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ABSTRACT 

The oil palm industry's steady growth over the past decade has resulted in the 

increasing production of waste solid and liquid biomass such as oil palm frond (OPF) 

and palm oil mill effluent (POME). Current disposal practices are not environmentally 

friendly and undermine the vast potential of biomass as a renewable resource. Due to 

this problem, research regarding the utilization and valorization of oil palm biomass as 

raw material for the production of value-added products has gained interest. Many new 

methods and processes to treat biomass and produce materials such as cellulose-

based materials, biochar, activated carbon, and biofuels have been reported, but 

adoption by the industry has been lackluster. There has been a figurative wall that 

inhibits implementation and adoption, far beyond bench and pilot scale. Among the 

factors that inhibit adoption include complicated processes that require specialized 

equipment and chemicals, multiple pretreatment steps that increase the time required, 

and waste that needs to be disposed of, besides related increased cost to the industry. 

The research community must develop simpler, appropriate technology in utilizing oil 

palm biomass that can be easily adopted by the industry. 

This study presents several methods to try to solve the problems stated above. By 

utilizing the hydrothermal process, biomass (oil palm frond) and its derivative (oil palm 

empty fruit bunch biochar) were treated using nitric acid as oxidizing agent to remove 

lignin and in the case of biochar, to improve its performance via additional surface 

functional groups. For the hydrothermal lignin removal process, treated oil palm frond 

(OPF) lignin content decreased by 86.5% after 30 min of treatment at 120°C. Cellulose 

yield was 68.2% which is comparable to other previously reported literature. Further 

analysis using TGA, FTIR, and XRD concluded that hydrothermally treated OPF has 

similar thermal stability, surface chemical property, and crystallinity to commercially 
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available cellulose products (microcrystalline cellulose). The process was also applied 

to oil palm empty fruit bunch (OPEFB) and Matake bamboo without any modification 

and pretreatment. Both biomass shows similar lignin reduction and properties such as 

treated OPF which showed that the process can be applied to other types of biomass 

without significant parameter modification. 

Hydrothermally treated biomass still showed a significant amount of hemicellulose 

which can be problematic especially in the production of cellulose-based composites 

and fibers. Removal of hemicellulose via superheated steam (SHS) treatment is 

proposed due to the excellent hemicellulose removal efficiency reported in the 

literature. It was found that the process produced biomass that can dissolve in sodium 

hydroxide (NaOH) solution at room temperature. This property was novel since the 

dissolution of cellulose in alkali solution usually requires additives such as urea and 

thiourea, and sub-zero temperature. NaOH-soluble biomass was analyzed via TGA, 

FTIR, and XRD which showed similar physical and chemical characteristics as normal 

cellulose fiber (MCC). 13C cross-polarization magic angle spinning (CPMAS) nuclear 

magnetic resonance (NMR) spectroscopy analysis suggested that the reduction in 

intra-chain and inter-sheet hydrogen bonding strength is the contributing factor in the 

increased solubility of cellulose after SHS treatment. 

Besides direct biomass treatment, the hydrothermal process was also applied to 

biochar from oil palm biomass (OPEFB) to improve its performance in adsorbing dye 

and heavy metals. The process successfully increased the amount of surface 

functional groups without significant change in the surface morphology based on SEM, 

BET surface area, FTIR, and EDX analysis. Adsorption isotherm experiments 

suggested that the adsorption process occurred following the Langmuir isotherm 

model and pseudo-second-order kinetic model. Intra-particle diffusion model analysis 
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suggested multiple stages of adsorption. Adsorption performance of functionalized 

biochar in removing dye and heavy metal from aqueous solution showed improved 

performance, with almost 7x increase in methylene blue adsorption capacity, and up 

to 6x increase in removal percentage for heavy metal adsorption. This result 

suggested that biochar performance can be improved through functionalization, and 

the process can be done using the hydrothermal method. 

The results presented in this thesis provide new methods and processes that can be 

easily implemented in the industry due to its simplicity, lower usage of chemicals, and 

utilizing available resources in the palm oil mill industry such as hydrothermal 

treatment (fresh fruit bunch sterilizer) and steam from the boiler. This result can help 

promotes better technology for the oil palm industry. 
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CHAPTER 1  

INTRODUCTION 

1.1 Introduction 

The use of biomass as raw material for many fields has been purported to be the 

solution to the ongoing resources crisis faced by humanity. Being inherently renewable 

and natural, the use of biomass to substitute non-renewable sources such as fossil 

fuels is its main advantage. Industries such as food, construction, and commodities 

such as palm oil, corn, and many plant-based products produce an abundant amount 

of biomass annually. These resources are considered waste for a long time, but new 

interest by the scientific and industrial research community to use biomass as a new 

source of raw material in the production of bio-based products has ignited, as the world 

faces environmental crisis and need a better, more sustainable way of consumption. 

Biomass can be used in many ways. Humans have been using biomass in the form of 

waste material as construction material, source of nutrition, fuel, and many more. But 

usually, biomass is used directly as it is. While this process is simple and easy to 

implement, this method of recycling biomass resources directly reduces its potential 

and possible uses. Lignocellulosic biomass such as straws, fibers, hays, wood chips, 

fruit seeds and pits, and plant cuttings have been traditionally used as a quick and 

cheap source of nutrients in agriculture. Resulting waste from harvesting and 

scheduled maintenance such as pruning was directly recycled into the plantations as 

crude compost. Excess waste is either piled up in the plantations to decompose slowly 

or dumped in landfills. Biomass resources are wasted and not use to their full potential 

due to the lack of appropriate technology to properly utilize them.  
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One of the major agricultural sectors in Malaysia is the palm oil industry. Malaysia is 

one of the largest crude palm oil (CPO) producers in the world, second only to 

Indonesia [1,2]. While palm oil production has a very high production rate and its global 

production has increased annually, the crop has a bad reputation due to unsustainable 

practices in the mills and plantations. Reported mass deforestation and other 

unsustainable practices have stained the industry's reputation and started to reduce 

palm oil acceptance in the world economy [3]. The palm oil industry needs to improve 

its operation sustainability via more environmentally friendly practices in its mills and 

plantation, and also adopting new, more sustainable practices in terms of waste 

biomass management. 

Research related to the oil palm industry sustainability has been the main theme in 

Malaysia due to the importance of the industry to the Malaysian economy. Popular 

research interests include the production of biofuels and bioplastics from fermentation 

using palm oil mill effluent (POME), composting solid biomass such as oil palm 

mesocarp fiber (OPMF), oil palm empty fruit bunch (OPEFB), oil palm fronds (OPF), 

and oil palm trunks (OPT), recycling and utilization of biomass into products such as 

fiberboards and biocomposites and carbonization, pyrolyzation, gasification and other 

heat treatment on oil palm biomass to produce biochar, activated carbon, bioliquids, 

and syngas. Figure 1.1 shows the biomass produced in the palm oil industry and 

related processes. 
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Figure 1.1: Biomass produced in the palm oil industry 
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Several reviews condensing all these research interests have been published, 

showing the extensive research being done in this field [4,5]. While myriads of studies 

and publications suggest a strong interest in the development of technologies for the 

palm oil industry, the rate of adoption and implementation was very low. Even through 

government incentives such as grants and enactment of laws to promote adoption, the 

industry still lags in implementation [6]. This problem can be attributed to high 

technological barrier, high capital expense due to specialized equipment and 

chemicals needed, and low revenue potential. 

Composting of solid biomass produced in the mill or plantation such as is very popular 

due to its very simple method with the low technological requirement. Studies on 

quicker composting methods, the use of waste sludge from palm oil mills treatment 

ponds as a source of microbes, and new composter design were some of the new 

development reported in the field [7–9]. Some of these technologies are already being 

implemented in the industry. A palm oil mill in Malaysia has launched a biocompost 

plant in 2018 which produces compost from OPEFB and waste sludge from their mill. 

The composting process was developed with a local university and adopted methods 

from several published research [10]. This shows that the adoption of new technology 

is possible, given that the technology is simple, uses current technology with easy-to-

understand process guidelines, and also produces value-added products that can help 

the industry recover their capital expenses and even gained more profit in the future. 

These are the important points that need to be covered in developing appropriate 

technology that will results in adoption by the palm oil industry. 
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This research focused on developing simple and appropriate technology for the palm 

oil industry that can be used to improve the industry sustainability, and also produce 

value-added products. The processes proposed in this research are relatively simple 

compared to other research in the literature, utilizing one or two-step processes. The 

processes also use equipment and resources already available in the palm oil mill 

such as fresh fruit bunch sterilizers and cheap and easy to source chemicals such as 

nitric acid and sodium hydroxide. The processes also produce value-added products 

and raw material for further processing which can be sold at a higher price compared 

to the original biomass, which can help recover capital expenses and provide extra 

revenue. 

