnight to remove any inorganic impurity. Dried RH is dissolved in 1 M
hydrochloric acid at 90 °C for 2 h, after which they are filtered, washed with distilled water, and
dried. The acid-treated RH are calcined at 750 °C for 4 h to obtain RHA (silica source). Zeolite
X is produced afterward following another authors’ work, but with sodium aluminate as alumina
source and sodium silicate as extra silica source. XRF, XRD, SEM, and nitrogen adsorption/
desorption test were utilized in the study to characterize the zeolite adsorbent. The results
showed that the highest propionic acid adsorbed by the zeolite was 516 mg/g for 0.5 h

equilibrium time.

2.3.1.2.7 Bioactive Peptides (BP)

The production begins with extracting protein hydrolysates from rice husks. This is done by
putting rice husks into an extraction vessel containing pressurized hot water at a pressure of 5 bar
for 45 minutes. The temperature, pH, water flow rates were varied to evaluate the best
parameters for optimum protein yield. From the experiment, the optimum parameters were found
to be 60 °C , pH 10.0 and 2.0 mL/min flow rate. The process hydrolyzed rice husks to give
protein hydrolysate (bioactive peptides). The authors studied the anticancer activities of free

bioactive peptides and chitosan-encapsulated bioactive peptides (synthesized using ionic gelation
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method) using the Hoechst 33,342 staining fluorescent dye (apoptosis process). Analysis such as
UV-vis spectrophotometry, fluorescence microscopy, and Box-Behnken response surface design

(based on ANOVA) were also performed.

2.3.1.2.8 Xylo-oligosaccharides (XOS)

XOS are prebiotics which serve the purpose of feeding beneficial bacteria within the digestive
tract of organisms, specifically humans. Their production as described by Khat-udomkiri et al.,
(2020) involves treating RH in 12% sodium hydroxide solution in a 1:10 ratio at 120 °C for 0.75
h. The liquid from the alkali treatment is acidified afterward with glacial acetic acid. Three
volumes of ice-cold ethanol are added to precipitate xylan from the liquid and is dried in hot air
oven. The precipitated xylan is dissolved in a 50 Mm of citric acid-Na2POa buffer and incubated
with commercial xylanase at 120 rpm and 50 °C for 2 h. After this time, the extract is boiled for
5 minutes in a boiling water bath to terminate the reaction. XOS slurry is filtered and dried to
obtain XOS powder. The authors further studied antihyperglycemic effect and putative
mechanisms of XOS using a diabetic rat model, using biochemical analysis, in vivo intestinal
permeability analysis (Fluorescein isothiocyanate-dextran), g-PCR and some statistical studies,

specifically ANOVA. The results showed that XOS can be used to treat diabetes.

2.3.1.2.9 Humic Acid

The production of humic acid from rice husks follows a bio-fermentation approach, as described
by Zhao et al., (2023). RH is dried in the sun and then milled to about 10 mm. Urea is added to
the crushed RH, followed by water (60% water content). Active bio-enzymes are then inoculated
into the system and left for 7 days to cause fermentation, and the subsequent production of humic
acid. Humic acid has different benefits such as improving soil properties and enhancing plant

growth, but in this study, it was used as an adsorbent to remove lead contaminants (Pb(I1)). Also,
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some characterization techniques, such as XRD, elemental analysis, hexamine cobalt (I11)
chloride extraction spectrophotometry, BET, EDS, and XPS were employed for property

analysis.

2.3.1.2.10 Molecular Sieve

Molecular sieves are three-dimensional crystalline metal aluminosilicates that are usually used
for drying fluids and for separating molecules based on their size and shape. Their production as
described by Mahdavi Fard et al., (2022) washing RH and drying them at 110 °C for 12 h. The
dried RH is burnt at 700 °C for 5 h to obtain RHA, which is treated with hydrochloric acid in a
1:10 ratio at 80 °C for 3.5 h. The treated-RH (purified) is filtered and washed with distilled water
until a pH of about 7 is reached. The RHA is dried at 120 °C for 16 h afterwards. Aluminum
isopropoxide, tetraethyl ammonium hydroxide, morpholine and water are mixed for 2 h until
homogenization to obtain a white color gel. Phosphoric acid is added dropwise to the gel and
mixed for 1 h forming AIPOg structures. RHA is finally added to the solution and mixed for 24 h
at room temperature. The mixture is autoclaved at 200 °C to obtain a solid and liquid phase,
which is then centrifuged at 5700 rpm to separate the phases. The solid matter is filtered, washed
with deionized water and ethanol, and dried at 110 °C for 14 h. The dried sample is calcined at
550 °C for 6 h to obtain molecular sieve. The authors further studied the properties of the
molecular sieve by employing XRD, SEM, BET and EDX. The molecular sieve was also used by

the authors as catalyst in the synthesis of olefin from methanol.

2.3.1.2.11 Demulsifier
Yuan et al., (2022) described the production of demulsifier from rice husks using a one-step
hydrothermal approach. The process involves adding rice husks, distilled water and sulfuric acid

into an autoclave and stirring at 180 °C for 12 h, after which the mixture was cooled. The
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mixture is washed with distilled water to remove any excess sulfuric acid and then dried in a
vacuum freeze dryer to obtain the demulsifier. This was used to study the separation of crude oil
and distilled water. FTIR, zeta potential, EDS, and XPS were employed to study the properties of

the demulsifier.

2.3.1.2.12 Aerogel

The production of aerogel as described by De Oliveira et al., (2019) begins with the extraction of
cellulose nanocrystals (method is described by (Garcia-Gonzélez et al., 2011)). Cellulose
nanocrystals are dispersed in water (2% w/v) and stirred at 35 °C for an hour. Poly (vinyl
alcohol) is dispersed in water (21% w/v) and stirred at 90 °C for an hour. The two dispersions
were mixed until homogenization to obtain aerogel. The morphology, crystallinity, thermal
stability, and suspension ability were analyzed by means of SEM, XRD, TGA, and zeta
potential, respectively. The water absorption potential and of the aerogel was also measured and

the aerogel was applied in food packaging.

2.3.1.2.13 Biochar

Biochar is basically charcoal produced from plant matter mainly for carbon dioxide removal
from the soil. The production of biochar from rice husks is similar for all the studies that worked
on this valorization pathway, with the only difference being the method of pretreating rice husks
prior to the conversion process. Biochar is produced from rice husks by the process of pyrolysis,
however, treating rice husks in certain chemicals increases the yield of biochar and enhances
some properties as well (Bian et al., 2022; Khan et al., 2020; Pham et al., 2022). Some
pretreatment processes include alkali treatment, addition of other biomasses, and acid treatment
(Phan et al., 2022; Shi et al., 2019; Tabassam et al., 2022). Certain conditions such as pyrolyzing

RH in the presence of nitrogen gas and pyrolyzing temperature have proved to influence some
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properties such as adsorption efficiency within the biochar (Khan et al., 2020; Shi et al., 2019).
The authors studied these properties using techniques such as XRD, Catio Exchange Capacity

analysis, BET, UV-vis spectroscopy, and SEM-EDS.

2.3.1.2.14 Carbon/Activated carbon

The production of carbon and activated carbon from rice husks follow similar processes,
involving rice husks pretreatment and carbonization. The rice husks pretreatment generally
involves washing, drying, and treating the rice husks in an acidic and/or an alkali solution at
elevated temperatures. In the pretreatment process by Tagne et al., (2021), rice husks are washed
with tap and distilled water and dried in the sun for 72 h. Dried rice husks are treated in 1 M
phosphoric acid for 0.5 h and afterwards dried at 105 °C for 24 h. In the experiment by Leal Da
Silva et al., (2021), rice husks are cleaned, treated in 1 mol/L nitric acid for 24 h, washed, and
dried at 105 °C for 24 h. The dried rice husks are treated in sodium hydroxide with the same
concentration as the acid for 24 h before carbonization. Some studies such as Y. Liu, Tan, Tan,
& Cheng, (2022) washed RH with reverse osmosis water and dried them at 105 °C overnight as
pretreatment process. The idea behind pretreating RH prior to carbonization is to remove the
organic contents, such as lignin and hemicellulose and some inorganic contents, such as silica
from the rice husks before carbonization (Leal Da Silva et al., 2021). The process of
carbonization generally involves pyrolyzing rice husks in an inert condition, such as nitrogen gas
and argon gas environments at temperatures typically around 450-900 °C. The carbon/activated
carbons produced are usually used for wastewater treatment and supercapacitors (Arkhipova et

al., 2022; Gaikwad & Balomajumder, 2023; Xue et al., 2022).
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2.3.1.2.15 a-amylase

a-amylase is a hydrolytic endoenzyme that is used in the production of short-chain
oligosaccharides such as maltose and maltotriose. Its production from rice husks, as described by
Rathi et al., (2022) involves autoclaving an RH substrate which is made of RH and distilled water
ina 1:10 ratio at 15 psi and 121 °C for 20 minutes. Sub-cultured bacterial strains (Staphylococcus
aureus MTCC and Bacillus subtilis MB6) were inoculated into the substrate T 37 °C for 48 h in an
incubator. The substrate hydrolysate is then centrifuged at 10000 rpm and 4 °C for 20 minutes.
The supernatant collected is a-amylase. UV-vis spectroscopy was employed to study the protein

concentrations in the enzyme.

2.3.2 Sustainability assessment (SA)

The idea behind utilizing rice husks for non-energy applications is to reduce the impacts the
energy applications have on the environment, humans and resources. To justify this, some form
of assessments are required to put metrices on the impacts of the various non-energy valorization
pathways. Sustainability assessment presents these metrices via techniques such as Life Cycle
Assessment (LCA), Life Cycle Costing (LCC), and Social Life Cycle Assessment (SLCA)
(Allotey et al., 2023; Sala et al., 2015). This section therefore describes the methodologies and
results of the sustainability assessments for the studies. Out of the 105 studies, only 10 studies
performed at least one of the sustainability assessments (Table 2.5). From the table, 7 studies
performed only LCA, 1 study performed only LCC, two studies performed both LCA and LCC,

and none of the studies performed SLCA.
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Table 2.5: Sustainability assessment studies

SA techniques

Reference Product oA Tcc S CA
(Yeboah et al., 2022) Biopolymer v v X
(Setiawan & Chiang, 2021) Silica v x X
(Hafid et al., 2021) Biopolymer X v X
(Fernando et al., 2022) Bricks V4 V4 X
(Sampaio et al., 2022) Concrete v x X
(Xia et al., 2023) Cement v x X
(Nasir Amin et al., 2022) Concrete v X X
(Nie et al., 2022) Cement v x X
(C. Liu, Zhang, Liu, Zhu, et al., Concrete y y y
2022)

(Hu et al., 2020) Cement v x X

2.3.2.1 Life Cycle Assessment (LCA)

LCA is the part of sustainability assessment that deals with measuring the potential
environmental impacts associated with a process, product, or service throughout its life, usually
from raw material acquisition to use and disposal (termed cradle-to-grave) (Arvanitoyannis,
2008). According to the International Standards Organization (ISO 14040), LCA is performed
following 4 main phases: goal and scope definition, inventory analysis, impact assessment, and
interpretation (Figure 4) (ISO, 2006). For the goal and scope phase, the goal section involves
defining the reasons for carrying out the assessment, the intended application, and the intended
audience for the study. ISO requires that the goal should be stated without any ambiguity. The
scope section involves describing the product system in question, the areas of the system to be
considered in the study (system boundaries), the functions of the system, the unit measurement

the impacts are going to be scaled to (functional unit), the impact method used for the study, data
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requirements (sources of data, geographical coverage, time, technology, and uncertainties),
assumptions, and limitations. These are defined to ensure that the goal of the study is met. The
second phase, inventory analysis involves collecting data (both qualitative and quantitative) and
performing some calculations to get relevant inputs and outputs, such as resources, energy, and
emissions for the study. In the impact assessment phase, the potential environmental impacts are
evaluated using results from the inventory analysis and methods defined by the goal and scope
phase. The final phase, interpretation is where the results from the inventory and the impact
assessment phases are clarified in the form of conclusions and recommendations, usually to
decision-makers for the direct applications. LCA is an iterative process hence, all phases are
connected (Figure 4). Even though the 1ISO 14040 is the global standard of performing LCA,
there are a wide range of pathways LCA can be made (Cellura et al., 2022). Table 2.6
summarizes the different approaches LCA was performed by the different studies. From the
table, all except two clearly stated the goal of their study. Their goals mainly focus on evaluating
the environmental impacts associated with their production system, however, some studies also
focused on comparing impacts between different pathways within the same system or other
systems. An example is the study by Yeboah et al., (2022) where the impacts between
biopolymer production from RH were compared to that for RH combustion. Setiawang & Chang,
(2021) also compared the impacts of two different pretreatment methods for producing silica.
Some studies also focused on evaluating only the impacts associated with their system by a
single impact indicator, for example, global warming potential (Nasir Amin et al., 2022). Most
studies used a similar framework for their system boundaries, that is, a cradle-to-gate system that
includes raw material extraction, transportation, and process/production. Some studies extended

their system boundaries to distribution, usage, and end-of-life (Fernando et al., 2022). The major
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types of data used in most studies were secondary, usually from literature or LCA databases,
such as Ecoinvent, Agribalyse, and European Life Cycle Database (ELCD). In addition to these
sources, some studies performed mass and energy balance calculations to generate other inputs
for the study ( Setiawan & Chiang, 2021; Yeboah et al., 2022). Overall, data availability was not
an issue for the studies hence, performing the LCA was not very challenging. The common
impact assessment used in the studies was the ReCiPe 2016. However, most studies did not state
the type of impact assessment method used in the LCA, and some adopted equations from
literature to compute the impacts (Hu et al., 2020). The TRACI was also employed by one of the
studies (Setiawan & Chiang, 2021). SimaPro and OpenLCA were the predominant software used
for the assessment. Nevertheless, one study used the GreenConcrete LCA tool for the assessment
(Nasir Amin et al., 2022). Overall, the results obtained by the studies showed positive
environmental performances of RH utilization, highlighting different impact indicators with their
respective refernce units. However, the common impact indicator was global warming potential
(climate change), with COz as refernce unit. From Table 2.6, SCMs are showing the highest CO>
emissions, compared to biopolymers, with cement having the highest of all SCMs (182-630 kg)
(Hu et al., 2020; Nie et al., 2022); Xia et al., 2023). Even though this value is high, it is a

“mitigated result” due to the addition of RH. The original CO2 emission was around 273-660 kg.
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Table 2.6: Summary of LCA studies showing their methodologies and results