The first process proposed is a simple hydrothermal lignin removal process to remove 

lignin from not only oil palm biomass but also other biomass. The process produces 

biomass with relatively low lignin content, with high cellulose yield which is important 

for processes such as saccharification and fermentation where lignin recalcitrance is 

a big hurdle. The resulting treated biomass can also be further treated to produce 

higher-value products such as cellulose nanofiber. The second process proposed is a 

method of producing cellulose from biomass that can be dissolved in sodium hydroxide 

at room temperature using superheated steam (SHS) treatment. This process utilized 

treated biomass from the first process and uses only water as its reagent. The resulting 

biomass was able to dissolve in sodium hydroxide solution which can open numerous 

avenues for the use of cellulose. The third process focused on the functionalization of 

oil palm biomass and other carbon material via hydrothermal treatment using nitric 

acid. The resulting biochar performance improved significantly in removing dye and 

heavy metal from aqueous solution while maintaining its physical properties such as 
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surface area. This can help the industry provide a service to other industry, and also 

produce bioadsorbents that can be sold at higher prices.  

1.2 Objectives 

The objectives of this study include: 

1. To develop a new, simpler, and appropriate method to remove up to 90% lignin 

from oil palm fronds using hydrothermal method and nitric acid, and determine 

the efficiency of the lignin removal process from biomass in terms of lignin 

removal percent, cellulose yield, purity, and crystallinity. 

2. To determine the feasibility of the newly developed hydrothermal lignin removal 

process in removing lignin from other types of biomass such as oil palm empty 

fruit bunch and Matake bamboo. 

3. To develop a new method of producing cellulose that can be easily dissolved 

in NaOH solution using combined superheated steam and hydrothermal 

treatment process and determine the feasibility of combined treatment in 

producing alkali-soluble cellulose on other types of biomass such as Matake 

bamboo. 

4. To develop a new, simpler, and appropriate method of biochar surface 

functionalization to increase oxygen-containing surface functional groups using 

hydrothermal method and nitric acid as functionalizing agent, and determine 

the process efficiency in terms of increased surface functional groups and 

adsorption performance. 

5. To determine the applicability of developed hydrothermal functionalization 

method on biochar from other biomass and commercially available activated 

carbon.
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Biomass 

Biomass has many definitions depending on the context of the discussion at hand. 

Encyclopedia of Ecology refers to biomass as “mass of living organisms, including 

plants, animals, and microorganisms, or, from a biochemical perspective, cellulose, 

lignin, sugars, fats, and proteins.” and usually reported as dry mass per unit area (g/m2 

or Mg/ha)[11]. This quantity when measured over a length of time is also called the 

productivity of an organism [12]. While the term technically only refers to a living 

organism's dry weight, it has been widely used to represent organic material that 

comes from plants and animals. In sustainable related studies, the term biomass 

usually refers to renewable waste biomass produced by the industry, especially 

agriculture. This includes straws, fruit peel, pits and seeds, bagasse, fibers, shells 

leaves, and many more. Currently, waste biomass is mainly used as a fuel source, 

with about 10-14% of world waste biomass contribute to the world energy supply [13]. 

2.2 World production and usage 

Billion-Ton Study published by the United States Department of Energy divides 

biomass resources into 3 categories; primary forestland resources, primary 

agricultural resources and secondary residues, and waste resources. Primary 

forestland resources include biomass produced in the forestland industry such as 

logging and wood milling. This comprises fuel wood, logging residues, thinning, and 

other removal residues. Primary agricultural resources encompass biomass produced 

as main and by-product of agricultural activities such as grain crops (paddy, wheat, 



8 
 

malt, etc.), oil crops (rapeseed, soybean, oil palm, rapeseed, corn, etc.), woody crops, 

energy crops, perennial grasses, and crop residues. The third category includes 

pulping liquors, mill residues, crop processing residues, waste oil and greases, animal 

manures, and urban wood wastes [14]. 

 

Figure 2.1: Biomass resources categorization (Adapted from Billion-Ton Study 

Report by United States Department of Energy, 2011 [15]) 
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While biomass has been widely used throughout the world, the majority of waste 

biomass produced was discarded annually. Biomass is being used primarily as a 

source of fuel through direct combustion or conversion of biomass into a usable form 

of biofuels such as biogas or ethanol. Even though the amount of biomass produced 

in the world increases every year, the share of biomass used even as a source of 

energy has remained constant at about 17% since the start of the century [16]. 

Intensive usage of biomass as fuel via burning promotes deforestation, pollution, and 

rapid decrease of world biodiversity [17]. 

2.3 Oil palm industry and its biomass 

Oil palm (Elaeis guineensis) or commonly known as African palm oil is a species of 

palm tree grown to produce palm oil. Other oil-producing palm species usually planted 

as crops are Elaeis oleifera and Attalea maripa. The species was originated from West 

Africa and imported over to the east between the 14th and 17th century [18]. The tree 

of the palm oil plant is single-stemmed, and at maturity can grow up to 20 m in length. 

It produces clustered flowers in a form of bunches, which later pollinated and form oil 

palm fruit, the main source of palm oil. It takes about 5-6 months for the oil palm fruit 

to fully mature [19]. The fruit comprises several layers; the outer skin called the 

exocarp, an oily pulp layer that contains the palm oil called mesocarp, a hard shell 

called endocarp or palm kernel shell, and lastly the palm kernel that contain palm 

kernel oil. The variety usually planted was the tenera variant, which is the hybrid of the 

variant dura and pisifera [20]. The dura variant fruit has a thick endocarp which 

corresponds to high palm kernel oil yield, while the pisifera variant fruit has a thick 

mesocarp which results in high crude palm oil yield [21] The tenera trait has the 

desirable trait of a palm oil fruit which is thick fleshy mesocarp, thin palm kernel shell 

and large kernel that can produce the maximum amount of oil [19]. 
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Since oil palm is a tropical plant that can thrive in humid weather conditions. It 

especially flourishes in the area in between 10° north latitude and 10° south latitude, 

which covers most equatorial countries such as Malaysia and Indonesia, West African 

countries such as Cameroon, Côte d’Ivoire, Ghana, Liberia, Nigeria, Sierra Leone, 

Togo, and into the equatorial region of Angola and the Congo [22]. Since oil palm was 

first brought to Java in the early 20th century, it has outgrown its original purpose as 

ornamental plants to be the largest agricultural component of the Malaysian economy. 

Malaysia is the second largest exporter of CPO in the world, with 19.14 million tonnes 

of CPO produced in 2020. The oil palm plantations cover 5.87 million hectares of land 

with fresh fruit bunch production of 16.73 tonnes per hectare as reported by the 

Malaysian Palm Oil Board (MPOB) [23]. Palm oil export has been steadily increasing 

worldwide, due to oil palm high oil yield per unit hectare of land planted compared to 

other oil crops such as corn, rapeseed, sunflower, and soybean. Figure 2.2 shows the 

oil yield per hectare of major oil crops in the world.  
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Figure 2.2: Oil crop yield per unit hectare [24] 

The high production rate of palm oil trees and the development of better oil extraction 

technology has enticed the industry to further increase the opening of new plantations, 

Figure 2.3 shows the growth of oil palm plantation in Malaysia and estimated 

plantation area in 2030 based on data reported by the National Biomass Strategy 

report. The estimated 2030 plantation area was calculated based on the historical 

increase of plantation area by 1% every year. 
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Figure 2.3: Oil palm plantation area growth per year [25] 

The large area of plantation and large-scale production of crude palm oil results in an 

abundant amount of biomass being produced by the industry. The oil palm industry 

biomass can be divided into two types, solid and liquid biomass. Liquid biomass is 

produced during the normal oil extraction process from fresh fruit bunch. Palm oil mills 

utilized saturated steam during the sterilization process to denatured lipase activity 

and reduce free fatty acids (FFA) build-up, loosen up fruits to facilitate stripping, 

softening the pericarp for easier digestion, and preconditioning the palm nuts to reduce 

breakage during the pressing step [26,27]. The steam condensate after the 

sterilization process was collected together with separated water during the oil 

clarification step. This combined wastewater is called palm oil mill effluent (POME). 

This wastewater is treated through anaerobic ponds in the mill and later discharged 

into the river water as palm oil mill final discharge (POMFD) [28–30]. 
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Solid biomass, on the other hand, is produced both in palm oil mills and plantations. 

This includes OPEFB, OPMF, OPF, OPT, palm kernel shell (PKS), and oil palm 

decanter cake (OPDC). OPEFB is produced in the fresh fruit bunch (FFB) 

threshing/stripping step when the oil palm fruit is separated from the bunch. OPMF is 

produced after pressed fiber and nut are separated for kernel extraction. PKS is 

produced after the separation of kernel and kernel shell from the palm nut and OPDC 

is produced as a byproduct of the oil clarification process. OPF and OPT were primarily 

produced in the plantations through normal pruning of palm trees and felling of old,  

non-productive trees (> 25 years old). The flow chart of the general palm oil mill and 

plantation waste biomass production route is shown in Figure 2.4. 

 

Figure 2.4: Oil palm industry biomass production flowchart 
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The main source of solid waste biomass in the palm oil industry comes from the 

plantation with about 75% of all solid biomass produced by weight in the form of OPF 

and OPT, with OPF as the largest by weight, at about 59% [31]. Figure 2.5 shows the 

distribution of solid biomass produced by weight in 2012. 

 

Figure 2.5: Palm oil industry solid biomass distribution by weight (2012)[31]. 

OPF is abundantly available throughout the year due to the pruning process and is 

directly related to the total area of the plantation. OPT is available when plots of palm 

trees are being felled due to old age, but the sheer volume of palm trees felled during 

this period contributes to the large annual production. OPEFB, OPMF, and PKS are 

produced daily through FFB processing, but OPMF and PKS are almost all being used 

as fuel for the boiler in the mills [32]. This is not possible for other waste biomass 

produced in the mills such as OPEFB, due to its high moisture content [33,34]. 

Traditionally, palm oil mills used to burn OPEFB as a means of disposal, and also to 
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produce ash that is recycled back to the plantations as a source of potassium due to 

OPEFB's high potassium content [35]. This practice however has been banned by the 

Malaysian government due to its emission problem [36]. The palm oil mills mulch the 

OPEFB instead, but due to slow degradation, most of the OPEFB produced daily by 

the mills is being dumped in landfills [37]. OPF is currently used as crude mulching for 

the oil palm tree and is usually left around the plantation after the pruning and 

harvesting process. This results in the accumulation of OPF in the plantations and 

OPEFB in the mills [38].  

2.4 Oil palm biomass treatments and conversion technology 

Research towards the use of oil palm biomass as a renewable source of raw material 

in Malaysia has grown steadily since the 1990s, with the main objective is to utilize 

abundantly available waste in the mills and plantations. Research interest in oil palm 

biomass utilization covers many methods and processes to either use oil palm 

biomass as raw material, or convert oil palm biomass into usable resources for next 

step processing, or producing value-added products. This section will explore some of 

the processes that have been extensively studied for the utilization and valorization of 

oil palm biomass. 
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2.4.1 Mechanical processing 

Oil palm biomass is usually relatively large in particle sizes, especially waste biomass 

produced in the plantation. OPF and OPT are usually in the range of meters in size, 

due to the nature of the production process. Some of the biomass produced in the 

mills such as OPMF and PKS are already small in size which increases their usability. 

OPEFB are traditionally produced in bunches but more palm oil mills are shredding 

and pressing the OPEFB to extract additional oil absorbed by the fibers [39]. The 

biomass also contains high moisture content, which significantly reduces its calorific 

value [40]. Table 2.1 lists down the calorific value of some of the oil palm biomass 

produced by the industry and its potential energy that can be generated in million 

tonnes of oil equivalent (mtoe) [41,42]. 

Table 2.1: Oil palm biomass energy potential [41,42]. 

Biomass type 
Calorific value 

(MJ/kg) 
Potential energy generated 

(mtoe) 

OPEFB 18.8 7.65 

OPMF 19.1 4.37 

PKS 20.1 2.84 

OPF and OPT 16.8 8.47 

 

The easiest treatment that can be applied to oil palm biomass is through mechanical 

process. This includes size reduction (shredding, grinding, milling), densification 

(pelleting, briquetting), and drying (sun-drying, torrefaction). Some of the research 

includes the production of pellets from oil palm fibers (OPMF, OPEFB, OPF) [43], 

torrefaction of oil palm biomass to reduce moisture [44,45], and briquetting using fiber 

or a combination of biomass to improve its fuel properties [46]. The process proposed 

in these studies uses simple process to produce fuel products that can be used directly 

for other industries or the general public. The only disadvantage is that the process 
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usually needs additional equipment which requires training and maintenance which 

can increase capital and operating costs.  

2.4.2 Biological treatment 

Solid lignocellulosic biomass from oil palm contains cellulose and hemicellulose that 

can be digested to produce biofuels such as methane and hydrogen through 

saccharification and fermentation. Cellulose and hemicellulose can be digested into 

their constituent monomers which are glucose and xylose which can be utilized by 

microbes through fermentation [47]. Besides direct fermentation of solid biomass [48], 

direct fermentation of POME as a source of nutrient for hydrogen and methane 

production [49], co-fermentation of solid oil palm biomass with POME, and 

fermentation of pressed OPF juice [50] has also been reported. There are also 

researches to improve the fermentation process through physical and chemical 

pretreatment steps on the oil palm biomass. The processes mainly affect the lignin 

component through reduction of lignin content, and increasing cellulose and 

hemicellulose accessibility by microbes or enzymes [5,51]. 

Another popular biological treatment of oil palm biomass is composting. Almost all 

solid biomass produced by the palm oil industry has been composted and studied to 

some extent. The majority of the research focused on composting of OPEFB since it 

is the most abundant solid biomass in the palm oil mills [7]. Besides OPEFB, OPMF, 

OPF, OPF and OPT composting process has been reported which produce high-

quality compost that can be used in-house as additional nutrition in the plantation, or 

sold as value-added products [8,52–54].  
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2.4.3 Heat treatment 

Heat treatment has been used as a method to convert biomass into value-added 

products for centuries [55]. Charcoal is the usual product due to its simple and easy 

process. Heat treatment on oil palm biomass is shown in Figure 2.6 

 

Figure 2.6: Oil palm biomass heat treatment technologies 

 

Direct combustion of oil palm biomass has already been applied in palm oil mills for 

energy generation. Palm oil mills are mostly self-sufficient energy-wise, due to their 

location. Mills burn mainly OPMF and PKS in low-efficiency boilers to produce energy 

for their equipment and also steam for oil extraction [56]. OPEFB is not usually used 

as fuel in this manner due to its high moisture content as explained in Section 2.4.1. 

Some studies were done to improve the energy generation efficiency through the use 

of fuel cell furnaces, ovens, and spreader-stoker in two stages where the first step is 

mainly to dry the biomass, and the second stage to fully combust the biomass for 

energy production [57].  
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Pyrolysis and gasification of oil palm biomass produce 3 different products that can all 

be used as fuel: biochar, bio-oil, and fuel gases. Pyrolysis or carbonization is a thermal 

decomposition process under a low or no oxygen atmosphere to increase 

lignocellulosic biomass carbon content. Pyrolysis can be separated into 2 types, fast 

and slow pyrolysis. Fast pyrolysis usually produces bio-oils while slow pyrolysis 

produces solid char usually called biochar. All solid oil palm biomass has been 

reported to be successfully converted into fuel via pyrolysis methods. Juferi et al. 

reported successful OPEFB carbonization with biochar calorific value in the range of 

23-25 MJ/kg. The process proposed by the study uses less energy, and produce low 

emission [58]. Kim et al. reported successful fast pyrolysis of palm kernel shell in 

producing bio-oil with a calorific value of 17.9 MJ/kg and yield of 47% [59].  

Besides the production of fuel, pyrolysis can also produce carbon with a high surface 

area suitable for adsorption purposes. It is known that the carbonization of biomass 

results in biochar with an inherently porous structure [60]. The performance of the 

biochar can be further enhanced through the activation process where the porous 

structure of the biochar is developed through physical or chemical activation process. 

The processes related to activation of oil palm-based biomass or biochar have been 

extensively reported in the review by Rashidi et al. [61] While the process can 

successfully improve the performance of the biochar, it is usually energy intensive and 

use caustic chemicals that can produce toxic waste[62]. Another method that can be 

applied to biochar to improve its performance is through surface modification and 

functionalization. A review by Liu et al. has highlighted the many ways biochar surface 

can be modified and functionalized to add new surface functional groups that can be 

finely tuned depending on its specific target. The problem with the process currently 

reported in the literature is that the process uses very specialized chemicals and 
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equipment and can be very complicated, which can inhibit adoption by the industry 

[63]. Biochar surface modification and functionalization technology can be improved 

through the development of a simpler, easily implemented process that uses currently 

available equipment in the industry, especially in the palm oil mill industry. 

2.4.4 Cellulose extraction 

Oil palm biomass has been studied as a renewable source of cellulose due to its 

relatively high cellulose content. Usually, extraction of cellulose was done via the soda 

pulping method, where oil palm biomass is treated using sodium hydroxide as the 

pulping agent. The resulting pulp was then bleached with a bleaching agent such as 

sodium chlorite or hydrogen peroxide-based chemical mixtures [64]. This produces 

relatively high purity cellulose with high crystallinity. Another popular method of 

cellulose extraction is by using sodium chlorite (NaClO2). Oil palm biomass was 

immersed in NaClO2 solution acidified with acetic acid to remove lignin. Delignified 

biomass is then treated with potassium hydroxide (KOH) to remove hemicellulose. 