Methodology

Ref . .
elerence Goal Inventory Impact Functional unit System . Software
source method boundaries
Compare Impacts e Literature e 1 kg of
between . A Cellulose
. e M/E (SuperPro  ReCiPe biopolymer .
(Yeboah et al., biopolymer . extraction,
. Designer) 2016 (M) produced . OpenLCA
2022) production from Ecoi and (E) 10 ka of RH biopolymer
RH and RH * Ecoinvent ° 90 production
combustion database combusted
Compare impacts « M/E
(Setiawan & of silica production Agribalyse
o
Chiang, 2021) between two V3% 1 y TRACI v2.1 1 kgof RHused  Silica production OpenLCA
g pretreatment -
methods e ELCD V3.2
Compare the Raw materials
impacts of o Literature extraction,
(Fernando etal.,  producing bricks . ReCiPe (M) ) . transportation, .
e Ecoinvent 1 m? of brick wall . . SimaPro
2022) from RH and fly datab (H) brick production,
ash versus Portland atabase distribution, usage,
cement end of life
Analyze the 1 lab-scale floor .
] Raw materials
impacts of o Literature slab (that supports roduction
(Sampaio et al., producing concrete Ecoi ¢ ReCiPe 2016 720 kg load and 'E)rans ortati,on dab  SimaPro
2022) from RH and tire .d tcciomven (M) manages 2.81 kg assenF:bI was’te
rubber residue alabase TRR and 1.38 kg mana er):w,ent
(TRR) RH) g
Investigate the . Raw material
impacts of © Literature production
(Xia et al., 2023) . e Ecoinvent N/S N/S ; SimaPro
producing cement database transportation,

from co-

cement production




517

combustion RH and
sewage sludge

Estimate the global
warming potential

Raw materials

(Nasir Amin et of unit, binary and  Literature N/S L unit volume production, GreenConcrete
al., 2022) concrete . LCA tool
ternary concrete transportation
mixes
(Nieetal., 2022) N/S Literature N/S 1 m3 of cement N/S N/S
(C. Liu, Zhang, 1 m? of concrete Raw material
Liu, Zhu, et al., N/S Literature N/S ) extraction, cement  N/S
mixture .
2022) production
Raw material N/S
Evaluate the 1 metric ton of extraction (Equations
(Huetal., 2020)  impacts of RH in Literature N/S L quat
. RH transportation, from literature
cement production .
cement production  were used)
Reference Results
Impacts of RH utilization Conclusion

(Yeboah et al.,
2022)

Global warming potential: 0.0404 — 0.0408 kg CO; eq
Fine particulate matter formation: 0.0002 — 0.0005 kg
PM2.5 eq

Terrestrial acidification: 0.0005 — 0.0008 kg SO; eq
Human health damage: 0.0731 — 0.0745 DALY
Ecosystem damage: 0.00000765 — 0.00000774
species.yr

Utilizing RH to produce biopolymers is environmentally
sound than combusting it. However, CMC gives the best
results compared to the other biopolymers (CN and CA)

(Setiawan &
Chiang, 2021)

Eutrophication: 0.02 kg N eq

Global warming potential: 3.57 kg COzeq
Smog formation: 0.1 kg Os

Acidification: 0.02 kg SO-

Respiratory effects: 0.002 kg PM2.5 eq

Producing silica from RH is environmentally sound
however, using gluconic acid as pretreatment agent
instead of carboxylic acid gives better results




1%

(Fernando et al.,
2022)

Global warming potential: 36.9 kg COzeq
Particulate matter formation: 0.0553 kg PM2.5 eq
Human toxicity: 1.22 kg 1,4 DBC eq

Bricks produced with RH addition shows overall benefit
of 1.77 kg 1,4 DBC eg/m? in terms of human toxicity
impact compared to those with only Portland cement

(Sampaio et al.,
2022)

Climate change: ~36 kg CO- eq

Fine particulate matter: ~0.035 PM2.5 eq
Ozone formation: ~0.072 kg NOy eq
Terrestrial acidification: ~0.0765 kg SO- eq

Utilizing RH for concrete production reduces its
environmental impacts

(Xia et al., 2023)

Acidification potential: ~0.06 kg SO; eq
Photochemical ozone creation potential: ~0.007 kg
CoHa eq

Global warming potential: ~182 kg CO; eq

Fossil fuel depletion: ~800 MJ eq

RH reduces the overall environmental impact when used
in cement production. The best outcome is using 50 wt%
RHA replacement

(Nasir Amin et
al., 2022)

Global warming potential: 293 kg CO, /m®

Utilizing RH and other SCMs as cement is a safe practice
and results in the production of green concretes with low
GWP and uncompromised strengths

(Nie et al., 2022)

Embodied CO; index: ~575 — 630 kg CO>

RH has high environmental benefits

(C. Liu, Zhang,
Liu, Zhu, et al.,
2022)

Global warming potential: 282.64 — 427.09 kg CO: eq

RH reduces the carbon emissions in concrete and overall
improves environmental benefits

(Hu et al., 2020)

CO2 emission: 317.21 — 346.22 kg CO; eq
Energy consumption: 1127.46 — 1278.83 MJ eq

RH reduces CO, emission and energy consumption in
cement production




2.3.2.2 Life Cycle Costing (LCC)

Life Cycle Costing is a technique of sustainability assessment that evaluates all the costs
associated with the life cycle (production, use, and end of life) of a product, process, or service
(Korpi & Ala-Risku, 2008). LCC can be performed at two levels: internal and external
assessments. The internal assessment deals with the costs associated with the technological
aspect of the production system, typically by method of a Techno-economic Assessment (TEA)
whereas the external assessment deals with the costs associated with the effects the production
system has on the environment, typically by method of an Environmental Impact Cost
Assessment (EICA). TEA is performed in two parts: a technical analysis that involves the
process design, modeling and simulation, and an overall process optimization, and an economic
analysis that estimates the production cost and profitability of the production (Allotey et al.,
2023). EICA estimates the costs associated with the environmental impacts of the production
system by transforming those impacts into monetary units (Yeboah et al., 2022). From the
studies reviewed, three performed LCC: Yeboah et al., (2022) performed an environmental
impact cost assessment, and Hafid et al., (2021) and Fernando et al., (2022) performed techno-
economic assessment. In the environmental impact cost assessment by Yeboah et al., (2022), the
environmental impacts of each production system (carboxymethyl cellulose, cellulose acetate,
cellulose nitrate, and combustion) was transformed into monetary units using weighting factors
from the EcoValuel4 impact monetization method. The transformation involved multiplying the
impacts by the factors, which are originally in Euros (€) and later converted to US Dollars ($).
The weighting factors provided were for nine midpoint impact categories including abiotic
resources (€ 0.01136/MJ), global warming potential (€ 0.3315/kg CO»-eq), photochemical

oxidation (€ 2.06/kg NMVOC-eq)), acidification (€ 3.76/kg SO2-eq), marine eutrophication (€
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11.45/kg N), freshwater eutrophication (€ 84.7/kg P), human toxicity (€ 0.3555/kg 1,4 DCB-eq),
marine toxicity (€ 1.15/kg 1,4 DCB-eq), and particulate matter formation (€ 34.3/kg PM). The
costs were computed in reference to 1 kg of rice husks used and based on the different impacts
associated with the production systems, however, the weighting factors for some of these
impacts were missing, blurring the actual results. Overall, the costs associated with the
biopolymers were significantly smaller than that for combustion. Carboxymethyl cellulose,
nevertheless had the lowest cost of approximately $ 0.72 among the all the biopolymers.
Fernando et al., (2022) performed a cost analysis on brick production, scoping from raw
materials manufacturing, raw material transportation to brick production for two different
systems; RH-brick and Portland cement (PC) brick. The analysis was mainly focused on
determining the costs involved in the production, without any profitability assessments.The
conventional TEA was used to estimate the costs for the various unit processes for both systems,
and it was found that producing RH-bricks will have an overall cost of $ 0.22 per brick
produced, with the highest contributor being the raw material manufacturing stage, specifically,
sodium silicate manufacturing ($ 30.36/m®) . A cost of $ 0.16 was recorded for a single PC brick
produced (27% reduction in cost). Hafid et al., (2021) perfomed a similar analysis on cellulose
production from rice husks via two methods (chlorine and nitric acid exctarction methods) using
SuperPro Designer software. The analysis was on an annual basis, focuisng on fixed and general
equipment, utilities, maintenance, labor, raw materials, and consumables. The analysis revealed a
capital investment cost of $ 1.309 million and $ 3.191 million for chlroine and nitric acid
extraction method, respectively, and total production cost of $ 13.316 million/year at a plant
capacity of 13,190 tons/year, and $34.285 million/year at a capacity of 26,380 tons/year for

chlroine and nitric acid extraction method, respectively. Hafid et al., (2021) further perfomed a
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profitability assessment at a selling price of $ 5500/ton of cellulose and project lifetime of 15
years. Overall, a higher revenue was generated for the chlorine method, with a Net Present Value
(NPV), return on investment and payback time of $ 21.13 million (at a 7% rate of interest),

240.64% and 0.42 years, respectively.

2.3.2.3 Social Life Cycle Assessment (SLCA)

Social life cycle assessment is the branch of sustainability assessment that evaluates the
sociological impacts of a product, process, or a service. It follows a similar approach to the
conventional life cycle assessment, except that the functional units and impact indicators are
different. The functional units used in SLCA are not directly expressed in terms of processing
units (Allotey et al., 2023). The common impact indicators used in SLCA are human rights,
working conditions, health and safety, cultural heritage, governance, and socio-economic
repercussions, and these are generally linked to five main stakeholders, namely worker,
consumer, local community, society, and value chain actors (UNEP/SETAC, 2013). Social life
cycle assessment is under gradual development yet, a very important assessment of sustainability
assessment, mainly because it helps recognize damages that may occur to businesses when they
do not meet stakeholder demands (reputational risks) and alleviate them. Nevertheless, none of

the studies performed SLCA.

2.4 Conclusion and Recommendations

This study reviews the different non-energy utilization pathways of rice husks by analyzing the
different processes involved in each production system and assessing their sustainability, in
terms of life cycle assessment, life cycle costing, and social life cycle assessment. The review
showed that rice husks have high non-energy utilization potential and have been used in different

fields and for different applications including medicine (xylo-oligosaccharide, scaffolds,
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bioactive peptides, nano silica), construction (cement, concrete, bricks, silica), food
(biopolymers, aerogel), wastewater treatment (adsorbents, coagulant, demulsifier, bio-
composites, zeolite), electronics (capacitors, carbon nanotubes, sensors), agriculture (biochar,
fertilizer, humic acid) and biochemical industry (biocatalysts, molecular sieve, a-amylase).
Overall, the authors recorded positive results in terms of improvements in their products,
reduction in production costs, and ease of production. However, there were limited studies on the
sustainability of the various utilization pathways. Less than 10% of the total articles reviewed
conducted a sustainability assessment, with no study on social life cycle assessment. Moreover,
the few studies on the sustainability assessments (LCA and LCC) were incomprehensive, as only
limited relationships between the two assessments were established. To justify the use of rice
husks for non-energy applications, more studies should be conducted on the sustainability of the

production systems for the said applications.
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3 Chapter Three: Circularity Potential of Rice Husk as a Bioplastic Resource: Techno-

environmental Assessment

Abstract

Rice is the most common cereal and staple food to about half the world’s population, with high
annual production. The effective utilization and exploitation of rice husk, a significant by-
product of rice, has been challenging. The negative environmental consequences of current
practices, primarily caused by open-air combustion, have led to several other utilization options
being explored for more sustainable use. Therefore, in this study, we examine the techno-
environment potential of rice husks as a resource for bioplastic production relative to open-air
combustion. Specifically, we explore three technologies and their environmental implications for
biodegradable bioplastics production pathways: carboxymethylcellulose, cellulose acetate, and
cellulose nitrate. Using life cycle assessment (LCA), we examine the environmental impact and
associated environmental cost for bioplastic transformation relative to open-air combustion. The
result suggests that carboxymethylcellulose would be the most sustainable pathway, reducing the

impact on human health and the cost of open-air combustion by 82% and 74%, respectively.

3.1 Introduction

Rice is the staple food for about half the world’s population, and its production has continued to
rise for the past decade (Tan & Norhaizan, 2020). With the development of new technologies
and tools, the production rate is estimated to boost (a value of about 3 billion tons of total cereal
yield) in 2050 (Tan & Norhaizan, 2020). This rise will call for the need to deal with its

associated by-products, specifically rice husk, along the rice value chain. Figure 3.1A shows rice
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husk yield for the top three rice-producing countries in the world (China, India, and Indonesia)
and USA for 57 years. Rice husk (RH) makes up about 20% of the total rice paddy and is
composed of 28-50% cellulose, 25-30% lignin, 15-20% silica, and 8.68-10.44% moisture
(Korotkova et al., 2016; Tan & Norhaizan, 2020). Until recently, the effective utilization and
exploitation of rice husk has been difficult (Goodman, 2020). It was usually used for animal
bedding, mulch, or burnt in open fields, which are unsustainable (Battegazzore et al., 2014; Tan
& Norhaizan, 2020). With the realization of its organic compositions, the continuous rise in its
yield, and other important mechanical properties such as bulk density (90 — 150 kg/m?), high
calorific value (12.3 x 10%— 16.7 x 10° J/kg) (Awulu et al., 2018), packing density (118.2 — 122
kg/m?®) and a characteristic dimension of 8-10 mm long, 2-3 mm wide, and 0.2 mm thick (Bajo Jr
& Acda, 2017), rice husk has gained the attention of researchers and other stakeholders,
particularly towards circular explorations (Singh, 2018; Zou & Yang, 2019). These explorations
include fuel production, building materials, insulation materials, bioplastics, and fertilizer
production (Mistry, 2016; Moayedi et al., 2019; Moraes et al., 2014). Figure 3.1B shows some
research on valorization pathways of rice husks from 2010 to 2021. Among these, research on
bioplastics production is gradually getting massive attention due to the need to replace synthetic
plastics and utilize agricultural wastes such as rice husk for non-energy applications (Hayatun et
al., 2020; R. G. de Azevedo et al., 2022). This is because synthetic plastics have shown huge
production growth, as millions of tons are being produced annually worldwide with huge
environmental problems throughout their life cycle, from monomer synthesis to disposal or
recycling, due to their non-biodegradable nature (Appendix A) (Gokce, 2018; Heredia-Guerrero
et al., 2019; Khazaei et al., 2014; Okunola A et al., 2019). As of 2015, about 322 million tons of

synthetic plastics have been produced (Gupta et al., 2019). This value surged to about 380
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million in 2018, and is predicted to increase in the coming years, mainly due to the inexpensive
cost of production (Okunola A et al., 2019). Also, the high cellulose content makes rice husk a
good fit for bioplastic production (Singh, 2018). While most research focuses on bioplastics to
reduce the negative implications associated with the production and use of synthetic plastics,
there is little data on the environmental performance of their production (Life Cycle Assessment
(LCA), eco-efficiency) (Wang et al., 2019). Thus, a thorough knowledge of the environmental
impacts associated with the processes as well as their variations involved in the production, is
essential (Di Maria et al., 2020). This will provide insight into the selection of the most
appropriate technology to use for optimal environmental benefits and will also serve as
preliminary data for future projects. As highlighted by Aidoo et al., (2022), the utilization of co-
products and byproducts from the agri-food sector to achieve a circular bioeconomy is the
critical pathway to achieving a meaningful food system sustainability. This study therefore aims
to provide comprehensive techno-environmental data on rice husk conversion to bioplastics
across multiple process options and provide data quality analysis in terms of uncertainty analysis.
Specifically, we are exploring the technological and environmental trade-offs of the production
of three different biodegradable bioplastics: carboxymethylcellulose (CMC), cellulose acetate
(CA), and cellulose nitrate (CN), from rice husk and compare their overall sustainability to open-

air combustion (a current practice of disposing rice husks).
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3.2 Methodology
3.2.1 Process Description and Design

3.2.1.1 Overview of Conversion of Rice Husks into Cellulose-based Biopolymer

The first production step for all cellulose-based bioplastics from rice husk involves the extraction
of cellulose. The cellulose is then set to undergo some series of processes and reactions to
produce the final bioplastic. This series of processes and reactions determine the form of
bioplastic made (Cao et al., 2009; Das et al., 2014; Gupta et al., 2019; Jamal et al., 2020). For the
three bioplastics of interest, the determining processes are etherification, acetylation and nitration
for CMC, CA, and CN, respectively. Generally, for the first part of the conversion (cellulose
extraction), the rice husk undergoes pretreatment (washing and drying) to remove any impurities
and then ground and sieved to obtain finer particles. The husk powder is afterward subjected to
alkali treatment and heated to remove the silica content and some parts of lignin and
hemicellulose (Gupta et al., 2019; Hafid et al., 2021). This is followed by removing the
amorphous regions present in the cellulose fibers by adding acid at a suitable concentration to the
rice husk and heating the resulting matter. The acid also neutralizes any left-over alkali after the
alkali treatment. This process is termed acid hydrolysis. The final step in the cellulose extraction
is bleaching, where the coloring components in the rice husk are removed to obtain white
cellulose. This process involves the addition of a bleaching agent to the colored cellulose and

subjecting the resulting matter to heat.

3.2.1.2 Process and Product Characteristics
In this section, details of the production of each bioplastic from rice husk, as well as the

characteristics of the bioplastic produced were examined. The results of this analysis are presented
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in Table 3.1. From literature, only works on carboxymethyl cellulose and cellulose acetate were

found, no research work was found on the conversion of rice husk to cellulose nitrate.
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Table 3.1: Review of the processes involved in the synthesis of CMC and CA from rice husk

Bioplastic

Cellulose Extraction

Bioplastic Characteristics

Mechanical Properties

Bioplastic formation

DS TS Elongation
(MPa) (%)
1.Milling (0.25 mm) 1.Mercerization (20% w/v NaOH
in 100 mL C3HgO) at 50-60 °C for
2.Alkali treatment (6% w/v KOH) 2.5-4h
at85°C for 2 h
(Gupta et 2.Etherification (100 mL of 20%
3.Acid hydrolysis (4% w/v H2SO4) C;HsCIlO;) at 50-60 °C for 2.5-4h 0.53 12.72 12.69
al., 2019)
at 85 °C for 2-2.5h
3.Washing and filtration with
4.Bleaching (3% w/v NaClO;) and C;HsOH and HCI
CH3COOH (to maintain a pH of 3-4)
" at 80 °C for 4 h 4.Drying at 60 °C in oven
(Z) 1.Milling (0.297 mm) 1.Mercerization (30 % w/v NaOH
CMC g in an unknown amount of C3HgO)
L 2.Acid hydrolysis (39 g H2SOs in at room temperature for 0.5 h
T 1000 g water) at 90 °C for 2 h
o 2 Etherification (10 g of
3.Alkali treatment (50 g KOH in C2HsClO,) at 55 °C for 3 h
(Jarmko 1000 g water) at 90 °C for 2 h
metal., 3.Suspension of sedimentary 0.78 N/S N/S
2021)  4.Bleaching (30 g NaClO in 1000 g  phase in 70% CH3;OH solution

water) at 80 °C for 2 h

5.Neutralization to a pH of 4.5 with
glacial acetic acid

and neutralization with glacial
CH3COOH

4.Washing and filtration with
70% C2HsOH




TL

5.Washing with absolute CH3OH
solution

6.Drying at 55 °C in oven

1.Milling (0.1-0.25 mm)

2.Dewaxing (1:2 v/v CH3OH:CgHp)
at 75°Cfor9h

3.Alkali treatment (3% w/v NaOH)
at45 °C for 8 h

5.Mercerization (100 mL C3HsO
and 40% w/w, 14.15 g NaOH) for
50 min

6.Addition of 150 mL C3HsO and
40% NaOH under agitation for
0.5 h after filtration

Rashi e
(Rashid 4.Autoclave samples at 121 °C, 15 7.Etherification (7 g C2H3sCIOy) at
& Dutta, . . 0.87 N/S N/S
psig for 8 h — repeated thrice 55°C for4 h
2021)
5.Bleaching (6.5:2.0 8.Washing and filtration with
CH3;COOH:H;0,, viv) at 45 °C for ~ C;HsOH (concentration
7h unknown)
9.Washing with absolute C,HsOH
10.Drying at 60 °C for 9 h
1.Milling (1-2 mm) 1.Acetylation (10 mL C4H¢O3 and
0.3 g iodine) at 80 °C for 5h
2.Dewaxing (2:1 viv
CeH14:CH3OH) for 10 h 2.Mixing with 5 mL saturated
(Das et solution of Na,S,03
CA al., 2014) 3.Alkali treatment (5 wt% NaOH- 291 N/S N/S

Na,COs) at 80 °C for 5 h

4.Acid hydrolysis (10% H,SOy) at
50 °C

3.Mixing with 30 mL C,HsOH
forlh




¢l

5.Bleaching (2% H,0,, pH of 9) at
room temperature for 5 h

4.Filtration and washing with
75% C,HsOH

5.Dissolution in methylene
chloride

6. Washing with C,HsOH

7.Drying at 60 °C for 24 h

(Biswas
etal.,
2014)

1.Milling (1.27 mm)

2.Acid hydrolysis (1% v/v H;SO.)
at 121 °C for 24 h

3.Alkali treatment (10 M NaOH)

1.Mixing with 0.5 g acetic acid,
5.0 g acetic anhydride, 30 mL
methylene chloride, and 0.04 g
H>SO, at 80 °C for 4 h

2.Addition of 60 mL chloroform
for 0.5 h at room temperature
2.8 N/S
3.Evaporation of filtrate to
dryness

4.Washing with ethanol

5.Drying at 80 °C in a vacuum
oven overnight

N/S

DS — Degree of Substitution; TS — Tensile Strength; N/S — Not Stated



3.2.1.3 Process Design Simulations

Based on the above processes, a comprehensive method of converting the rice husk to bioplastic
was designed for each bioplastic type. Each system was modeled and simulated with the
SuperPro Designer; version 9.0 Build commercial software (Intelligen, Scotch Plains, NJ, United
States of America). The model included a flowchart design with the various unit processes and
streams. The simulations included a materials and stream evaluation (mass and energy balances).
The simulation was run based on a small-scale experimental input, assuming that the rice
processing mill is 20 km away from the processing plant for each method. Because of limited
industrial-scale feed rate information, a presumptive value of 10 tons RH/batch with an estimated
total batch number of 990 per year (3 batches per day for 330 days) was used for the mass
balance calculation. This simulation generated some preliminary results that was used together
with data from literature to estimate the amount of rice husk needed to achieve the functional

unit of the various pathways in the LCA.

3.2.1.3.1 Cellulose extraction

For the first significant part of the process, the rice husk is first pretreated by washing it with
distilled water and subsequently drying it in an oven at 70 °C for 16 hours (Gupta et al., 2019).
This will eliminate any form of impurities and water content in the husk. The dried husk is
ground and sieved to an average particle size of 0.177 mm (80 mesh size) (Jannah et al., 2019).
This particle size is selected to give the husk a more extensive surface distribution to ensure
optimum reaction. In the alkali treatment process, 10 tons of the powdered husk is
homogeneously mixed with sodium hydroxide (NaOH, 5% w/v) in a 1:5 ratio in an autoclave at
120 °C for 45 minutes (Hafid et al., 2021). Sodium hydroxide was used in this process instead of

potassium hydroxide (KOH) because NaOH is less expensive (87% less expensive, according to
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Sigma-Aldrich; https://www.sigmaaldrich.com/US/en) and will achieve the same objective as
KOH. The macerated powder is then washed and filtered with distilled water until the alkali
solution is completely removed. In the acid hydrolysis process, 10% w/v HNO3, was heated with
the cellulose fibers at 120 °C for two h. The cellulose obtained was then washed with distilled
water to remove the excess acid. This was proceeded by bleaching, with the addition of 3% w/v
NaClO2 and 25% w/v CH3COOH at 70 °C. The final process involved the formation of the
bioplastic where the cellulose was mixed with isopropanol and 20% w/v NaOH and stirred for
about 3 hours at 55 °C, a process termed mercerization. Subsequently, the sample was washed

and dried at 70 °C.

3.2.1.3.2 Cellulose Acetate Production

In this process, the white cellulose is reacted with acetic anhydride and iodine at a temperature of
80 °C for about 5 hours. The mixture is allowed to cool and then treated with a saturated sodium
thiosulphate (Na2S203) solution. Ethanol is added and stirred for about an hour to the resulting
material. The product is filtered, and the residue is washed with 75 % v/v ethanol and distilled
water. This removes any unreacted acetic acid and other by-products in the medium. The solid
material left is dried at a temperature of about 60 °C. The dried sample is dissolved afterward in
methylene chloride and filtered. The filtrate is subjected to evaporation, and cellulose acetate is
formed as a residue. Cellulose acetate is collected using ethanol addition and dried for 24 hours

at 60 °C.

3.2.1.3.3 Carboxymethyl Cellulose production
For this process, 20% w/v mono-chloroacetic acid solution was reacted with the white cellulose

at 55 °C. The resulting material was washed and filtered with hydrochloric acid and ethanol
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mixture and the residue after filtration, is carboxymethyl cellulose. This is dried at a temperature

of around 60 °C.

3.2.1.3.4 Cellulose nitrate production

This process was adopted from work by (Jamal et al., 2020). Cellulose is added to a concentrated
nitric and sulfuric acid nitrating solution and stirred for about an hour. The mixture was
quenched by excess de-ionized water to precipitate cellulose nitrate. The cellulose nitrate
precipitate is filtered by vacuum then added into boiling water for about 5 minutes. The
precipitate is rinsed again with distilled water until a pH of about seven is obtained. It is

afterward dried at 60 °C to a constant weight.

3.2.2 Environmental Performance Assessment

The environmental performances of the three bioplastics were evaluated with a Life Cycle
Assessment study (LCA). LCA basically quantifies the emissions, resources consumed, and
environmental and health impacts associated with a good or service. LCA is structured into four
phases: goal and scope definition, inventory analysis, impact assessment and results
interpretation. The OpenLCA software, version 1.10.3 (GreenDelta, GmbH, Berlin, Germany),
was employed to analyze the life cycle assessment of the bioplastic production and compare the

results to the activities involved in the disposal of rice husk, specifically combustion.

3.2.2.1 Goal and Scope definition

The overall goal of this study was to determine the environmental implication of producing
bioplastics from rice husk relative to combusting an equivalent quantity of the rice husk.
Combustion is known to be the conventional way rice husk is managed in most farms hence it is
selected as reference for this study. A functional unit of 1 kg bioplastic produced (from 10 kg of

rice husk) and 10 kg of RH combusted were selected for the bioplastic process and combustion

75



respectively for the LCA analysis. The complete process flows are shown in Figure 3.2A. From
this chart, a system boundary was developed to mark out the processes that are important for the
analysis of each production. Figure 3.2B shows the system boundary for combustion and
bioplastic production. As shown, this is a gate-to-gate study, considering rice husk transportation
(from milling) to bioplastic production (in the cases of bioplastics), and burning from rice
milling (in the case of the combustion process). Apart from the storage process, all other
processes discussed for each bioplastic was considered in the LCA phase. The storage process
was excluded because an overall impact of zero was assumed for it. Also, this process can be

removed from the production line and there will be no net effect.

3.2.2.2 Inventory

A life cycle inventory was created to collect the relevant data required for the impact analysis.
The Ecoinvent database, version 3.71, and information from the literature were relied on for all
the data needed. These data were used as flows (inputs and outputs) to construct the life cycle
analysis. Also, the type of transportation was referred from the Ecoinvent database (freight,
truck) and was used for the evaluation. The works of Biswas et al., (2014), Das et al.(2014),
Gupta et al. (2019), Jarmkom et al. (2021) and Rashid and Dutta (2021) were referenced and

integrated to develop the inventory for the bioplastics in Appendix A.

3.2.2.3 Environmental Impact Assessment

The Life Cycle Impact Assessment (LCIA) phase of an LCA evaluates the potential
environmental impacts emanating from the various elementary flows (inventory) (Nieuwlaar,
2013). For this study, the Life Cycle Impact Assessment (LCIA) was computed based on the
ReCiPe 2016 version 1.1 midpoint and endpoint methods, Hierarchist version (Huijbregts et al.,

2016). The midpoint method presents results on the earlier impacts (emissions) along the cause-
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effect chain before the final damages are made (endpoint). The endpoint as a result integrates the

different midpoint results and evaluates their effects on the environment, humans, and resources.

3.2.2.4 Environmental Cost Assessment

To better understand and communicate the results of LCA, Environmental Cost Assessment
presents a unique metric that complements the overall environmental. Environmental Cost
Assessment basically assigns weights to the individual impact categories by translating them into
monetary units. For this study, the Ecovalue14 monetization method was used. Table 3.2 below
shows the weighting factors used in the EcoValue14 method. The impacts were monetized by
multiplying these factors by the impact scores. Some indicators such as particulate matter and
fossil fuel scarcity did not have their factors in the corresponding units from the LCIA so were
first converted into the units presented in EcoValuel4 before the monetization. The results were
afterwards converted from Euros (€) into US Dollars ($), with a factor of €1=$1.13 (February
2022) according to Exchange rates, UK (https://www.exchangerates.org.uk/EUR-USD-

exchange-rate-history.html).
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Table 3.2: EcoValuel4 monetary weightings (2017-adjusted) (Malmgren, 2017)

Impact category Weighting

Abiotic resources €0.0136/ MJ

Global Warming €0.3315/ kg COz-eq
Photochemical oxidation €2.06/ kg NMVOC-eq
Acidification €3.76/ kg SO2-eq
Eutrophication, marine €11.45/ kg N
Eutrophication, freshwater €84.7/ kg P

Human toxicity €0.3555/ kg 1,4 DCB-eq
Marine toxicity €1.15/ kg 1,4 DCB-eq
Particulate matter €34.3 /kg PM
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Figure 3.2: (A) Flow diagram for bioplastic production and combustion — 1) CMC, 2) CA, 3)
CN. (B) System boundary for rice husk combustion and bioplastic production from rice husk
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3.3 Results and Discussion

3.3.1 Process Design Outcome

The flowsheets for different production pathways are shown in Appendix A. The flowsheets
show the different input and output streams for each process. The main input for this flowsheet is
the rice husk (10 tons). The rice husk goes through series of unit processes, as discussed already
to produce cellulose. This cellulose will serve as the main input to each bioplastic production

line.