This process is usually used as a pretreatment step before the production of other 

specialized cellulose products such as microcrystalline cellulose (MCC), cellulose 

nanofiber (CNF), cellulose fibrils, and cellulose whiskers [65,66]. Besides the soda 

pulping and sodium chlorite method, other novel methods of cellulose extraction have 

been reported by other researchers. Abdullah et al. reported the use of ultrasonication 

and autoclave methods to extract cellulose from OPEFB. OPEFB fiber was sonicated 

in a sodium hydroxide (NaOH)/hydrogen peroxide (H2O2) bath and further bleached 

using a hydrogen peroxide-based chemical mixture [67,68]. Haafiz et al. reported the 

use of 2.5N hydrochloric acid (HCl) and 5% ammonium hydroxide (NH4OH) solution 

to produce highly crystalline microcrystalline cellulose from OPEFB pulp bleached 
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using an oxygen-ozone-hydrogen peroxide process with Segal crystallinity index of 

89% [69].  

Previously reported processes in the literature have always focused on producing 

highly crystalline cellulose structure, usually in the form of MCC and CNF with 

crystallinity values were in the range of 60-80%, which is comparable to commercially 

available cellulose products in the market such as Avicel PH101 and Sigma-Aldrich 

MCC products. While highly crystalline cellulose is desirable in biocomposite 

manufacturing due to its high tensile strength properties, the lack of reporting on the 

yield can hide the important data that is required in implementing the technology in the 

industry. Process yield is important in calculating the cost of the process, which in turn 

can affect the revenue that can be collected. This will deter the industry, due to the 

uncertainty in cost and revenue. In addition to that, the process suggested in the 

literature almost always requires multiple steps of pretreatment, usually using 

specialize chemicals to first remove lignin from the biomass. As stated in the previous 

paragraph, the use of technology utilizing special chemicals such as ozone, or 

equipment such as ultrasonicator will incur additional capital expense in terms of 

chemical procurement, installation of new equipment, and safety measures. This will 

inevitably deter industrial players from adopting new technology since it will 

significantly increase expense and reduce revenue. Research into simpler, effective 

processes to treat and use oil palm biomass is needed to further improve adoption by 

the industry.  
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CHAPTER 3  

HYDROTHERMAL LIGNIN REMOVAL FROM OIL PALM BIOMASS 

3.1 Introduction 

Biomass comprises 3 major components, lignin, cellulose, and hemicellulose. 

Cellulose especially, has been extracted and processed for centuries in the form of 

paper and textiles, and nowadays, advanced technologies are being developed to 

utilize cellulose as environmentally friendly feedstock for various productions such as 

biofuel through saccharification [70] and fermentation [71], filler in the production of 

biocomposites, biopolymers [72], bio-adsorbents [73], and pharmaceuticals [74]. Even 

though cellulose is versatile and abundant in the form of waste biomass, one main 

roadblock in the implementation and use of cellulose is lignin recalcitrance in its 

original lignocellulosic form. Plants use lignin to provide mechanical support, 

resistance to external pathogens, regulate responses to physical stressors, and play 

a role in water transport [75]. Lignin contributes to biomass resistance towards 

chemical and physical treatments due to its complex structural and compositional 

properties of macromolecules [76] which renders many treatment processes not 

viable. Because of this, lignin removal from biomass is an essential step before the 

utilization of cellulose.  

Removal of lignin from oil palm biomass has been reported using chlorite and non-

chlorite methods but it usually comprises multiple pretreatment steps with the use of 

many chemicals. Nazir et al., reported eco-friendly cellulose extraction from OPEFB 

using eco-friendly hydrogen peroxide and acetic acid, but require intensive 

pretreatment steps such as dewaxing with solvents and autoclave treatment with 
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NaOH and H2O2 to remove lignin before extraction [68]. Other processes reported use 

specialized equipment such as ultrasonicator which are expensive and inhibitive in the 

industry due to their steep capital expense [67] or use of complex organic reaction 

systems that require the use of an excessive amount of solvents that increase cost 

and produce more liquid waste. Another method suggested using a combination of 

acids to remove lignin produces modified cellulose that might limit its usage [77,78] or 

long time which will incur higher cost if constant mixing and heating is required [79].  

To bolster the adoption of waste utilization and valorization by the oil palm industry, a 

simple and appropriate method to remove lignin from oil palm biomass comprises of 

simple process, use fewer chemicals, and utilize already available material and 

equipment in the palm oil mill or plantation needs to be developed. 

In this study, the use of hydrothermal process to remove lignin from oil palm fronds 

was implemented using nitric acid. Oil palm frond was treated at 120°C for 30 min 

without any pretreatment steps. Treated OPF was rinsed with distilled water to remove 

excess nitric acid and lignin degradation byproduct. The proposed process is much 

simpler compared to the method stated in the previous paragraph, which only needs 

one single processing step to produce biomass with significantly lower lignin content, 

which in turn reduces the time needed, chemical cost, and waste by-product. The 

simpler process also reduces the technological barrier for adoption in the industry. The 

process can also utilize equipment and resources already available in the palm oil mill, 

such as pressure vessels in the form of fresh fruit bunch sterilizers, and steam from 

the palm oil mill’s boiler which further reduce initial cost. The resulting treated OPF 

fiber was analyzed via scanning electron microscopy (SEM), Fourier Transform 

Infrared (FTIR) spectroscopy, X-ray powder diffraction (XRD), and thermogravimetric 

analysis (TGA) to determine its properties, and compared with commercially available 
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cellulose products. The same process was also applied to other types of biomass such 

as oil palm empty fruit bunch and bamboo to determine its applicability towards other 

types of biomass.  

3.2 Materials and methods 

3.2.1 Sample preparation 

OPF was collected from Taman Pertanian Universiti, Universiti Putra Malaysia. 

Matake bamboo was provided by Sanwa Co. Ltd, Kitakyushu, Japan. All biomass was 

dried in an oven for 48 hr to reduce the initial moisture content before being ground 

and sieved to 0.25 to 1 mm particle size. Dried, ground biomass was kept in a sealed 

plastic bag at room temperature before autoclave treatments. 

Concentrated nitric acid (68%), sodium hydroxide pellets, and glacial acetic acid are 

provided by FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan. Sodium 

chlorite (80%) is sourced from Sigma-Aldrich, Massachusetts, USA. Stock solutions 

were prepared from pure chemicals and diluted to required concentrations using 

deionized water. Deionized water (18.25 MΩ.cm) was obtained from a Milli-Direct 16 

Filtration system (MilliporeSigma, Massachusetts, USA). 

3.2.2 Hydrothermal lignin removal 

10 g raw OPF was added to a conical flask and mixed with 200 mL nitric acid solution 

(1:20 biomass mass to acid volume ratio) at different concentrations. The flask was 

covered with aluminum foil to avoid boil the mixture over during autoclave treatment. 

The biomass mixture was then autoclaved at a range of temperature and time. After 

autoclave, treated biomass was filtered and rinsed with distilled water to remove 

excess nitric acid until the pH of the rinse solution is 6-7 and colorless. Rinsed, treated 

biomass was dried in an oven at 80°C overnight and weighed for yield calculation. 
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3.2.3 Chemical composition analysis 

Chemical composition of the original and treated biomass was analyzed using TAPPI 

(Technical Association of Pulp and Paper Industry) Standard Test Methods. Cellulose 

(T-203cm-99), holocellulose (Tappi useful Method 249-75), lignin (T-222om-88), and 

ethanol-toluene extractives (T-204cm-97) content of the samples were determined in 

replicates to obtain mean and standard deviation values. 