3.3.2 Comparative Environmental Impact Assessment

This section analyzes the life cycle assessment results and compares the impacts of the processes
from the bioplastic production and the rice husk combustion. This analysis will guide our
decision on the right way to deal with the rice husk (bioplastic production vs. rice husk
combustion) and the type of bioplastic (CMC vs. CA vs. CN) we should focus on, if necessary.
The overall environmental impacts (normalization) of the bioplastic production and the rice husk
combustion are illustrated in Figure 3.3 and Table 3.3. The results show some life cycle midpoint
indicators, with global warming, ozone formation (human health), and ozone formation
(terrestrial ecosystem) giving the significant impacts contribution for bioplastic production and
rice husk combustion. Moreover, freshwater ecotoxicity, fossil resource scarcity, human
carcinogenic and non-carcinogenic toxicity, marine ecotoxicity, and terrestrial ecotoxicity also
contributed significantly to the impact of bioplastic production. In contrast, fine particulate
matter formation and terrestrial acidification contributed to the impacts of rice husk combustion.
For CMC, marine ecotoxicity gave the highest impact value of 42%; followed by freshwater
ecotoxicity, 27%; human carcinogenic toxicity, 11%; ozone formation (terrestrial ecosystems),

7%; global warming, 4%; ozone formation (human health), 4%; human non-carcinogenic
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toxicity, 2%; and finally fossil resource scarcity, and terrestrial ecotoxicity, both with impacts of
1%. A similar trend is observed for CA, with marine ecotoxicity contributing (42%), followed by
freshwater ecotoxicity (28%), human carcinogenic toxicity (13%), ozone formation (terrestrial
ecosystems) (5%), global warming (3%), ozone formation (human health) (3%), human non-
carcinogenic toxicity (3%), terrestrial ecotoxicity (1%) and fossil resource scarcity (1%).
However, for CN, the trend was significantly changed. Marine ecotoxicity contributed about
43%, followed by freshwater ecotoxicity (26%), human carcinogenic toxicity (9%), ozone
formation (terrestrial ecosystems) (5%), terrestrial ecotoxicity (5%), human non-carcinogenic
toxicity (4%), global warming (3%), ozone formation (human health) (3%), and fossil resource
scarcity (1%). In rice husk combustion, a complete change in trend and impact category
significance was observed. Fine particulate matter formation contributed the most to the impact,
with an impact score of 77%. This is followed by global warming (9%), ozone formation
(terrestrial ecosystems) (6%), ozone formation (human health) (5%), and terrestrial acidification
(4%). These results are typical for combustion as most toxic substances such as COg, nitrous
oxides, and fine particulates are released into the environment from the process (Caserini et al.,

2010). Table 3.4 presents a detailed explanation of these midpoint categories and their impacts.
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Table 3.3: Life cycle impacts for bioplastics production and rice husk combustion

Reference Impact scores
Impact category . -
unit CMC CA CN Combustion
Fine particulate matter
) kgPM25eq 0.0002 0.0005 0.0003 0.0981
formation
Fossil resource scarcity kg oil eq 0.0145 0.0156 0.0144 0.0000
Freshwater ecotoxicity kg 1,4-DCB  0.2795 0.3711 0.3378 0.0000
Freshwater eutrophication kg P eq 0.0019 0.0031 0.0022 0.0000
Global warming kg CO2 eq 0.0405 0.0408 0.0404 0.0122
Human carcinogenic toxicity kg 1,4-DCB  0.1145 0.1719 0.1220 0.0000
Human non-carcinogenic
o kg 1,4-DCB  0.0233 0.0338 0.0563 0.0000
toxicity
lonizing radiation kBq Co-60eq 0.0005 0.0006 0.0003 0.0000
Land use m2acropeq 0.0000 0.0000 0.0000 0.0000
Marine ecotoxicity kg1,4-DCB  0.4249 0.5610 0.5578 0.0000
Marine eutrophication kg N eq 0.0000 0.0001 0.0001 0.0000
Mineral resource scarcity kg Cu eq 0.0000 0.0000 0.0000 0.0000
Ozone formation, Human
kg NOx eq 0.0359 0.0363 0.0360 0.0063
health
Ozone formation, Terrestrial
kg NOx eq 0.0668 0.0673 0.0669 0.0073
ecosystems
Stratospheric ozone depletion kg CFClleq 0.0020 0.0016 0.0017 0.0000
Terrestrial acidification kg SO2 eq 0.0005 0.0008 0.0006 0.0043
Terrestrial ecotoxicity kg 1,4-DCB  0.0128 0.0184 0.0633 0.0000
Water consumption m3 0.0004 0.0008 0.0003 0.0000
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Table 3.4: Description and implications of some impact categories from the LCA

Impact category

Description/Implication

Fine particulate matter formation

Fine particulate matter formation measures the amount of particulate matter in kg
PM2.5 or kg PM10 equivalence (PM means particulate matter). This impact category
indicates the possible occurrence of diseases, typically respiratory diseases, due to the

release of fine particulate matter.

Fossil resource scarcity

This measures the depletion of fossil resources, typically oil. It implies the potential of

the resources going scarce (depletion factor).

Freshwater ecotoxicity

This impact category measures the number of toxic substances, such as
Dichlorobenzene (DCB) or other comparative toxic units equivalence (ecosystem)
(CTUe), that a process releases into a freshwater ecosystem. It implies the distress
these substances cause to freshwater organisms.

Freshwater eutrophication

Just like Freshwater ecotoxicity, Freshwater eutrophication measures the number of
substances, but in this case, nutritional elements and compounds released into a
freshwater ecosystem. It is typically in kg P or kg PO, equivalence. This impact
category implies the level of enrichment of these elements/compounds and their effect

to freshwater organisms.

Global warming

This measures the number of compounds (greenhouse gases) released into the air. It is
typically measured in kg CO2, N2O, or CH,4 equivalence. It implies the potential of

these gases to cause climate change (global warming).

Human carcinogenic toxicity

Human carcinogenic toxicity measures the number of cancer-causing substances
released into the environment. It is measured in kg DCB or other comparative toxic
units equivalence (human health) (CTUh). They imply the occurrence of cancer in

humans.
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Human non-carcinogenic toxicity

Human carcinogenic toxicity measures the number of non-cancer-causing substances
released into the environment. It is measured in kg DCB or other comparative toxic
units equivalence (human health) (CTUh). They imply the effects (non-cancerous) of

these substances on human health.

lonizing radiation

lonization radiation determines the number of radioactive nuclides released into the
ecosystem. Typical units include kg Co-60 and kBg U-235 equivalence. It implies the

damage of these radionuclides to human health and the ecosystem.

Land use

This measures the changes in soil quality and other land properties. It is typically

measured in m?a crop equivalence.

Marine ecotoxicity

This impact category measures the number of toxic substances, such as
Dichlorobenzene (DCB) or other comparative toxic units equivalence (ecosystem)
(CTUe), that a process releases into a marine ecosystem. It implies the distress these

substances cause to marine organisms.

Marine eutrophication

Marine eutrophication measures the number of nutritional elements and compounds
released into a marine ecosystem. It is typically in kg P or kg PO4 equivalence. This
impact category implies the level of enrichment of these elements/compounds and their

effect on marine organisms

Mineral resource scarcity

This measures the depletion of mineral resources, typically copper or antimony. It

implies the potential of these resources going scarce (depletion factor).

Ozone formation, Human health

This measures ozone formation close to the ground by ozone-forming compounds,

typically NO, and its effect on human health.

Ozone formation, Terrestrial ecosystems

This measures ozone formation close to the ground by ozone-forming compounds,

typically NOy and its effect on terrestrial ecosystems.

Stratospheric ozone depletion

It quantifies the ozone depletion potential in Chlorofluorocarbons (CFCs).
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Terrestrial acidification

Terrestrial acidification measures the acidification potential of the process due to the
emission of some acidic substances, typically SO.. It implies the distress these

substances cause to terrestrial organisms (humans, animals, and plants).

Terrestrial ecotoxicity

This impact category measures the number of toxic substances, such as
Dichlorobenzene (DCB) or other comparative toxic units equivalence (ecosystem)
(CTUe), that a process releases into a terrestrial ecosystem. It implies the distress these

substances cause to terrestrial organisms (humans, plants and animals)

Water consumption

Water consumption measures the amount of water used by the process. It indicates the

relative scarcity of water per m?.
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Figure 3.3: Impact Assessment of bioplastics production and combustion

3.3.2.1 Impact Contribution by Process

In every production line, the variation in resource demand, the type of resource (flow), and the
activities or reactions involved in a process determine the extent of the impact of that process.
This section, therefore, describes the impact contributions by the different processes and
provides a further explanation of the impacts in the previous section. The impact contributions
by the different processes for CMC, CA, and CN production are shown in Figure 3.4. Because of
the initial stage of the production (cellulose extraction), acid hydrolysis, alkali treatment,
mercerization, bleaching, drying, washing, grinding, and sieving are typical for all three different
bioplastics. For all three bioplastics, acid hydrolysis and mercerization contributed the most to all
the various impact categories. In addition to these, etherification, acetylation, and nitration gave

significant contributions to CMC, CA, and CN production, respectively. This is typical for
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processes that utilize chemicals. However, bleaching and alkali treatment processes contributed
little to the different impact categories even though chemicals were used. This observation is
nevertheless accurate because the intensity of the impacts associated with a chemical depends on
the method of production for that chemical (Khoo et al., 2018). Generally, chemicals produced
via biological synthesis or involving some kind of biological process have less impact on the
environment (Khoo et al., 2018). In bleaching and alkali treatment, sodium hypochlorite and
sodium hydroxide were used, respectively. The synthesis of these chemicals involves biological
processes (Bashtan et al., 1999; Du et al., 2018). This explains the results. Also, the amount of
chemicals used in the process plays a vital role in the environmental impact. However, this factor
did not affect the results as the amount of chemicals used in each process is somewhat equal.
Grinding and sieving had significant contributions to the impacts. However, the contributions
were higher for only terrestrial ecotoxicity, marine ecotoxicity, and freshwater ecotoxicity, and
least for ozone formation (terrestrial ecosystems and human health), global warming, and fossil
resource scarcity. Their impacts were mainly because of the electric power generation involved
in the process. The impact of washing in the production was insignificant, hence the recorded
impact score of approximately 0%. Drying did not give any significant contributions to the
overall impacts. This is because the drying process utilizes natural gas. Natural gas releases

about 50 to 60% less carbon dioxide than regular fuels, hence, the results.
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Figure 3.4: Impact contributions by the different processes in CMC, CA, and CN production



3.3.2.2 Endpoint Indicators

This section translates the results of the impacts for the different midpoint indicators into
endpoint indicators. The results are summarized into the three main endpoint areas of protection,
namely: Human Health Damage (Disability-Adjusted Life Years, DALY, Ecosystem Damage
(species.yr), and Resource Scarcity (USD2013) (Table 3.5). The Human Health Damage
category aggregates the results of global warming, ozone formation (human health), human
carcinogenic and non-carcinogenic toxicity, and fine particulate matter formation. The results for
the Ecosystem Damage account for the impacts from ozone formation (terrestrial ecosystems),
freshwater ecotoxicity, marine ecotoxicity, terrestrial ecotoxicity, and terrestrial acidification.
Fossil resource scarcity accounts for the entire Resource Scarcity category. From the table,
combustion causes the most extensive damage to human health (0.396 DALY). This is mainly
due to the extensive formation of particulate matter from the process. Fine particulate matter has
a high effect on human health (Joo et al., 2022; Lin et al., 2022; Prinz & Richter, 2022). It causes
a lot of defects in humans, with respiratory disorders being the most common among them.
CMC, CA, and CN have relatively similar damage to human health. This is mainly due to the
impacts of global warming, ozone formation (human health), and human carcinogenic and non-
carcinogenic toxicity. The different impacts on the ecosystem and resources for all the bioplastic
production and combustion are minimal (approximately zero). This is because the contributing

impacts are insignificant.
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Table 3.5: Endpoint areas of protection for CMC, CA, CN, and Rice Husk Combustion

. N N . Impact value
Endpoint AoP  Contributing midpoint category  Reference unit CMC CA CN Combustion
Fine particulate matter formation 1.18E-03 1.73E-03 1.04E-03 3.75E-01
Global warming, Human health 7.12E-02 7.18E-02 7.12E-02 2.14E-02
Human carcinogenic toxicity 2.88E-04 3.75E-04 2.66E-04 0
Human Health Human non-carcinogenic toxicity DALY 2.22E-04 2.73E-04 4.54E-04 0
Damage lonizing radiation 4.09E-07 5.40E-07 2.90E-07 0
Ozone formation, Human health 1.60E-04 1.62E-04 1.60E-04 2.79E-05
Stratospheric ozone depletion 1.10E-05 1.23E-05 1.29E-05 0
Water consumption, Human health 5.36E-05 1.13E-04 4.61E-05 0
Total 7.31E-02 7.45E-02 7.32E-02 3.96E-01
Freshwater ecotoxicity 1.93E-09 2.26E-09 2.05E-09 0
Freshwater eutrophication 7.79E-09 9.80E-09 6.71E-09 0
Global warming, Freshwater 1.77E-10 178610  177E-10  5326-11
ecosystems
Global warming, Terrestrial 6.49E-06 6.55E-06  6.49E-06 1.95E-06
ecosystems
Land use 5.65E-09 7.55E-09 5.07E-09 0
Marine ecotoxicity 3.75E-10 4.36E-10 4.34E-10 0
Ecosystem - T .
Damage Marine eut_rophlcatlon _ species.yr 2.99E-12 3.24E-12 2.85E-12 0
Ozone formation, Terrestrial 1.10E-06 110E-06  110E-06  1.19E-07
ecosystems
Terrestrial acidification 3.55E-08 4.96E-08 3.58E-08 2.67E-07
Terrestrial ecotoxicity 1.24E-09 1.55E-09 5.36E-09 0
Water consumption, Aquatic 4.40E-13 9.08E-13  3.78E-13 0
ecosystems
Water consumption, Terrestrial 9.83E-09 2 07E-08 8 45E-09 0
ecosystem
Total 7.65E-06 7.74E-06 7.65E-06 2.33E-06
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Resource Fossil resource scarcity USD2013 1.40E-12 1.50E-12 1.39E-12
Scarcity Mineral resource scarcity 1.17E-15 5.65E-14 1.21E-15
Total 1.40E-12 1.56E-12 1.39E-12




3.3.3 Environmental Cost Assessment

The EcoValuel4 method of monetizing environmental impact was used to convert the various
impacts of rice husk combustion and each bioplastic produced into monetary units. Table 3.6
shows the cost associated with each impact category per 1 kg of rice husk used in dollars. Some
impact categories, such as freshwater ecotoxicity, ozone formation, human health, ozone
formation, terrestrial ecosystems, and terrestrial ecotoxicity, were not accounted for as
Ecovaaluel4 does not provide factors for them. However, this will not substantially affect the
overall cost results mainly because the impact scores for these categories are small. Fine
particulate matter formation gave the highest cost for the combustion process, about $ 2.70/kg
rice husk. Marine ecotoxicity gave the highest prices for each bioplastic, $ 0.63 for CMC, $ 0.73
for CA, and $ 0.72 for CN. The cost for fossil resource scarcity was the least for all three
bioplastics: $ 0.009 for CMC and CN and $ 0.01 for CA. From the table, the environmental cost
associated with rice husk combustion (burning) was significantly reduced by producing the
bioplastics. CA reduced the price by about 69%, CN reduced it by 70%, and CMC reduced it by

74%.
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Table 3.6: Environmental cost for bioplastic production and rice husk combustion

Impact category

Reference Unit

Amount in Dollars ($)

CMC CA CN Combustion
Global warming kg CO2eq 0.0154 0.0153 0.0151 0.0046
Fossil resource scarcity kg oil eq 0.0093 0.0100 0.0092 -
Freshwater ecotoxicity kg 1,4-DCB - - - -
Human carcinogenic toxicity kg 1,4-DCB 0.0529 0.0690 0.0490 -
Human non-carcinogenic toxicity kg 1,4-DCB 0.0110 0.0136 0.0226 -
Marine ecotoxicity kg 1,4-DCB 0.6269 0.7289 0.7249 -
Ozone formation, Human health kg NOx eq - - - -
Ozone formation, Terrestrial ecosystems kg NOx eq — - - -
Terrestrial ecotoxicity kg 1,4-DCB — - — —
Fine particulate matter formation kg PM2.5 eq - - - 2.6991
Terrestrial acidification kg SO2 eq - - - 0.0182
Total 0.7153 0.8369 0.8209 2.7219




3.3.4 Sensitivity Analysis

Sensitivity analysis examines the effects of the different choices made concerning processes and
their flows on the outcome of a study (Guo & Murphy, 2012). In this analysis the systematic
approach (scenario modelling approach) outlined by the International Organization for
Standardization (ISO) was utilized. Cellulose extraction was selected as the base process because
it is common for all the bioplastics. From the results presented in section 4, it was observed that
acid hydrolysis, mercerization and alkali treatment processes considerably affected the overall
impact of the production. The key flows in these processes were hence altered to observe how
significantly the overall impacts will change. Also, because of the initial assumption that the site
of production is 20 km away from the source of rice husk (farm), the distance is changed as well
in the analysis. Thus, five different scenarios (apart from the base scenario) were considered for

this analysis. LCA was performed for each scenario.

e Base scenario: Same flows discussed in section 3.1.3

e Scenario 1: Potassium hydroxide is used as the base for alkali treatment

e Scenario 2: The initial transportation of 20 km is changed to 1000 km

e Scenario 3: Sulfuric acid (H2SOg) is used for the acid hydrolysis

e Scenario 4: Sulfuric acid — Nitric acid mixture in a 50-50 ratio is used for the acid
hydrolysis

e Scenario 5: Potassium hydroxide (KOH) is used in the mercerization process

The results for the sensitivity analysis are presented in Figure 3.5 below, for the top nine
midpoint impact categories. Among all the six scenarios, scenario 3 recorded the least
environmental impact for all the nine impact categories, with major percentage decrease of 33%,
24%, 24% and 17% for Human carcinogenic toxicity, Human non-carcinogenic toxicity, marine
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toxicity and freshwater ecotoxicity respectively. Scenario 1 recorded the most impact for all the
impact categories except for fossil resource scarcity and freshwater ecotoxicity. A percentage
increase of 10%, 8%, 7% and 6% were recorded for Human carcinogenic toxicity, Human non-

carcinogenic toxicity and terrestrial ecotoxicity.
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Figure 3.5: Sensitivity analysis — top nine impact categories




3.3.5 Uncertainty Analysis

In decision-making problems, selecting the right variables to use for each model is very crucial.
This is because of the large number of possible variables that can work for a model. Uncertainty
analysis is one way of solving the issues regarding the selection of these variables. This analysis
investigates the insecurity of the relevant variables and hence the kind of results and observations
they present for a model. In this section, the uncertainties regarding the LCA impact results for
each bioplastic was examined. Monte-Carlo simulation was employed as the calculation type for
this analysis. The simulation was run in the openLCA software, with an iteration number of 500
and a log normal distribution for each flow in each bioplastic process. Figure 6 presents the
results for the uncertainty analysis. The bar-charts represent the uncertainties in LCIA profiles
for the top nine impact categories for each bioplastic: Fossil resource scarcity (FRS), Freshwater
ecotoxicity (FWE), Global warming (GWP), Human carcinogenic toxicity (HCT), Human non-
carcinogenic toxicity (HNT), Marine ecotoxicity (MET), Ozone formation, Human health
(OZH), Ozone formation, Terrestrial ecosystems (OZT), and Terrestrial ecotoxicity (TEC). The
error bars represent uncertainty range in terms of the ratio of 5™ and 95™ percentile to the mean
value. The graphs (histogram) represent the probability distribution of Global Warming Potential
(GWP) for each bioplastic. The highest degree of uncertainty was observed for human
carcinogenic toxicity for CMC. This may be due to the large uncertainties in the major toxic
driver, 1,4-dichlorobenzene. Conversely, the variances in the remaining impact categories were
minimal. This indicates that the environmental profile of the LCA results for the bioplastics well

represented the reality on the impact categories.
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3.4 Conclusion

In this study, we evaluated the techno-environmental potential of rice husk as a resource for
bioplastic production relative to open-air combustion (current practice). The results suggest that
the bioplastics production reduces the overall impact on human health by 81% + 0.002 and
environmental cost from $2.7 to $0.79 + 0.07 per kilogram of bioplastic. Later sensitivity
analysis showed that sulfuric acid could be a good substitute for nitric acid in the acid hydrolysis
process. Further research on the cost analysis (Techno-Economic Analysis) is needed to provide

a complete view of this upcycling pathway.
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4  Chapter Four: Sustainable Production of Xylo-oligosaccharide from Rice Husks: A

Techno-economic and Environmental Performance Assessment

Abstract

Producing xylo-oligosaccharides from rice husks has gained research interest owing to the global
attention to prebiotics due to the expanding demands for new food products for human welfare
and the predicted rise in investment, making it a lucrative business. A thorough evaluation of the
costs for production, environmental performance assessment, and objective decision analysis on
the production method to justify the entire RH-to-XOS life cycle is lacking. This deprives future
research of guidelines to produce xylo-oligosaccharides. Therefore, in this study, we evaluated
the techno-economic and environmental possibility of utilizing rice husks to produce xylo-
oligosaccharides. We examined the feasibility and environmental implications of two methods of
producing xylo-oligosaccharides from rice husks: autohydrolysis and enzymatic hydrolysis. The
results revealed that autohydrolysis is the best method to produce xylo-oligosaccharides,
considering the damage to the environment and human health, and profitability (net profits of $

7.1M and $ 42.4M for pilot and large-scale setups) hence, it is viable to thrive in the market.

4.1 Introduction

Xylo-oligosaccharides (XOS) are polymers of the sugar xylose, produced from the degradation
of lignocellulosic biomasses typically via enzymatic hydrolysis or autohydrolysis (da Silva
Menezes et al., 2018; Hu et al., 2021; Khat-udomkiri et al., 2018; Parajé et al., 2004). These
methods are sometimes preceded by chemical treatments of the biomass used (Khat-udomkiri et
al., 2018). XOS are primarily used as prebiotics, which serve the purpose of feeding beneficial

bacteria within the digestive tract of organisms, specifically humans (Khat-udomkiri et al.,
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2018). They can also reduce glycemic indexes and cholesterol in the blood and promote plant
growth (Khat-udomkiri et al., 2018; Samanta et al., 2015). Research on xylo-oligosaccharides
has grown over the past decade, owing to the global attention on prebiotics due to the expanding
demands for new food products for human welfare, especially among the aged (Samanta et al.,
2015). Also, they are the only known nutraceutical that can be produced from lignocellulosic
biomasses (Samanta et al., 2015). XOS has been predicted to hit a total investment of $130
million in 2023, making it an excellent venture to focus on (Zhu et al., 2021). Different
researchers have hence looked at different technologies for the production, usually in terms of
processes (methods and production factors) and lignocellulosic biomass source, with the idea of
reducing the degree of polymerization (da Silva Menezes et al., 2017). A lower degree of
polymerization of XOS promotes better growth of the bacteria. Most of these studies have
focused on agricultural by-products such as hazelnut shell, sugarcane bagasse, and rice husk
(RH) as the primary substrate for production. This is because of the pursuit to utilize these by-
products for value-added products (Hayatun et al., 2020). Another reason is that these by-
products have high contents of the base material (lignocellulose) used for production (da Silva
Menezes et al., 2017; Samanta et al., 2015). Rice husk has gained attention among these by-
products as a material to be exploited for value-added products due to its abundance and low
price, even though it was formerly discarded via combustion (Tan and Norhaizan, 2020). RH
also has specific mechanical properties such as high bulk density (90 — 150 kg/m?), packing
density (118.2 — 122 kg/mq), high calorific value (12.3 x 10°— 16.7 x 10° J/kg), and a
characteristic dimension of 8-10 mm long, 2-3 mm wide, and 0.2 mm thick that makes it an
excellent fit for such explorations (Awulu et al., 2018; Bajo Jr and Acda, 2017). Table 4.1 shows

some studies on XOS production from rice husk. These studies have employed the two main
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methods of XOS production, with different adjustments, mainly the pretreatment process.
However, a thorough evaluation of the costs for production, environmental performance
assessment, and objective decision analysis on the production method to justify the entire RH-to-
XOS life cycle is lacking. This deprives future research of a guide to produce xylo-
oligosaccharides. The aim of this project is, therefore, to analyze the economic and
environmental impacts associated with the two main methods of producing xylo-oligosaccharide
from rice husks and evaluate the potential of rice husks as a resource for XOS production. The
study will include a Techno-economic Assessment (TEA) and an environmental performance
assessment by methods of Life Cycle Analysis (LCA) and Life Cycle Cost Analysis (LCCA).
This will serve as preliminary data on the techno-eco-environmental analysis of the commercial

production of xylo-oligosaccharides from rice husks.

4.2 Methodology

4.2.1 Process Description and Design

This section provides an overview of the production of xylo-oligosaccharide from autohydrolysis
and enzymatic hydrolysis. The production in both methods begins with the preparation of the
rice husk. This process typically involves the washing and drying of the husks at a suitable
temperature to reduce impurities and the water content in the husks. The dried husks are then
milled (via grinding and sieving) into finer particles to boost the reaction rate for the subsequent
processes. The typical particle size is around 0.6 mm (Khat-udomkiri et al., 2018). The prepared
husks then undergo the process of autohydrolysis or enzymatic hydrolysis to produce the xylo-
oligosaccharides. Some experimentations pre-treat the rice husk by chemical means, such as
dissolving them in an alkali solution or a basal medium before the autohydrolysis or enzymatic

hydrolysis process (da Silva Menezes et al., 2017; Khat-udomkiri et al., 2020). In the
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autohydrolysis process, the milled RH is cooked in de-ionized water at a suitable temperature to
loosen the organic components of the RH to obtain xylan, the main organic substance for XOS
synthesis. XOS is produced afterward by spray drying the liquid phase (containing the xylan)
from the de-ionization step. In enzymatic hydrolysis, however, xylan is obtained by treating the
RH with an enzyme. This process releases the xylan in the RH. Subsequently, XOS is produced
via a series of reactions depending on the experimentation process. A detailed production flow of
XOS production from RH, indicating the various methods, inputs, and outputs presented by the

literature can be found in Table 4.1.
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Table 4.1: Review of the methods used for the synthesis of xylo-oligosaccharide from rice husk

Process
Method

Xylan formation XOS production

1.RH is milled and sieved through a 1 mm screen 1.The liquid phase is spray-
2.RH is treated in de-ionized water at 179 °C for 23 dried to recover the XOS (8
min in a 10 L stirred batch reactor. The mL/min at an outlet

concentration of RH used was 14.3% (833 g of RH  temperature of 85 °C and an

(Nabarlatz et al., _
per 5 L of water) airflow rate of 670 L/h)

2005, 2007 . e
) 3.The solid hydrolysis residue is separated from the 2.Spray-dried XOS are purified

liquid phase (xylan) via filtration by dialysis
4.The residue is washed with warm water and dried

Autohydrolysis
at room temperature

L
QZ> 1.RH is air-dried and milled to the desired size 1.Filtrate and liquid phase are
'S:J 2.RH is suspended in water in a bioreactor under dried to obtain XOS
LUl e . .
LLIIj specific operational conditions
@ (Parajo et al., 2004) 3.The solid residue from the reaction is obtained
via filtration from the liquid phase and washed
with warm water
4.The solid residue is air-dried
1.RH is dried at 50 °C for 12 h 1.1 mL of commercial xylanase
) .. 2.Died RH is milled and sieved through a 0.595 solution is added to 9 mL of
Enzymatic (Khat-udomkiri et _ -
. mm sieve xylan in 50 mM citric acid-
hydrolysis al., 2018) . _ _ _ L
3.RH powder is mixed with an alkali solution disodium phosphate (Na;HPO4)

(1.91-22.09% NaOH) in a 1:10 ratio buffer at a pH of 6
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4.The mixture is subjected to a steaming process in
an autoclave at 121 °C and 15 psi for 45 min

5.The solution is centrifuged at 5000 rpm for 20
min afterward

6.The supernatant from centrifugation is acidified
with glacial acetic acid to a pH of 5

7.Three volumes of 95% ice-cold ethanol are added
and centrifuged 4480xg at 4 °C for 10 min to
precipitate xylan

8.Precipitated xylan is dried at 55-65 °C

2.The solution is incubated at
50 °C

3.The incubation reaction is
terminated by putting the
solution in boiling water for
about 5 min

4.The XOS mixture is
centrifuged at 6000 rpm for 10
min and filtered through a 0.2

pum syringe filter

(Khat-udomkiri et
al., 2020)

1.RH is soaked in 12% NaOH solution in a 1:10
ratio for 45 min at 120 °C

2.The supernatant is acidified with glacial acetic
acidtoapHof 5

3.Three volumes of ice-cold ethanol are added to
the acidified supernatant to precipitate xylan
4.Xylan pellets are dried in hot-oven air

1.Xylan is dissolved in 50 mM
citric acid citric acid-disodium
phosphate (Na,HPO4) buffer at
a pH of 6 (1% wi/v)

2.The solution is incubated with
commercial xylanase at 120
rpm at 50 °C for 2 h

3.The reaction is stopped by
boiling the extract in for 5 min
in a water bath

4.XO0S slurry is obtained by a
filter paper

1.RH is milled in a knife mill until 1 mm mean

particle size
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(da Silva Menezes
etal., 2018)

Aspergillus brasiliensis
BLf1

1.15 mL basal medium is
addedto5gofRHina
250 mL flask

2.The flask is autoclaved
at 121 °C for 20 min
(sterilization)

3.1x108 spores per gram
of the substrate is
inoculated into
Aspergillus brasiliensis
BLf1 by cell counting with
a Neubauer chamber
4.The culture is incubated
at 37 °C for 5 days

5.40 mL of 50 mM sodium
acetate buffer (pH of 7) is
added to the culture

6.The culture is
homogenized in a shaker

at 180 rpm for 30 min

Aspergillus nidulans
XynC A773

1.15 mL basal
medium is added to 5
g of RH ina 250 mL
flask

2.The flask is
autoclaved at 121 °C
for 20 min
(sterilization)
3.1x10° spores per
gram of the
substrate is
inoculated into
Aspergillus nidulans
XynC A773 by cell
counting with a
Neubauer chamber

4.The culture is

incubated at 37 °C for

5 days
5.40 mL of 50 mM

sodium acetate buffer

1.The xylanase extract is
concentrated with an Amicon
membrane (10 KDa, Millipore)
2.The set-up is centrifuged at
7000 xg for 5 min

3.XO0S is extracted by reacting
the supernatant with 80% 50
mM sodium acetate (pH of 5) at
50 °C and enzyme
concentration (100 Ug™ xylan)
for either 3 h (Aspergillus
brasiliensis BLf1 extract) or 24
h (Aspergillus nidulans XynC
AT73 extract)




7.The homogenized (pH of 7) is added to

culture is centrifuged at the culture

3000 xg at 4 °C 6.The culture is
8.The supernatant homogenized in a
(xylanase extract) is shaker at 180 rpm for
obtained 30 min

7.The homogenized
culture is centrifuged
at 3000 xgat4 °C
8.The supernatant

(xylanase extract) is

AN

obtained
Basal medium
Composition Amount (gL?) Composition Amount (gL™?)