Cellulose yield and lignin removal were calculated based on raw OPF lignocellulosic 

composition: 

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑂𝑃𝐹 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑔)

𝑅𝑎𝑤 𝑂𝑃𝐹 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑔)
 

 

𝐿𝑖𝑔𝑛𝑖𝑛 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%)

=  
𝑅𝑎𝑤 𝑂𝑃𝐹 𝑙𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑔) − 𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑂𝑃𝐹 𝑙𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑔)

𝑅𝑎𝑤 𝑂𝑃𝐹 𝑙𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑔)
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3.3 Analysis 

Surface structure and morphology were determined using SEM. Samples were viewed 

at 1000x magnification using JEOL-9000 SEM/EDX analyzer (JEOL, Japan). Thermal 

stability of samples was determined thermogravimetrically using EXSTAR 

TG/DTA7000 (Hitachi High-Tech, Japan). Samples were analyzed in the temperature 

range of 100-550°C at 10°C/min heating rate under nitrogen flow. The crystallinity of 

extracted cellulose was determined using a Rigaku X-ray diffractometer with Cu K-α 

radiation at 40 kV and 15 mA. Crystalline peak measurement was done at with 2θ 

range of 3-60° at a scan speed of 20°/min. Segal crystallinity index (CrI) was calculated 

using the Segal method [80] as follows: 

𝐶𝑟𝐼 =
𝐼002 − 𝐼𝑎𝑚

𝐼002
× 100 

Where I002 is the maximum intensity value at 22° (crystalline peak) and Iam is the 

minimum intensity value at 18° (amorphous scattering). Surface properties and 

functional groups of raw biomass and extracted cellulose were determined using FTIR 

spectroscopy analyzer. Samples were analyzed using attenuated total reflectance 

(ATR) method to compare differences in surface functional groups between raw 

biomass, treated biomass, and commercially available microcrystalline cellulose. 
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3.4 Results and discussions 

3.4.1 Effect of treatment parameters towards lignin removal and cellulose 

content 

Parameters such as treatment time, temperature, and nitric acid concentration affect 

the lignin removal and cellulose content of OPF fiber based on preliminary analysis. 

The relationship between the parameters and biomass composition was analyzed and 

discussed in this section. Several properties of treated OPF were analyzed through 

lignocellulosic compositional analysis and XRD to determine the efficiency of the 

process at a given parameter. Cellulose yield and lignin removal percent were 

calculated as the main indicator of how effective the hydrothermal process at removing 

lignin while maintaining cellulose content. CrI value was calculated from XRD analysis 

to determine the purity and structure of the cellulose post-treatment. High crystallinity 

will indicate that the crystalline structure of cellulose is not affected during treatment, 

which suggests a selective reaction with lignin. High crystallinity also indicates the 

removal of amorphous hemicellulose from the biomass. 

3.4.2 Effect of nitric acid concentration 

OPF was hydrothermally treated at different nitric acid concentrations (0.1 M – 2 M) 

while the temperature and time were constant at 30 min and 120°C. The treatment 

cellulose yield, lignin removal, and CrI values are shown in Figure 3.1. 
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Figure 3.1: Effect of nitric acid concentration on cellulose yield, lignin removal and 

crystallinity of OPF 

From Figure 3.1, we can see the trend of cellulose yield, lignin removal and 

crystallinity of the treated OPF fiber at different nitric acid concentrations. Cellulose 

yield stays relatively the same at 0.1 M until 0.5 M, before starting to drop significantly 

at higher concentrations. This might be due to the degradation of cellulose through 

acidic hydrolysis. The use of acid in concentrated and dilute acid hydrolysis process 

has been widely used as a method to produce fermentable sugars from biomass 

where acids such as sulfuric and acetic acid have been used in pretreatment process 

called saccharification to hydrolyze cellulose and hemicellulose into its monomers 

such as glucose and xylose. Treatment using sulfuric acid yielded glucose from 

cellulose in the range of 47-134 mg glucose per g of biomass [81–84]. Lignin removal 

efficiency shows an increasing trend as nitric acid concentration increases, with the 

highest lignin removal of 92.3% at 2 M. While this in itself is impressive, where lignin 

removal of more than 90% can be reached with a single step process, the amount of 
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cellulose degradation was too high, where 70% of the original cellulose content was 

lost during treatment. In addition to that, lignin removal at 0.5 M, 1 M, and 2 M shows 

a small improvement in lignin removal, with an increase of only about 4% from 0.5 M 

to 1 M, and 2% from 1 M to 2 M, suggest optimal nitric acid concentration for lignin 

removal has been reached at 0.5 M.  In addition to that, the inverse relationship 

between lignin removal and cellulose yield infer that the process selectively reacts with 

lignin until the amount of lignin drops below a certain value, in which the process 

prefers cellulose hydrolysis reaction. 

The crystallinity of cellulose in the treated OPF shows a small increase as the 

concentration increase, suggesting an increasing amount of crystalline cellulose in the 

treated OPF fiber. The crystallinity data also reflect the relationship between lignin 

removal and cellulose yield, where the increase in crystallinity can be attributed to the 

removal of lignin from the biomass. Degradation of amorphous cellulose and 

hemicellulose fraction during the hydrothermal treatment also increases crystallinity 

[85]. At lower concentrations, the increase in crystallinity was higher; 22.9% from 0.1 

M to 0.25 M and 7.7% from 0.25 M to 0.5 M; and the increase levels out as 

concentration doubles after 0.5 M. This suggest that at higher concentration, the 

process starts to hydrolyze more crystalline cellulose from the biomass, resulting in 

constant cellulose crystallinity values but lower cellulose yield. From these data, it can 

be concluded that 0.5 M is the optimal concentration for the process and will be applied 

for subsequent parameter effect studies. 
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3.4.3 Effect of treatment time 

Treatment time affect the process significantly, especially in term of cost-effectiveness. 

Since hydrothermal processes require a constant supply of heat to maintain reaction 

temperature and pressure, the shorter the process, the lower cost it will incur due to 

lower energy requirement. The process was repeated at 0.5 M nitric acid concentration 

at 120°C for different treatment period and resulting treated OPF properties is as 

shown in Figure 3.2 

 

Figure 3.2: Effect of treatment time on cellulose yield, lignin removal and crystallinity 

of OPF 

From Figure 3.2, it is apparent that as the treatment time increase, the amount of 

lignin removed also increases, with maximum lignin observed after 120 min of 

treatment. Cellulose yield, on the other hand, stays relatively similar at 5 min, 15 min, 

and 30 min, and starts to drop after 60 and 120 min of treatment. According to this 

trend, it can be inferred that at certain lignin content, the nitric acid started to hydrolyze 
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cellulose, as observed in the previous section. This might be explained by Le 

Chatelier’s principle. Since the protective nature of lignin started to wear off as it is 

removed from the biomass structure, more surface area of cellulose is exposed to the 

acidic condition, which increases its possibility to react with nitric acid compared to 

lignin, therefore, increasing its reaction rate. At a lower treatment time, the process 

cannot proceed until the lignin content reached 10%, so the cellulose hydrolysis rate 

was lower, as shown in the cellulose yield data. Cellulose crystallinity increases 

gradually as the treatment time increase, but the increase is not significant at any 

temperature with about 1-2% change. 

3.4.4 Effect of treatment temperature 

Besides treatment time, treatment temperature also plays an important role in 

managing the energy requirement of a process. While the sterilizer in the palm oil mill 

can reach a temperature of 140°C, if the hydrothermal treatment operating process 

can be reduced, it can result in a large amount of energy being saved, due to the large 

specific heat of water. The hydrothermal treatment was applied using 0.5 M nitric acid 

for 30 min at different temperatures. The results are shown in Figure 3.3. 
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Figure 3.3: Effect of treatment temperature on cellulose yield, lignin removal and 

crystallinity of OPF 

From Figure 3.3, the trend was similar to the first 2 parameters whereas the 

temperature increases, the lignin removal increases. For cellulose yield, it decreases 

as temperature increases. This might be due to the extra energy from higher 

temperatures increasing the reaction rate between nitric acid and lignin. As the lignin 

content reaches the 10% mark, the cellulose starts to hydrolyze faster which results in 

lower cellulose yield. 

Based on these data, it can be concluded that the optimal parameters for the 

hydrothermal treatment of OPF using nitric acid are 0.5 M nitric acid concentration at 

120°C for 30 min. Treatment at these parameters will result in the highest lignin 

removal while leaving as much cellulose unaffected as possible. Treated OPF at 

optimal parameters will be further analyzed and discussed in the next sections. 
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3.4.5 Lignocellulosic composition and yield 

The lignocellulosic composition of raw and treated OPF is shown in Table 3.1. The 

cellulose yield after nitric acid hydrothermal treatment was 68.2% which is comparable 

with other previously reported methods. Abdullah et al. reported a 49% yield from 

ultrasonication treatment of oil palm empty fruit bunch [67] while Hafid et al. reported 

65.5% cellulose yield from 2 steps sodium hydroxide and nitric acid/acetic 

acid/hydrogen peroxide mixture process from rice husk [86]. This shows that with a 

one-step process, lignin removal from oil palm frond can be achieved, producing fibers 

with relatively high cellulose content which can be further processed to produce other 

value-added products such as cellulose nanofiber or used as feedstock for 

saccharification or fermentation.  