NaNO3 6 H3BOs 11

KCL 0.52 MnCl2-4H.0 5

MgSO4-7H20 0.52 FeS0O4-7H20 5
KH2PO4 1.52 CoCl2-6H.0 1.6
1 pyridoxine, 2 mL of salt trace solution 1 CuS04-5H20 1.6
ZnS04-7H20 22 (Mn4)6M07024 1.1

EDTA (Ethylenediaminetetraacetic acid) 5




4.2.1.1 Process Design Simulations

A comprehensive methodology was developed to produce XOS from RH from both processes of
autohydrolysis and enzymatic hydrolysis based on the details from literature. A model for each
system was created following this methodology via SuperPro Designer; version 12.02.2300
Build commercial software (Intelligen, Scotch Plains, NJ, United States of America). The model
included a process flow design with the various unit processes and their streams (inputs and
outputs). These models were set into a simulation with the same software to obtain a mass and
energy balance which was used for further techno-economic analysis and environmental impact
assessment. A pilot-scale experimental input with a rice processing mill of a distance, 20 km
away from the processing plant for each method was assumed. This distance was selected
because a higher or lower alternative will have a similar effect (Yeboah et al., 2022). A
processing capacity of 3,270 tons RH/annum with an estimated total batch number (annual time
for operation) of 990 per year (10 tons RH/batch with 3 batches per day for 330 days) was
selected for the techno-economic analysis. The process pathways for the methodologies are
illustrated in Figure 4.1A. The detailed processes for autohydrolysis and enzymatic hydrolysis
employed for the simulations are described by Nabarlatz et al. (2007) and Khat-udomkiri et al.

(2018), respectively.

4.2.2 Techno-economic Assessment

In this section, the technological and commercial feasibility of the two production systems is
examined via the method of techno-economic assessment (TEA). TEA provides certain
economic parameters that determine whether the system will thrive on a larger scale (Adhikari et
al., 2022; Panagopoulos, 2022). The analysis was performed based on the mass-energy principle

via SuperPro Designer. The design for each method was created based on the unit procedures
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suggested by previous research. From the process description, the autohydrolysis model design
included a truck, silo, washing unit, tray dryer, grinding unit, vibrating screen, reactor,
microfiltration unit, and spray dryer, with a total production rate of 1,400 tons of XOS per
annum as computed from the material balance analysis. The enzymatic hydrolysis model on the
other side included a similar truck, silo, washing unit, tray dryer, grinding unit, and vibrating
screen as the autohydrolysis process. However, it also included five reactors, each performing
different tasks. The production rate for this system was 1,200 tons of XOS per annum. The
complete process models are shown in the supplementary document for autohydrolysis and
enzymatic hydrolysis. Details of each process unit for both methods are summarized in Table 4.2

below. The flowchart of each system is shown in Appendix B.
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Table 4.2: Unit procedures for autohydrolysis and enzymatic hydrolysis systems

Method Unit Process Equipment Process description
Shipment of 10 tons of rice husk (batch) from the farm
Transportation Truck through 20 km to the production site for a total shipment
of 327 per year
) Transported rice husks are temporarily stored in a silo
Storage Silo (vessel volume of 125 m°) _
before XOS production
) ) ) Dirt and other inorganic particles are removed by
Washing Washing unit o )
washing rice husks with 1.2 m® of water per batch
Free water and some percentage of water content in rice
Drying Tray dryer (tray area of 80 m?) husks are removed by drying at an evaporation rate of
0.021 kg/m?h
Autohydrolys — i — i _
) Grind Grinding unit (rated throughput of 1.7  Dried rice husks are crushed by a grinder at a specific
is rindin
J ton/h) power of 6 kW/(kg/h)
Ground rice husks are passed through a screen with a
Sieving Vibrating screen (1 mm screen size) mesh size of 1 mm to obtain desired RH particle size for
subsequent processes
Rice husk particles are dissolved in 60002.4 L of de-
o Stirred Reactor (vessel volume of 17 ionized water per batch at a temperature of 179 °C in a
De-ionization ] ) ]
m?) reactor with a 100% set conversion rate to obtain xylan
(in liquid phase)
Filtrat Microfiltration unit (membrane area  Undissolved solid residues are filtered from the liquid
iltration

of 73 m?

phase with a microfilter at a 5 % product denaturation
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The liquid phase of the de-ionization reaction is spray

Enzymatic

hydrolysis

Spray drying Spray dryer dried to precipitate XOS by a spray dyer with a 5 %
dried product LOD (loss on drying)
Shipment of 10 tons of rice husk (batch) from the farm
Transportation Truck through 20 km to the production site for a total shipment

of 327 per year

Transported rice husks are temporarily stored in a silo

Storage Silo (vessel volume of 125 m°) _ _
prior to XOS production
) ) ) Dirt and other inorganic particles are removed by
Washing Washing unit o )
washing rice husks with 1.2 m® of water per batch
Free water and some percentage of water content in rice
Drying Tray dryer (tray area of 80 m?) husks are removed by drying at an evaporation rate of
0.021 kg/m?h
Grind Grinding unit (rated throughput of 1.7  Dried rice husks are crushed by a grinder at a specific
rindin
J ton/h) power of 6 kW/(kg/h)
Ground rice husks are passed through a screen with a
Sieving Vibrating screen (1 mm screen size) mesh size of 1 mm to obtain desired RH particle size for

subsequent processes

Alkali treatment

Stirred Reactor (vessel volume of 34.3

m°)

Rice husk particles are dissolved in sodium hydroxide
solution (22% NaOH) at a temperature of 121 °C in a

reactor with a 100% set conversion rate

Acidification

Stirred Reactor (vessel volume of 18.4

m®)

The supernatant is reacted with 8.6 m?® of glacial acetic
acid (99% CH;COOH) at room temperature with a set

conversion rate of 100%
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Ethanol treatment

Stirred Reactor (vessel volume of 16.7

m°)

8.9 m3 of 95% ice-cold ethanol (4 °C) is added to the
acidified mixture to precipitate xylan at a 100%
conversion rate. Glycol was used as a heat transfer

agent.

Enzyme treatment/

Incubation

Bioreactor (vessel volume of 8.5 m®)

Xylan is dissolved in 2 m® of Mcllvaine buffer at a pH
of 6 (0.2 M NazHPQ4; 0.1 M CsHgO7), and 0.8 m? of
xylanase solution is added. The solution is incubated at
50 °C

Boiling/Centrifugat

ion

Stirred Reactor (vessel volume of 7.8

m°)

4.1 m? of boiling water is used to boil the mixture to
terminate the incubation reaction and afterward

centrifuged at 6000 rpm for 10 min to produce XOS
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Figure 4.1: (A) Process flowchart for XOS production from RH — (1) Autohydrolysis, (2) Enzymatic hydrolysis; (B) Preferred system

boundaries for XOS production from Rice Husks




4.2.3 Environmental Performance Assessment

In this section, the different emissions, resources used, and other environmental and health
implications of the production streams are assessed via LCA. LCA can be done in three forms:
conceptual, simplified, or detailed (Hoogervorst, 2004). Conceptual LCA relies on qualitative
inventory to assess the impacts associated with the elements or materials of the product system.
This is the simplest type of LCA, hence the results it presents are not in-depth. The simplified
form of LCA on the other hand relies on quantitative data for the analysis, however, these data
are generic and basic. Hence, the results it presents, even though are more reliable than those of
the conceptual LCA, are not enough for a proper justification of a system. The final type of LCA,
detailed LCA, utilizes system-specific quantitative data for the analysis (Hoogervorst, 2004).
This type of LCA is the most reliable, considering a review of a specific product such as that in
this study. The detailed approach is therefore employed in this research. The OpenLCA software,
version 1.10.3 (GreenDelta, GmbH, Berlin, Germany), was used for the assessment per the set
system boundaries (Figure 1B). The assessment was performed following the four main phases
of detailed LCA, designed by the International Standards Organization (ISO 14040): goal and

scope definition, inventory analysis, impact assessment, and results interpretation.

4.2.3.1 Goal and Scope Definition

The goal of this study was to determine the environmental impacts of xylo-oligosaccharide
production from rice husk via autohydrolysis and enzymatic hydrolysis. A functional unit of 1 kg
XOS produced was selected for the assessment, with preferred system boundaries shown in
Figure 4.1B. The system boundary excluded rice production, rice harvest, and the rice milling
process of the rice value chain. The analysis is a gate-to-gate study, considering rice husk

transportation (from rice milling) to XOS production.
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4.2.3.2 Life Cycle Inventory

An inventory in the form of an Excel spreadsheet was created to compile the relevant data
required for the analysis. As a detailed LCA, the inventory was specific on the various inputs,
outputs, and energy required for each process. The Ecoinvent database, version 3.71, and
information from literature were used to compile this inventory. These data were used as flows
for the assessment. Other information was compiled from Nabarlatz et al. (2007), Parajo et al.
(2004), Khat-udomkiri et al. (2018), (da Silva Menezes et al., 2018). Details of this inventory for

both production systems can be found in the Appendix B.

4.2.3.3 Environmental Impact Assessment

This phase evaluates the environmental impacts associated with the various elementary flows
(inventory) (Nieuwlaar, 2013). The Life Cycle Impact Assessment (LCIA) was computed based
on the ReCiPe 2016 version 1.1, Hierarchist version (Huijbregts et al., 2016). Both the Midpoint
and Endpoint functions of this method were used for the assessment, as they present a complete
understanding of the life cycle impacts when viewed together. The Midpoint method presents
results on the emissions along the cause-effect chain before their implications on the different
areas of protection (AoPs) (final damage), whereas the Endpoint method presents the effects on
these areas of protection (human health, ecosystem, and resource) from the results of the
Midpoint method. Additionally, for the Midpoint assessment, a normalization set (World (2010)
H) was selected to standardize the different impact categories because of the different reference
units the impact categories are presented in. This creates a base for comparison between these

impacts.
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4.2.3.4 Environmental Cost Assessment

Environmental Cost Assessment presents a unique metric (money) that complements the overall
environmental impact. It assigns weights to the individual impact categories by translating them
into monetary units (Yeboah et al., 2022). The Environmental Prices monetization method was
used for this assessment. The impacts were monetized by multiplying these factors by the impact
scores from the LCA Midpoint results. Factors for some impact categories were missing from
this method, hence, were not included in the calculation. Others such as particulate matter
formation did not have their factors in the corresponding units from the LCIA so were first
converted into the units presented in Environmental Prices before the monetization. The results
were afterward converted from Euros (€) into US Dollars ($) with a currency equivalent factor of
€1 =§1.02 (November 2022) according to Forbes Advisor (Forbes, 2023). The factors for the

Environmental Prices monetization method are presented in Table 3.2.

4.3 Results and Discussion

4.3.1 Techno-economic Assessment

The economic evaluations for the production systems provided by SuperPro Designer, following
the mass and energy balance analysis included a total capital investment cost, operation and
maintenance cost, energy requirements and costs, and revenues generated (before and after tax)
per 2023 prices in US Dollar ($). The total capital investment cost encompassed costs associated
with direct fixed capital (equipment purchase cost, installation cost, process piping cost,
instrumentation cost, insulation cost, electrical cost, cost of buildings, yard improvements cost,
and auxiliary facilities cost), working capital, and startup capital. For the autohydrolysis system,
the direct fixed capital cost and working capital were $ 9.2M and $ 2.3M, respectively. The

annual operating cost was $ 56.5M, with 29.21% of the cost emanating from raw materials
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purchase ($ 16.5M), 28.36% from utilities/energy ($ 16.0M), 11.36% from sales expenses ($ 6.4
M), 11.36% from research and development ($ 6.4M), 6.82% from maintenance ($ 3.9M), 5.24%
from operating labor ($ 3.0M), and 2.95% from direct plant overheads ($ 1.6 M). Other costs
include administrative expenses ($ 888,264), the cost of supervision ($ 740,220), insurance ($
641,792), local taxes ($ 256,717), and royalties ($128,358). On the other hand, a direct fixed cost
and working capital of $ 16.5M and $ 4.1 M, respectively, were recorded for the enzymatic
hydrolysis system. The annual cost of operations was also recorded as $ 54.4M, with raw
material purchases contributing about 30.31% of the cost ($ 16.5M). The recorded cost of
utilities was $ 19.9M (36.6%), maintenance was $ 6.9M (12.70%), direct plant overhead was $
1.7M, and operating labor was $ 2.9M (5.41%). For both systems, the cost of rice husk is set at $

5.00. Table 4.3 shows the executive summary of both pilot scale setups.

4.3.1.1 Annual Profitability and Revenue

Considering a selling price of $ 48.00/ kg of xylo-oligosaccharide (based on 2023 prices), the
total revenue generated from the autohydrolysis system can reach up to $ 65.9M, with a gross
profit of $ 9.4M. After-tax deduction and other factors such as product value depreciation,
however, a yearly net profit of $ 7.1M and internal rate of return (IRR) of 46.89% were recorded.
The pilot-scale production of xylo-oligosaccharide by autohydrolysis is economically feasible,
with a payback time of about 2 years. For enzymatic hydrolysis, the total revenue can reach up to
$ 58.1M, with gross and net profits of $ 3.6M and $ 2.7M, respectively. An IRR and payback
time of 10.07% and 8 years were also recorded. Similar research by Otieno and Ahring (2012)
states that this low IRR and long payback time is due to the high costs, higher concentrations of
monomeric sugars, and low product yields associated with the enzymatic hydrolysis system. The

production system is, however, economically feasible.
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4.3.1.2 Sensitivity Analysis

The scale of a large system will likely affect the supply and demand of a product, the influence
of government, speculation, and expectation, the extent of competition, and other important
economic parameters, such as the total capital investment cost, operation and maintenance cost,
energy requirements and costs, revenues generated associated with the setup of that system
(business). This is because of the variations in operations, material input (quantity), and product
output (quantity) of the system. In the present study, the production systems were set to a pilot
scale considering a small rice husk input and a corresponding small xylo-oligosaccharide output.
This section, however, examines the economic parameters for the case of a large-scale
production system. Data on the annual rice husk yield was collected from the United States
Department of Agriculture for Arkansas for a 20-year period and this was used to estimate the
rice husk input for a large system. A rice husk value of 29,430 tons per year was estimated as
system feed. Similar approaches to section 2.2 were followed to compute the technological and
commercial feasibilities of the two production systems. Table 4.3 shows the executive summary
of both large-scale setups. Considering a similar selling price of $ 48.00/ kg of xylo-
oligosaccharide, the total revenue generated from the autohydrolysis system can reach up to $
593.3M, with a gross and net profit of $ 56.5M and $ 42.4M. An IRR of 71.38% was also
recorded. Like the pilot-scale system, the large-scale system for the autohydrolysis process is
economically feasible, however, the payback time is about 1 year, 8 months. For the enzymatic
process, the total revenue can reach up to only $ 522.7M, with gross and net profits of $ 13.9M
and $ 10.4M, respectively. An IRR of 16.74% was recorded, with a payback time of 6 years,

indicating that this system is more economical compared to its pilot scale setup.
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Table 4.3: Executive summary of pilot- and large-scale autohydrolysis and enzymatic hydrolysis systems