Table 3.1: Lignocellulosic composition of raw and treated OPF 
 

Composition (%)  
Lignin Cellulose Hemicellulose Extractive 

Raw OPF 21.7 ± 1.0 32.6 ± 1.2 31.6 ± 1.2 14.1 ± 0.1 

Treated OPF 9.3 ± 0.2 70.4 ± 0.8 20.3 ± 0.8 ND 

 

While lignin is not totally removed, with lignin removal of 86.5%, this can be an 

advantage especially in the production of biocomposites. Several studies have 

reported that lignin-containing biomass-based fillers such as lignin-coated cellulose 

nanocrystals [87] and lignin-containing cellulose nanofibrils [88] show excellent 

compatibility with poly(lactic acid) with increased strength and flexibility due to 

increased crystallinity of PLA and improved adhesion between lignin-containing fillers 

and PLA matrix. 
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3.4.6 SEM micrograph 

Both raw OPF and hydrothermally treated OPF were analyzed using a scanning 

electron microscope to determine the change in the bulk and surface structure of the 

OPF after treatment. The SEM micrographs are shown in Figure 3.4. 

 

Figure 3.4: SEM micrographs of a,b) Raw OPF and c,d) treated OPF 

 SEM micrographs at 100x magnification show differences in particle size between 

raw and treated OPF. Treated OPF has a smaller particle size compared to raw OPF 

as expected. This is due to the treatment process breaking down the lignin that holds 

the structure of the OPF particle together, producing smaller particles. From the 300x 

magnification micrograph, it is apparent that raw OPF has bundled structure, with 

lignocellulosic structure bound together. After hydrothermal treatment, the structure 

was separated, where internal structure inside the OPF particle can be seen. Treated 
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OPF shows porous structure, suggesting that some of the cellulose and hemicellulose 

were degraded during treatment. This supports the lignocellulosic composition result 

where the calculated cellulose yield is reduced by about 40% from the original 

cellulose content.  

3.4.7 Thermogravimetric analysis 

Raw and treated OPF fibers were subjected to thermogravimetric analysis to 

determine their thermal stability and infer their crystallinity through their degradation 

temperature. The thermogravimetric/differential TG (TG/DTG) curve of both raw OPF 

and treated OPF is as shown in Figure 3.5 below. 

 

Figure 3.5: TG/DTG curve of raw and treated OPF 
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Raw OPF shows 3 degradation stages with DTG peaks at about 195°C, 275°C, and 

350°C. The first degradation peak can be attributed to the degradation of wax and 

other soluble extractives in the OPF fibers [89]. This is supported by the high extractive 

content from the previous section. The TG curve reported by Megashah et al. does 

not have this peak due to their sample being pressed and washed before analysis and 

treatment [64]. The 2nd and 3rd peaks correspond to the degradation of the 

hemicellulosic and cellulosic components of the biomass. Similar degradation profiles 

were also reported by Nordin et al. with thermal analysis of oil palm mesocarp fiber 

with similar hemicellulose and cellulose content [90]. The TG/DTG curve changed 

significantly after hydrothermal treatment, with only one DTG peak at about 340°C. 

Small degradation started at around 200°C can be attributed to the degradation of 

remaining low molecular weights lignin and hemicellulose. From the TG/DTG curves, 

it can be concluded that treated OPF fiber contains cellulose with relatively high purity 

and low lignin content. 
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3.4.8 Fourier transform Infrared (FTIR) spectroscopy analysis 

Raw and treated OPF were subjected to FTIR analysis to determine its surface 

chemical properties. A comparison was also made with commercially available MCC 

by Sigma-Aldrich. The FTIR spectra are shown in Figure 3.6. 

 

Figure 3.6: FTIR spectra of Raw OPF, treated OPF and commercial MCC as a 

reference. 
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FTIR spectra of all samples show similar peaks, especially transmittance peaks 

corresponding to cellulose. Those peaks are O-H stretching (3320 cm-1), C-H 

stretching (2880 cm-1), and O-H bending peak (1630 cm-1). The strength of those 

peaks significantly increased after treatment, suggesting an increase in cellulose 

content [91]. A similar increase in absorption strength and shape for peaks in the 

fingerprint region (800-1100 cm-1) associated with cellulose were also observed such 

as peaks at 1157, 1101, 1036, 1025, and 895 cm-1 which corresponds to cellulose C-

O stretching, C-O-C asymmetric bridge stretching in cellulose and hemicellulose, 

aromatic skeletal and C-O stretching in cellulose, C-O stretching in cellulose and 

hemicellulose, and C-O-C stretching of β-(1-4) glycosidic linkage of cellulose, 

respectively. Furthermore, peaks attributed to lignin such as aromatic C=C stretching 

(1505 cm-1), aryl C-O stretching (1235 cm-1), and carbonyl C=O stretching (1730 cm-

1) [90] were also present in the raw OPF but significantly reduced in treated OPF, 

suggesting a reduction in lignin content of OPF after hydrothermal treatment. 

Comparing treated OPF spectrum with commercial MCC, both spectra show similar 

peaks, with the only difference with the lignin absorption peaks explained earlier. This 

suggests that while the fiber in its current state is not as pure as commercially available 

cellulose products, polishing treatment such as bleaching to remove the remaining 

lignin and hemicellulose can be applied to purify the fiber if needed. 
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3.4.9 X-ray diffraction (XRD) analysis 

XRD analysis of raw OPF, treated OPF and commercial MCC was done to determine 

the crystallinity of the cellulose present in the fiber before and after treatment. XRD 

patterns for all sample is shown in Figure 3.7 and CrI values are shown in Table 3.2. 

 

Figure 3.7: XRD diffraction patterns of raw OPF, treated OPF and MCC as a 

reference 

Table 3.2: Segal crystallinity values of raw OPF, treated OPF, and commercial MCC 

Sample Raw OPF Treated OPF MCC Sigma 

CrI (%) 38.2 63.1 77.7 

 

  



40 
 

From the XRD pattern, it is apparent that cellulose crystallinity of OPF increased 

significantly after hydrothermal treatment compared to raw OPF. The calculated Segal 

crystallinity index also shows an increase of 65.1%. This shows that the hydrothermal 

selectively removes lignin and leaves behind a crystalline cellulose structure. The 

amorphous peak at 2θ value of 18° was still relatively higher compared to MCC, due 

to the remaining hemicellulose in the fiber but it is much lower relative to raw OPF. 

This could be attributed to the removal of some of the amorphous hemicellulose and 

cellulose during treatment. CrI value of treated OPF is comparable to other more 

complex methods reported in the literature. Wang et al. reported bamboo-based 

cellulose with a crystallinity index of 74.1% while Galiwango et al. reported date palm 

waste-based cellulose with a crystallinity index of 52.7% [79,92]. 
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3.5 Application of hydrothermal treatment to different types of biomass 

Hydrothermal treatment was applied to other biomass (OPEFB and Matake bamboo; 

Phyllostachys bambusoides) to determine the feasibility of this process in treating 

other types of biomass. This is important for future studies where the feasibility of this 

method in removing lignin from other types of biomass proves that the process is not 

specific towards one type of biomass. Similarities in the cellulose content, crystallinity 

and the yield of the process using other biomass would show that this process is not 

severely limited by the biological difference of the biomass and the process 

performance can be improved through process parameters optimizations. In the point 

of view of the palm oil industry, this can be a new way to generate revenue through 

the processing of biomass from other industries. OPEFB was selected due to its 

abundance in the palm oil mills as the major byproduct of oil extraction from palm oil 

fruit while Matake bamboo was selected as one of the main bamboo species in Japan. 

Biomass samples were treated according to the method explained in Section 3.2.1 

without any modification. Sample lignocellulosic composition, thermal degradation 

profile, and surface functional groups were analyzed to determine the effectiveness of 

the method in removing lignin from the biomass and its effect on cellulose purity. The 

results for all of the analysis are as shown in Figure 3.8 - Figure 3.12 and Table 3.3 
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Table 3.3: Lignocellulosic composition of raw and treated OPEFB and Matake 

 

 

Figure 3.8: TG/DTG curve of raw and treated OPEFB fiber 

Sample 
OPEFB Matake 

Raw Treated Raw Treated 

Lignin (%) 29.7 ± 0.6 10.4 ± 0.0 31.3 ± 0.5 14.0 ± 0.3 

Cellulose (%) 37.7 ± 0.8 65.5 ± 0.7 45.3 ± 0.3 59.0 ± 0.9 

Hemicellulose (%) 32.6± 0.8 24.1 ± 0.7 23.6 ± 0.3 27.0 ± 0.9 
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Figure 3.9: TG/DTG curve of raw and treated Matake bamboo 

 

 

Figure 3.10: XRD pattern of raw OPEFB, treated OPEFB and commercial MCC 
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Figure 3.11: XRD pattern of raw Matake bamboo, treated Matake and commercial 

MCC 

Table 3.4: Segal crystallinity of raw and treated biomass 

Sample 
Raw 

OPEFB 
Treated 
OPEFB 

Raw 
Matake 

Treated 
Matake 

MCC 
Sigma 

CrI (%) 41.6 65.2 50.3 64.4 77.7 
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Figure 3.12: FTIR spectra of treated OPEFB, treated Matake and commercial MCC 
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From compositional analysis, it is apparent that hydrothermal treatment was able to 

remove a significant amount of lignin from OPEFB and Matake bamboo. OPEFB 

shows lignin removal of 86.0% while Matake bamboo 77.6%, with cellulose yield 

based on original cellulose content, was calculated to be 69.7 and 64.9%, respectively. 

Lignin removal and cellulose yield for OPEFB was similar to OPF, and this might be 

due to similarity in the cellular structure of the same plant. Abdul Khalil et al. reported 

that cell wall thickness, lumen diameter, and fiber length, and diameter between OPF 

and OPEFB are similar compared to other structures in the oil palm tree such as OPT 

[93] Lower lignin removal for Matake bamboo can be attributed to the harder woody 

structure of the biomass which might affect the treatment efficiency compared to OPF 

and OPEFB. Differences in the plant cell wall structure and composition between 

different species would result in different lignocellulosic compositions, and also the 

character of each biomass under physical or chemical treatment [94]. TG/DTG curve 

of both OPEFB and Matake shows an appreciable difference in terms of thermal 

stability and degradation profile before and after treatment. For both biomass, 

untreated biomass TG/DTG curve shows early degradation onset, with OPEFB 

showing degradation at around 200°C and Matake at around 250°C, with peak 

degradation temperature of around 310 and 350°C, respectively. After hydrothermal 

treatment, the degradation profile shows increased thermal stability, with a single 

degradation peak at around 350°C for both biomass. This suggests higher cellulose 

purity and crystallinity which improves its thermal stability. XRD analysis shows a 

significant increase in Segal crystallinity values for both OPEFB and Matake bamboo 

after hydrothermal treatment. Reduction of the amorphous peak at 2θ value of 18° is 

more significant in Matake bamboo compared to both OPEFB and OPF, which can be 

attributed to the difference in the lignocellulosic structure of the different types of 
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biomass as stated earlier. FTIR spectrum of both biomass after hydrothermal 

treatment was compared to commercial MCC as a reference. Both treated biomass 

shows similar spectra, with small lignin absorption peaks still present. This result 

supports the compositional analysis result, which shows a small amount of lignin still 

remains on the biomass after treatment. 

3.6 Conclusion 

From the result presented in the previous sections, it can be concluded that the 

hydrothermal treatment using nitric acid can be used as a simple, easy, and 

appropriate technology in the palm oil mill to remove lignin from biomass. The effect 

of nitric acid concentration, treatment temperature, and treatment time shows that the 

optimal parameters for the hydrothermal treatment of OPF were 0.5 M nitric acid, 

120°C, and 30 min. The result from one factor at a time experiments also shows that 

there is a possibility to control the lignocellulosic composition of biomass by controlling 

the treatment parameters. Properties of treated OPF biomass show low lignin content, 

with relatively high cellulose content and crystallinity. Optimal hydrothermal treatment 

conditions were also applied to other types of biomass from the oil palm industry 

(OPEFB) and bamboo. The treatment successfully removes lignin from both types of 

biomass, suggesting that the process can be applied to other types of biomass with 

some parameter optimization. This also shows the versatility of the process in treating 

biomass without the need for additional chemicals or equipment. This process with a 

simpler method, no additional pretreatment steps with the use of relatively low 

concentration of chemical compared to other reported processes in the literature can 

be a good addition to the arsenal of biotreatments and bioprocesses to utilize waste 

biomass in the palm oil industry, and in the agricultural industry in general. 
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CHAPTER 4  

COMBINED HYDROTHERMAL AND SUPERHEATED STEAM (SHS) 

TREATMENT ON BIOMASS  

4.1 Introduction 

Hydrothermal treatment from the previous chapter has shown the possibility of 

removing lignin from biomass. While delignified biomass can be used for many 

purposes such as saccharification and fermentation for the production of biofuel, the 

remaining hemicellulose content can cause problems especially in the production of 

biocomposite and nanofibrils from biomass-based cellulose. A study on hemicellulose 

influence in biocomposite production from wood pulp shows that hemicellulose content 

of the wood pulp can affect the cellulose aggregation during molding, and in turn affect 

its strength [95]. Another study by Norrahim et al. also shows that hemicellulose 

content plays a significant role in the electrospinability of dissolved biomass in ionic 

liquid [96]. A method to remove or control the hemicellulose content in biomass is 

needed to better utilize biomass as a cellulose source. SHS treatment is a good 

candidate due to its use of water as the only chemical, and it can be done in normal 

atmospheric pressure, which avoids the use of pressure vessels compared to 

hydrothermal treatment. Many studies on SHS treatment on oil palm biomass have 

shown that SHS treatment was able to remove hemicellulose from the bulk biomass 

structure and improves its workability in terms of mechanical pretreatment before 

usage [97] and usage as raw material in biocomposite and nanofibril production [98]. 

Due to these reasons, it is hypothesized that combined treatment using SHS to 

remove hemicellulose, and hydrothermal treatment to remove lignin can produce high 

purity cellulose from oil palm biomass 
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Initially, SHS was applied to biomass to remove hemicellulose first and then followed 

by hydrothermal treatment for lignin removal (SHS→NAAC). This follows the reported 

method by Nordin et al., where SHS treatment was applied without any pretreatment 

[90]. Lignocellulosic composition, TGA and FTIR analysis of combined treated 

SHS/NAAC OPF (OPF-SN) shows that cellulose produced from this process was 

lower in purity and quality compared to single hydrothermal treatment. To mitigate this 

problem, the order of treatment was changed, where OPF is hydrothermally treated 

first before being treated with SHS. 

Surprisingly, under the second treatment order, the SHS treatment inadvertently 

produces biomass that has a novel property of dissolving in NaOH solution at room 

temperature. The dissolution process was relatively quick at low biomass loading. This 

chapter will also explore the properties of this combined treated biomass in terms of 

its solubility and regeneration capability. 
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4.2 Materials and methods 

4.2.1 Sample preparation 

For SHS/NAAC combined treatment, the same raw biomass sample from the previous 

chapter is used without any pretreatment. Collected OPF and Matake bamboo was 

dried and ground before any SHS or hydrothermal (NAAC) treatments. For NAAC/SHS 

combined treatment, treated OPF and bamboo samples from previous experiment is 

used as it is without any pretreatment. Raw biomass was weighed and mixed with 

0.5M nitric acid solution at 1:20 biomass weight to acid solution volume ratio. The 

mixture was autoclaved for 30 min at 120°C, and then cooled and rinsed with deionized 

water. The treated biomass was then dried before treated with SHS.  

Chemicals used for bleaching, dissolution and regeneration experiment such as 

NaOH, glacial acetic acid, and acetone was supplied by FUJIFILM Wako Pure 

Chemical Corporation, Osaka, Japan. Sodium chlorite (80%) is sourced from Sigma-

Aldrich, Massachusetts, USA. Stock solution was prepared from pure chemical and 

diluted to required concentrations using deionized water. Deionized water (18.25 

MΩ.cm) was obtained from a Milli-Direct 16 Filtration system (MilliporeSigma, 

Massachusetts, USA). 
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4.2.2 Superheated steam treatment 

Raw and hydrothermally treated biomass (Biomass-NAAC) are weighed before 

treatment for yield calculation. Weighed raw biomass and Biomass-NAAC were 

spread thinly on an aluminum foil sheet (~2-3 mm) before SHS treatment. SHS 

treatment was applied using DC Quto QF-5200C superheated steam oven (Naomoto 

Corp, Japan) at 265°C superheated steam temperature and 230°C oven temperature 

for 5 min. SHS temperature was selected based on TGA analysis of raw OPF, with 

hemicellulose degradation peak was detected at 265°C. The oven temperature was 

lowered from 265°C to 230°C to avoid excessive thermal degradation based on 

preliminary experimentations. After SHS treatment, the SHS treated Biomass-NAAC 

(Biomass-NS) was quickly removed from the SHS oven to avoid runaway thermal 

degradation and left to cool at room temperature. Biomass-NS was weighed and kept 

in airtight plastic containers for further analysis and experiments. 

SHS treated raw biomass (Biomass-SHS) is cooled and kept in airtight plastic 

containers before hydrothermal treatment to produce hydrothermal treated Biomass-

SHS (Biomass-SN).  

  



52 
 

4.2.3 Bleaching 

Biomass-NS was bleached using sodium chlorite to remove excess lignin and color. 

The bleaching method was modified from TAPPI Standard method T-222om-88. 4 g 

of Biomass-NS was weighed and added to a 500 mL beaker. 240 mL of hot water, 3.2 

g of sodium chlorite, and 320 μL of glacial acetic acid were added to the beaker. The 

mixture was agitated continuously at 75°C for 1 hr. After 1 hr, 2.4 g of sodium chlorite 

and 480 μL of glacial acetic acid were added and mixed at 75°C for another 1 hr. 