Executive Summary

Pilot-scale systems

Large-scale systems

Autohydrolysis Enzymatic hydrolysis Autohydrolysis Enzymatic hydrolysis
Total Capital Investment 15,100,976 $ 27,108,529 $ 59,366,506 $ 62,361,353 $
Operating Cost 56,482,560 $/yr 54,435,543 $/yr 536,804,277 $/yr 508,760,546 $/yr
Revenues 65,923,200 $/yr 58,075,200 $/yr 593,308,800 $/yr 522,676,800 $/yr

Cost Basis Annual Rate
Unit Production Cost
Net Unit Production Cost
Unit Production Revenue
Gross Margin

Payback Time

IRR (After Taxes)

NPV (at 7.0% Interest)

1,373,400 kg MP/yr 1,209,900 kg MP/yr

41.13 $/kg MP 44.99 $/kg MP
41.13 $/kg MP 44.99 $/kg MP

48.00 $/kg MP 48.00 $/kg MP

14.32% 6.27%
2yr 8yr
46.89% 10.07%
59,702,930.66 $ 9,999,706.50 $

12,360,600 kg MP/yr

43.43 $/kg MP
43.43 $/kg MP
48.00 $/kg MP
9.52%
1.7yr
71.38%

376,304,326.02 $

10,889,100 kg MP/yr

30 $/kg MP
30 $/kg MP
48.00 $/kg MP
36.81%
5yr
16.74

63,483,341.64 $




4.3.2 Environmental Performance Assessment

The ReCiPe 2016 impact assessment method presented eighteen different midpoint impact
categories, including ozone formation (human health (OZH) and terrestrial ecosystems (OZT)) in
kg NOx-eq, human carcinogenic toxicity (HCT), human non-carcinogenic toxicity (HNT) in kg
1,4-DCB, marine ecotoxicity (MRE) in kg 1,4-DCB and global warming (GWP) in kg CO2-eq,
and three endpoint impact categories (AoPs) including human health damage in Daily-Adjusted
Life Years (DALY), ecosystem damage in species per year (species.yr) and resource scarcity in
US dollars (USD). Also, the results of the impact contributions by the different processes are

presented in this section.

4.3.2.1 Midpoint Impact Indicators

Figure 4.2 illustrates the results of the midpoint impacts for autohydrolysis and enzymatic
hydrolysis production systems. For the autohydrolysis system, marine ecotoxicity gave the
highest impact of 41%. This was proceeded by freshwater ecotoxicity (25%), human
carcinogenic toxicity (20%), terrestrial ecotoxicity (5%), human non-carcinogenic toxicity (4%),
and water consumption (2%). Ozone formation (Terrestrial ecosystems), ozone formation
(human health), global warming, and fossil resource scarcity gave a combined impact of about
2%. This same trend was observed for the enzymatic hydrolysis system. For this system
however, marine ecotoxicity gave an impact of 42%, followed by freshwater ecotoxicity with
31%, human carcinogenic toxicity (20%), terrestrial ecotoxicity (5%), human non-carcinogenic
toxicity (1%), and water consumption, ozone formation (Terrestrial ecosystems), ozone
formation (human health), global warming and fossil resource scarcity with a combined impact
of about 1%. Overall, the impacts associated with the enzymatic hydrolysis system are

significantly different (higher) than those of the autohydrolysis system, as shown in Table 4.4. A
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permutation test, with a 95% set confidence interval (CI), was run with R-software to prove this

observation. The null hypothesis set was as below (Equation 4.1).

Xy —Xg =0 (Equation 4.1)

Where x4 is the mean impact of autohydrolysis and xg is the mean impact of enzymatic
hydrolysis. The test was completed after 5000 replications. A p-value of 0.00039 (less than 0.05
ClI) was obtained, indicating that the null hypothesis is false, implying a difference in the impact
results between the two systems. The impacts for both production systems are, however, better
than those from rice husk combustion. Research by (Yeboah et al., 2022) proves this, as the
study shows burning rice husk gives about 9% GWP (approximately 99% and 66% more than

autohydrolysis and enzymatic hydrolysis, respectively).
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Table 4.4: LCA midpoint results for autohydrolysis and enzymatic hydrolysis

Impact category Reference unit  Autohydrolysis  Enzymatic hydrolysis
Fine particulate matter
) kg PM2.5 eq 1.09E-06 2.58E-03
formation
Fossil resource scarcity kg oil eq 8.12E-06 1.39E-02
Freshwater ecotoxicity kg 1,4-DCB 6.25E-04 1.50E+00
Freshwater eutrophication kg P eq 4.33E-06 2.03E-02
Global warming kg CO; eq 1.14E-05 4.17E-03
Human carcinogenic toxicity kg 1,4-DCB 5.05E-04 9.71E-01
Human non-carcinogenic
o kg 1,4-DCB 9.29E-05 2.25E-01
toxicity
lonizing radiation kBq Co-60 eq 1.07E-06 3.38E-03
Land use m?2a crop eq 7.79E-08 1.49E-03
Marine ecotoxicity kg 1,4-DCB 1.02E-03 2.02E+00
Marine eutrophication kg N eq 6.15E-08 3.99E-03
Mineral resource scarcity kg Cu eq 5.12E-10 1.05E-06
Ozone formation, Human
kg NOx eq 1.23E-05 4.35E-03
health
Ozone formation, Terrestrial
kg NOx eq 2.04E-05 5.25E-03
ecosystems
Stratospheric ozone depletion kg CFC11 eq 1.39E-07 1.15E-03
Terrestrial acidification kg SO; eq 1.60E-06 4.41E-03
Terrestrial ecotoxicity kg 1,4-DCB 1.22E-04 6.77E-02
Water consumption m?3 5.09E-05 8.00E-03

4.3.2.2 Process contributions to impacts

Each unit process influences the overall environmental impacts associated with the life cycle of a
production system. The impacts by each of these processes amass the total score for each of the
different impact categories, however, some of these contributions are insignificant depending on

the impact category in question. Figure 4.3 illustrates the implications of the different unit

127



processes on the impacts categories for autohydrolysis and enzymatic hydrolysis. The analysis

centered on the top nine impact categories for each product system.

1.1.1.1 Autohydrolysis

De-ionization, drying, and transportation gave the most significant contributions to almost all the
different impact categories (Figure 4.3). For global warming, ozone formation (terrestrial
ecosystems), and ozone formation (human health), drying gave the highest impact contributions
of 82.8%, 77.8%, and 68.8% respectively, followed by transportation with 11.7%, 19.1%, and
26.8% respectively. This trend was observed due to the release of substances such as CO», CO,
water vapor, and some associated NOx compounds from these processes. De-ionization followed
in the sequence with 5.2%, 3.0%, and 2.3% respectively, with the remaining processes giving a
combined impact of less than 0.5%, 0.1%, and 0.1% to the impact categories respectively. For
human non-carcinogenic toxicity, freshwater ecotoxicity, and marine ecotoxicity, de-ionization
contributed to 50.0%, 65.3%, and 61.1% respectively. Transportation followed with 47.6%,
28.5%, and 33.1% respectively and then drying with 1.9%, 4.8%, and 4.4% correspondingly.
Similarly, the collective impact contributions by the remaining processes were insignificant.
Transportation gave the highest contributions of 51.9% and 84.9% to human carcinogenic
toxicity and terrestrial ecotoxicity respectively. Following this was de-ionization with 46.6% and
12.9% respectively, and finally drying, with 1.0% and 1.7% contributions respectively. The
impact contributions by the remaining processes were insignificant in these impact categories as
well, nevertheless, for water consumption, de-ionization and washing had the most contributions
of 73.5% and 26.3% respectively. From these results, it is evident that de-ionization was the

critical process for the product system.
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1.1.1.2 Enzymatic hydrolysis

The major contributions to the impact categories for this product system were recorded by
enzyme treatment, ethanol treatment, acidification, and alkali treatment. This was because of the
different chemical components present in the execution of the processes. From the illustration
(Figure 4.3), acidification put up the highest impact contributions for all the impact categories
except for terrestrial ecotoxicity, human non-carcinogenic toxicity and water consumption. The
major contributor for these impacts was ethanol treatment with 54.4%, 53.9% and 68.8%
respectively. This was followed by acidification (32.1%, 31.4% and 19.1% respectively), alkali
treatment (7.8%, 9.7% and 9.4% respectively) and enzyme treatment (5.5%, 4.9% and 2.5%
respectively). Considering marine ecotoxicity, acidification contributed 58.2% of the total
impact, proceeded by alkali treatment with 16.8%, ethanol treatment (15.4%) and enzyme
treatment (9.4%). The rest of the processes gave a collective contribution of less than 1%.
Similarly for freshwater ecotoxicity, acidification gave the highest impact of 53.3%, and then
ethanol treatment (22.6%), alkali treatment (15.3%) and enzyme treatment (8.5%). For human
carcinogenic toxicity, acidification gave 55.1% contribution, followed by enzyme treatment,
alkali treatment and ethanol treatment with 16.6%, 15.8% and 12.4% respectively. Lastly, for
ozone formation, terrestrial ecotoxicity and fossil resource scarcity, acidification had the highest
impact of 48.8%, 44.1% and 75.7% respectively. This affirms that acidification is the most

critical process for this product system.
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Figure 4.2: Comparative midpoint impacts for autohydrolysis and enzymatic hydrolysis
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Figure 4.3: Process contribution impacts for autohydrolysis and enzymatic hydrolysis

4.3.2.3 Endpoint Indicators

Table 4.5 summarizes the results for the three main endpoint areas of protection (AoPs) for both

production systems, namely: human health damage (in Disability-Adjusted Life Years, DALY),
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ecosystem damage (in species.yr), and resource scarcity (in USD2013). These categories are
dependent on different midpoint indicators. Human health damage depends on the impacts of
global warming, ozone formation (human health), human carcinogenic and non-carcinogenic
toxicity, and fine particulate matter formation, ecosystem damage accounts for the impacts from
ozone formation (terrestrial ecosystems), freshwater ecotoxicity, marine ecotoxicity, terrestrial
ecotoxicity and terrestrial acidification, and finally, the resource scarcity category depends on the
impacts of fossil resource scarcity and mineral resource scarcity. The results show that enzymatic
hydrolysis had the highest impact on all the three AoPs, with 1.87 x 10" DALY damage to
human health, 5.30 x 10 species.yr damage to ecosystem and 8.9 x 103 USD2013 damage to
resources, however, the highest of these was the damage to human health. This is because of the
high contributions recorded from the formation of fine particulate matter (endpoint) (Kim et al.,
2015; Pozzer et al., 2019; Prinz and Richter, 2022). Autohydrolysis on the other hand recorded
5.89 x 10* DALY damage to human health, 2.13 x 10 species.yr damage to ecosystems and
1.88 x 1073 USD2013 damage to resources. Resources were the most affected AoPs in this
scenario, and it is due to the high utilization of fossil resources from sub-unit processes in the

product system.
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Table 4.5: Endpoint AoPs for autohydrolysis and enzymatic hydrolysis

Endpoint AoP

Contributing midpoint category Reference unit

Impact value

Autohydrolysis

Enzymatic hydrolysis

Fine particulate matter formation 7.33E-05 8.30E-02
Global warming, Human health 3.55E-04 6.19E-02
Human carcinogenic toxicity 1.95E-05 1.79E-02
Human non-carcinogenic toxicity 1.33E-05 1.53E-02
Human health damage - 0. &g radiation DALY 1.83E-08 2.76E-05
Ozone formation, Human health 9.71E-07 1.63E-04
Stratospheric ozone depletion 1.86E-08 7.34E-05
Water consumption, Human health 1.27E-04 9.48E-03
Total 5.89E-04 1.88E-01
Freshwater ecotoxicity 2.23E-09 2.55E-06
Freshwater eutrophication 7.91E-09 1.76E-05
Global warming, Freshwater ecosystems 2.92E-11 5.10E-09
Global warming, Terrestrial ecosystems 1.07E-06 1.87E-04
Land use 1.79E-08 1.63E-04
Marine ecotoxicity 4.66E-10 4.38E-07
Ecosystem damage Marine eutrophication species.yr 2.02E-12 6.24E-08
Ozone formation, Terrestrial ecosystems 1.96E-07 2.41E-05
Terrestrial acidification 5.84E-08 7.66E-05
Terrestrial ecotoxicity 6.08E-09 1.60E-06
Water consumption, Aquatic ecosystems 3.44E-11 2.58E-09
Water consumption, Terrestrial 7 70E-07 5 76E-05
ecosystem
Total 2.13E-06 5.30E-04
. Fossil resource scarcity 1.80E-03 8.87E-03
Resource scarcity Mineral resource scarcity Usb2013 8.00E-05 5.80E-05
Total 1.88E-03 8.93E-03




4.3.3 Comparative Environmental Impact Cost Assessment

The factors provided by the Environmental Prices monetization method were used to normalize
(monetize) the different midpoint impacts, however, some factors were not provided for some of
the impact categories. Nevertheless, this will not compromise the comparison of the overall cost
values between the production systems, as the environmental implications of these impacts are
minimal. The costs associated with the environmental impacts of both product systems are
illustrated in Table 4.6 below. For both systems, terrestrial ecotoxicity had the highest cost of
implication, $ 1.12 and $ 1.66 for autohydrolysis and enzymatic hydrolysis, respectively. On the
other hand, marine eutrophication and land use recorded the least cost of implication for
autohydrolysis and enzymatic hydrolysis, respectively. Overall, the costs associated with the
environmental impacts of enzymatic hydrolysis were higher than those of autohydrolysis, giving
a total cost of $ 2.17 against $ 1.13. These values are nevertheless acceptable, as a recent study
by (Yeboah et al., 2022) indicates that burning an equivalent amount of rice husk will give an
environmental impact cost of $ 2.72. This means the cost of combusting rice husk is reduced by
20.2% and 57.7% by producing xylo-oligosaccharide via autohydrolysis and enzymatic

hydrolysis, respectively.

134



Table 4.6: Environmental cost for autohydrolysis and enzymatic hydrolysis product systems

Cost in dollars ($)

Impact categories Reference unit Autohydrolysis  Enzymatic hydrolysis
Marine ecotoxicity kg 1,4-DCB 0.00001 0.01523
Freshwater ecotoxicity kg 1,4-DCB 0.00003 0.05531
Human carcinogenic toxicity kg 1,4-DCB 0.00013 0.08853
Terrestrial ecotoxicity kg 1,4-DCB 1.12469 1.66401
Hur_n{;m non-carcinogenic kg 1,4-DCB 000126 002053
toxicity

Water consumption m3 - -
Ozone formation, Terrestrial kg NOx eq _ _
ecosystems

Ozone formation, Human kg NOx eq B B
health

Global warming kg CO2 eq 0.00529 0.02427
Fossil resource scarcity kg oil eq — —
Freshwater eutrophication kg P eq 0.00001 0.03843
Terrestrial acidification kg SO2 eq 0.00050 0.03364
:czolrr?];)t?(r)trl]culate matter kg PM2.5 eq 0.00080 0.07430
lonizing radiation kBg Co-60 eq — —
Stratospheric ozone depletion kg CFC11 eq 0.00000 0.14488
Land use m2a crop eq 0.00006 0.00019
Marine eutrophication kg N eq 0.00000 0.01264
Mineral resource scarcity kg Cu eq — —
Total 1.13278 2.17196

4.3.4 Uncertainty Analysis

Selecting the correct variables for a model is critical in decision-making problems due to the vast
number of possibilities (Yeboah et al., 2022). There is therefore the need to evaluate any
uncertainties within any selected variable of the model to ensure credibility in the results from
any simulation on the model. This section investigates the uncertainties associated with the Life
Cycle Impact Assessment results for each product system. The openLCA was used to run a
Monte-Carlo simulation with 1000 iterations and the results were used to graph a bar chart (with

error ranges) (Figures 4A and 4C) and a hypothesized probability distribution (lognormal)
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(Figures 4B and 4D). The error bars represent the uncertainties (range) in LCIA profiles for the
different midpoint impact categories in terms of the ratio of the 51" and 95™ percentile to their
mean value. The average range of uncertainty was 10.2% to 11.1% for autohydrolysis and 11.2%
to 13.4% for enzymatic hydrolysis, however, stratospheric ozone depletion LCIA profile
recorded the highest uncertainty for autohydrolysis whereas that for enzymatic hydrolysis was
the marine ecotoxicity LCIA profile. These may be due to the large uncertainties in the major
toxic drivers, trichlorofluoromethane for stratospheric ozone depletion and 1,4-dichlorobenzene
for marine ecotoxicity. The variances in the remaining impact categories were minimal. The
lognormal probability distribution was based on the water consumption impacts of the product
systems. The results indicate a good representation (credibility) of the LCIA profiles — FPM-fine
particulate matter formation, FRS-fossil resource scarcity; FEC-freshwater ecotoxicity; FEU-
freshwater eutrophication; GWP-global warming (GWP); HCT-human carcinogenic toxicity;
HNT-human non-carcinogenic toxicity; INR-ionization radiation; LDU-land use; MEU-marine
eutrophication; MEC- marine ecotoxicity; MRS-mineral resource scarcity; OZH-ozone
formation, human health; OZT-ozone formation, terrestrial ecosystems; SZD-stratospheric ozone

depletion; TRA-terrestrial acidification; TEC-terrestrial ecotoxicity; WCT-water consumption.
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4.4 Conclusion

This study evaluates the techno-economic assessment and environmental performance
assessment of utilizing rice husks to produce xylo-oligosaccharides by the method of
autohydrolysis and enzymatic hydrolysis. Results from the Life Cycle Impact Assessment show
that autohydrolysis is more environmentally sound than enzymatic hydrolysis, as reduced human
health damage, ecosystem damage, and resource scarcity of 99.7%, 99.6%, and 78.9% were
recorded respectively. The techno-economic assessment also indicates that producing xylo-
oligosaccharide is economically feasible for both autohydrolysis and enzymatic hydrolysis
production systems on either a pilot or large scale, however, the payback time is lower for the

former on both scales.
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5 Conclusion

This thesis promotes rice systems’ circularity by providing techno-eco-environmental evidence
of non-energy utilization pathways of rice husks. The study was organized into three objectives;
the first objective provided a review of the different non-energy utilization pathways over a 5-
year period to understand what has been done and how they could be improved, and the second
and third objectives explored the overall circularity potential of using husks as a resource to
produce bioplastics and xylo-oligosaccharides respectively. The studies revealed that rice husks
have a high potential to be utilized for different purposes, such as biopolymers, secondary
cementitious materials, Xylo-oligosaccharides, carbon, biocatalysts, molecular sieves, and
bioactive peptides. A thorough environmental impact assessment of rice husks-to-biopolymer
and rice husks-to-xylo-oligosaccharides shows that these pathways are environmentally friendly.
The rice husks-to-xylo-oligosaccharides pathway was also proven to be commercially feasible

and profitable both on pilot and large scales via a techno-economic assessment.

5.1 Future Outlook

This research successfully examined the non-energy utilization pathways of rice husks and
provided metrices via life cycle assessment, life cycle impact cost assessment, and techno-
economic assessment of two of these pathways: bioplastics and xylo-oligosaccharides. However,
paying attention to some limitations will help enhance the overall goal and help future research

on this topic.

1. Design a website for the decision support system for rice circularity. In the first objective
of the research, data was collected on the various non-energy utilization pathways of rice

husks. This data could be put together as a database (on a website) accessible to the
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general public, researchers, and any other stakeholders, such as farmers and government.
This would guide decision making regarding rice husk circularity.

Perform a techno-economic assessment of the rice husks-to-bioplastics system. Just like
the third objective, a comprehensive TEA on the production of bioplastics (CMC, CA,
and CA) from rice husks will be necessary to give insight on the commercial feasibility
and profitability of this system.

Perform social life cycle assessment for both second and third objectives. A
comprehensive evaluation of the sociological impacts of rice husks-to-bioplastics and rice
husks-to-xylo-oligosaccharides will not only provide additional justifications on the
sustainability of these systems but will also provide some sort of leverage for parties that
decide to commercialize these systems.

Perform all analysis for other non-energy pathways. Performing all the sustainability
assessments for all the various pathways revealed in the first objective would provide
more insight on their sustainability which could guide future researchers and companies
who want to pursue those systems.

Look at the potential of the other rice by-products. There are other rice by-products that
possess good characteristics and could be harnessed for other important valorization
pathways. A look at these other by-products would even provide a more comprehensive

rice circularity.
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Appendix A — Supplementary material for Chapter 3

Table A.1: Harmful compounds produced from the incineration of a synthetic plastic (polyvinyl
chloride) and their effects on the human body (Gilpin et al., 2005; Okunola A et al., 2019)

Compound Effect Part of body affected
Acetaldehyde Lesion Nervous system
Irritations in the form of .
Acetone . . Eyes; respiratory tract
inflammation
Irritations in the form of Eyes; skin; respiratory system;
Benzaldehyde . . . y_ P y sy
inflammation; dysfunctions brain
Bone marrow; liver; immune
Benzole Cancer
system
Formaldehyde Irritations; edema; cancer Eye; lungs
Hydrochloric acid Corrosion Eyes; skin; respiratory tract
Phosgene Corrosion Eye; skin; respiratory organs

Polychlorinated
dibenzo-dioxin

Polychlorinated
dibenzofuran

Salicyl-aldehyde

Propylene
Toluene

Vinyl chloride

Xylene

Cancer; irritations

Irritations; asthma

Irritations

Lowering of consciousness
Irritations; depression

Cancer; irritations

Irritations; lowering of
consciousness

Eye; skin; respiratory system;
circulatory system, digestive
system, liver; bone marrow

Eyes; respiratory system

Eyes; skin; respiratory tract;
central nervous system

Central nervous system

Eyes; respiratory tract

Eyes; skin; respiratory systems;
central nervous system; liver;
spleen; blood-forming organs

Eyes; central nervous system
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Figure A.1: Flowchart showing Cellulose extraction process
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Table A.2: Inventory for cellulose extraction process

No Process Input Output
' Flow Amount Unit Flow Amount  Unit
. RH 10 kg RH 10 kg
1. RH transportation Transport 0.2 tkm
RH 10 kg RH 9.99 kg
2. Washing Water 0.015 m? Wastewater 12 m?
Free water 0.003 m3
RH 9.99 kg RH 9.99 kg
3 Drvin Free water 0.003 m? Water vapor 0.003 m?
' ying Air 15 kg Air 15 kg
Electrical energy 18 kJ
- o RH 9.99 kg Sized RH 9.99 kg
4, Grinding and sieving Electrical energy 5 k)
Sized RH 9.99 kg Delignified RH 3.996 kg
5. Alkali treatment 5% wi/v NaOH solution 50 kg Black liquor 5.5994 kg
Heat 5 kW
. Delignified RH 3.996 kg Delignified RH 3.996 kg
6 Washing Water 5 kg Wastewater 5 kg
Delignified RH 3.996 kg HNOx-treated RH 11976 kg
7 Acid hydrolysis (cellulose)
' ydroly 10% wiv HNO; 19.96 kg Extracted solution 22754 kg
Heat 5 kw
HNOs-treated RH
8 Washing (cellulose) 1.1976 kg Cellulose 1.1964 kg
Water 1.6976 kg Wastewater 1.6989 kg
Cellulose 1.1964 kg Cellulose 1.18444 kg
Sodium hypochlorite, Extracted chlorite
9. Bleaching NaClO 0.2393 kg solution 19.5014 kg
Acetic acid, CH;COOH 0.1196 kg
Water 19.1425 kg
. Cellulose 1.18444 kg Cellulose 1.18444 kg
10. Washing Water 15 kg Wastewater 15 kg

11. Mercerization Cellulose 1.18444 kg Cellulose 1.18444 kg
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Isopropanol + 20% w/v

NaOH 5.9820 kg Extracted solution 5.9820 kg
Heat 5 kw

. Cellulose 1.18444 kg Cellulose 1.18444 kg

12 Washing Water 15 kg Wastewater 15 kg

Table A.3: Inventory for CMC production
Input Output
No. Process Flow Amount  Unit Flow Amount  Unit

Cellulose 1.01 kg CMC 1 kg

1. Etherification Monochloroacetic acid 2.0405 kg Extracted solution 2.0505 kg
Heat 5 kw

CMC 1 kg CMC 1 kg

2. Washing Water 1.3 kg Wastewater 1.2 kg

Free water 0.1 kg

CMC 1 kg CMC 1 kg

. Free water 0.1 kg Water vapor 0.1 kg

3 Drying Air 12 kg Air 1.2 kg

Electrical energy 18 kJ




16T

Table A.4: Inventory for CN production

No Process Input Output
' Flow Amount Unit Flow Amount Unit
Cellulose 1.06 kg Nitrated cellulose 1 kg
1. Nitration Nitric acid, HNO3 3 kg Extracted acid solution 8.06 kg
Sulfuric acid, H2SO4 5 kg
. Nitrated cellulose 1 kg Cellulose nitrate precipitates 1 kg
2 Quenching Water 13 kg Water 13 kg
Cellulose nitrate precipitates 1 kg CN 1 kg
3. Hot water treatment Water 13 kg Water 1.3 kg
Electrical energy 18 kJ
. CN 1 kg CN 1 kg
4. Washing Water 1.3 kg Wastewater 1.3 kg
CN 1 kg CN 1 kg
5. Drying Air 1.013 kg Air 1.013 kg
Electrical energy 18 kJ
Table A.5: Inventory for CA production
Input Output
No. Process Flow Amount  Unit Flow Amount  Unit
Cellulose 1 kg Acetylated cellulose 1 kg
. Acetic anhydride 5.4 kg Extracted solution 6.413 kg
1. Acetylation lodine 1013 kg
Heat 5 kW
. . Acetylated cellulose 1 kg ST-treated cellulose 1 kg
2. Sodium thiosulphate (ST) Sodium thiosulphate 2.7 kg Extracted solution 2.7 kg
treatment
Heat 5 kw
ST-treated cellulose 1 kg ET-treated cellulose 1 kg
3 Ethanol treatment (ET) Ethanol 2.53 kg Extracted ethanol solution 2.53 kg
4 Washin ET-treated cellulose 1 kg Washed cellulose 1 kg
' g Ethanol 0.38 kg Wastewater 1.266 kg
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Water 0.886 kg

Washed cellulose 1 kg Dried cellulose 1 kg

Drying Air 1.013 kg Air 1.013 kg
Electrical energy 18 kJ

Dissolution Dried cellulose 1 kg MC-dissolved cellulose 1 kg

Methylene chloride (MC) 1.266 kg Extracted MC solution 0.253 kg

MC-dissolved cellulose 1 kg CA 1 kg

Drying Air 1.013 kg Air 1.013 kg
Electrical energy 18 kJ
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Appendix B — Supplementary material for Chapter 4

Water

Transpaortation

Gas outket 2

P-10/ SDR-101
Spray Drying

S

b

5110

P4 / TDR-1M P& / GR-101
P2/ 8101 P-3/ WSH-101 Drying Grinding
Somge Washing
Bir
Wastewater ’_F{:
Vet 510 P-5 / MX-101
Mixing
L
P-11/ MF-102 51N P-7 [ VSCR-101
Fittration 5115 g Sieing
5113
Air 2
Le_sey
s P8 /R-10
De-ionization
De-ionized water

Figure B.1: Autohydrolysis production system flowchart
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Table B.1: Inventory for autohydrolysis process

No Process Input Output
' Flow Amount Unit Flow Amount  Unit
1. RH transportation TraF;;)ort (:)L % tt?n RH 10 kg
RH 10 kg RH 9.99 kg
2. Washing Water 0.015 m?3 Wastewater 12 m?3
Free water 0.003 m?3
RH 9.99 kg RH 9.99 kg
3 Drvin Free water 0.003 m? Water vapor 0.003 m?
' fying Air 15 kg Air 15 kg
Electrical energy 18 kJ
- o RH 9.99 kg Sized RH 9.99 kg
4. Grinding and sieving Electrical energy 5 K]
Sized RH 9.99 kg Xy'agh(;ge')'q“'d 425 kg
> De-lonization De-ionized water 50 kg Solid residues 5.74 kg
Heat 5 kw Liquid solvent 50 kg
Xylanh(ln liquid 4.95 kg Xylanh(ln liquid 4.95 kg
6 Filtration p ase_) _P ase)
' Solid residue 5.74 kg Liquid solvent 50 kg
Liquid solvent 50 kg Solid residues 5.74 kg
Xy'agh(;;‘e')'q“'d 4.25 kg X0S 4.2 kg
7 Spray drying Liquid solvent 50 kg Vapor 50 kg
Heat 5 kw




99T

Table B.2: Inventory for enzymatic hydrolysis method

No Process Input : Output .
' Flow Amount Unit Flow Amount Unit
. RH 10 kg RH 10 kg
1. RH transportation Transport 0.2 tkm
RH 10 kg RH 9.99 kg
2. Washing Water 0.015 m3 Wastewater 12 m3
Free water 0.003 m?
RH 9.99 kg RH 9.99 kg
3 Drying Free water 0.003 m? Water vapor 0.003 m?
' Air 15 kg Air 15 kg
Electrical energy 18 kJ
- L RH 9.99 kg Sized RH 9.99 kg
4, Grinding and sieving Electrical energy 5 %
Sized RH 9.99 kg Delignified RH 3.996 kg
5. Alkali treatment 22% NaOH solution 50 kg Black liquor 55.994 kg
Heat 5 kw
Delignified RH 3.996 kg HNOgs-treated RH 3.299 kg
6. Acidification 99% Glacial acetic acid 19.96 kg Extracted solution 20.657 kg
Heat 2.9 kw
HNO;-treated RH 3.996 kg Xylan 3.2 kg
7. Ethanol treatment 95% ice-cold ethanol 8.9x10* m? kg
Heat 5 kw
Xylan 3.2 kg XOS solution 4.6 kg
8. Enzyme treatment Mcllvaine buf_fer 2.0x10* m3
Xylanase solution 8.0x10° m?3
Heat 2.3 kw
- . . Boiling water 4.1x10* m? XO0S 3.1 kg
S Boiling/Centrifugation Electrical energy 18 kJ Organic mixture 3.5 kg
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