Bleached Biomass-NS (Biomass-NSblc) was rinsed with distilled water and acetone 

before being dried at 80°C for 24 hr. Dried Biomass-NSblc was collected and weighed 

for yield calculation. 

4.2.4 Fiber dissolution 

Biomass-NSblc was added to 5-15wt% NaOH solution at a 1% ratio (fiber:NaOH 

solution). The mixture was agitated for 40 min at room temperature until all the fiber 

dissolves completely. Other fiber concentrations (2%-6%) and base solutions were 

prepared for comparison. Dissolved fiber solution was kept at room temperature for 

the regeneration experiment. 

4.2.5 Cellulose regeneration 

10wt% of acetic acid was added to 5 mL dissolved fiber solution under constant mixing 

until the solution pH reached pH 7. Precipitated regenerated cellulose was then 

centrifuged for 15 min at 4500 rpm. The supernatant was removed and the 

regenerated cellulose pellet was rinsed 3 times with 50 mL distilled water to removed 

excess salts from the neutralization of sodium hydroxide. After rinsing, the regenerated 

cellulose was freeze-dried for 24 hr and kept in an airtight container at room 

temperature for further analysis. 
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4.3 Analysis 

Surface structure and morphology were determined using scanning electron 

microscopy (SEM). Samples were viewed at 1000x magnification using JEOL-9000 

SEM/EDX analyzer (JEOL, Japan). Wet sample morphology and extent of dissolution 

from dissolution experiment was analyzed using 3D laser scanning confocal 

microscope (LSCM) model VK-X 100 (KEYENCE Corporation, Osaka, Japan). A red 

semiconductor laser was used as a focusing and imaging light source with a 

wavelength of 658 nm, power of 0.95 mW, and pulse width of 1 ns. Thermal stability 

of samples was determined thermogravimetrically using EXSTAR TG/DTA7000 

(Hitachi High-Tech, Japan). Samples were analyzed in the temperature range of 100-

550°C at 10°C/min heating rate under nitrogen flow. The crystallinity of extracted 

cellulose was determined using Rigaku X-ray diffractometer with Cu K-α radiation at 

40 kV and 15 mA with 2θ range of 3-60° at a scan speed of 20°/min. 13C solid-state 

cross-polarization, magic angle spinning (CPMAS) NMR spectra of OPF sample after 

hydrothermal treatment and after SHS treatment was analyzed using JEOL JNM-ECZ-

500R spectrometer to determine the change in hydrogen bonding in the OPF. Dry 

biomass samples were added to zirconia tubes and spun at a 6 kHz spin rate where 

the NMR spectra were obtained at 75.3 MHz. Surface properties and functional groups 

of samples at each step of treatment were determined using Fourier transform infrared 

spectroscopy (FTIR) analyzer. Samples were analyzed via attenuated total reflectance 

(ATR) method to compare differences in surface functional groups after each 

treatment step. Sample FTIR spectra were also compared with commercial MCC and 

its regenerated cellulose.  
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4.4 Results and discussions 

Results and discussions for combined treatment will be presented in two sections. The 

first section will discuss SHS/NAAC treatment order, and followed by NAAC/SHS 

treatment order. 

4.4.1 SHS/NAAC treatment order 

4.4.1.1 Lignocellulosic composition and yield 

Table 4.1: Lignocellulosic composition of OPF-SHS and OPF-SN 

 
Composition (%)  

Lignin Cellulose Hemicellulose Extractive 

Raw OPF 21.7 ± 1.0 32.6 ± 1.2 31.6 ± 1.2 14.1 ± 0.1 

OPF-SHS 44.0 ± 0.8 24.2 ± 4.0 31.8 ± 4.0 ND 

OPF-SN 10.0 ± 0.2 45.7 ± 0.7 44.3 ± 0.7 ND 

 

Lignocellulosic composition of OPF after treatment with SHS and combination of SHS 

and hydrothermal method is shown in Table 4.1. It is hypothesized that the treatment 

using SHS will reduce the hemicellulose content of the biomass, which will, in turn, 

produce higher purity cellulose after hydrothermal treatment. The compositional 

analysis result shows that it is not the case, with hemicellulose content of SHS treated 

OPF is at a similar value with raw OPF. Cellulose degradation on the other hand was 

significant, with cellulose content decreased from 32.6% to 24.2%, a reduction of 

about 25%. This is contrary to other reported research where SHS treatment of OPMF 

successfully reduces hemicellulose content. This can be attributed to the difference in 

the temperature used and the treatment time. Nordin et. al. reported successful 

hemicellulose reduction from OPMF using SHS treatment at 210°C for 1 hr, which is 

significantly longer than what is applied in the study [90].  
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In addition to the significant degradation of the cellulose component, the lignin content 

of the biomass after SHS also shows a significant increase compared to raw OPF. 

This can be attributed to the development of pseudo-lignin in the bulk structure and 

the surface of the biomass during SHS treatment. Degradation of the cellulose polymer 

and dehydration of glucose monomers produced 5-hydroxymethylfurfural (5-HMF) and 

other subsequent formaldehyde, which in turn re-polymerize into an insoluble polymer. 

This polymer can increase the apparent lignin content of biomass after thermal and 

thermochemical treatment, especially in acidic conditions [81]. Direct production of 

pseudo-lignin from glucose, fructose, and 5-HMF [99] and pseudo-lignin development 

on birch wood after steam explosion has been reported [100] which suggests that 

other steam-based treatments such as SHS can cause pseudo-lignin to be developed 

in the biomass post-treatment. 

For combined treated OPF-SN, it can be seen that the increased apparent lignin 

content of the biomass does not affect the lignin degradation efficiency of the 

hydrothermal process. On the other hand, the hemicellulose and cellulose fractions 

show a similar amount per unit mass, suggesting that both components do not 

degrade during hydrothermal treatment. In addition to that, cellulose yield for OPF-SN 

shows a similar value with OPF-NAAC, but hemicellulose content for OPF-SN is 

significantly higher. An increase of apparent lignin content affects the hydrothermal 

treatment, where the increased lignin content reduces the degradation of 

hemicellulose fraction compared to OPF-NAAC. 

Based on the lignocellulosic composition analysis, it can be concluded that SHS 

treatment negatively impacted the subsequent hydrothermal treatment through an 

increase in apparent lignin content and reduced efficiency of the hydrothermal process 

in removing hemicellulose component from biomass.   
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4.4.1.2 SEM micrograph 

 

Figure 4.1: SEM micrograph of a) raw OPF, b) OPF-SHS and c) OPF-SN 

SEM micrograph of raw OPF, OPF-SHS, and OPF-SN is shown in Figure 4.1. It can 

be seen that consecutive treatments of SHS followed by hydrothermal treatment affect 

the surface and bulk structure of the OPF biomass significantly. After SHS treatment, 

the surface of the OPF biomass was cracked and damaged. This can be attributed to 

the drying of the surface, followed by the internal biomass structure. The high thermal 

energy of SHS has been used extensively as a method of drying [101], with very high 

drying efficiency. Differences in moisture content between the surface and the inside 

of the biomass can introduce stresses that can damage the biomass structure. The 

subsequent hydrothermal treatment further increases the damage that can be seen 

from the OPF-SN SEM micrograph, through the removal of the lignin component as 

shown in the previous section.  
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4.4.1.3 FTIR analysis 

 

Figure 4.2: FTIR spectra of MCC, Raw OPF, OPF-SHS and OPF-SN 

FTIR analysis of sample after single hydrothermal and combined hydrothermal and 

SHS treatment is shown in Figure 4.2. From the spectra, it can be seen that the SHS 

treatment does not significantly change OPF-SHS surface chemical properties 

compared to raw untreated OPF. This suggests that the SHS treatment does not 

change the surface properties of the biomass significantly, while the heat energy from 

the SHS degrades the components of the biomass, as shown by the reduction of 

cellulose content from the lignocellulosic compositional analysis. Peaks attributed to 

lignin such as aromatic C=C stretching (1505 cm-1), aryl C-O stretching (1235 cm-1), 

and carbonyl C=O stretching (1730 cm-1) does not show any changes related to the 
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development of pseudo-lignin, but this might be due to overlapping peaks of glucose-

derived pseudo-lignin peaks such as peaks at 1625 and 1710 cm-1 as previously 

reported [99]. OPF-SN on the other hand, shows a significant difference compared to 

OPF-SHS, with lignin-related peaks decrease and characteristic cellulose peaks 

increases. Carbonyl peaks at 1600-1700 cm-1 range show a significant decrease, but 

not as significant as single hydrothermal treated OPF. This suggests that the presence 

of pseudo-lignin might reduce the efficiency of the process, as shown through 

compositional analysis. An increase in treatment time or concentration of nitric acid 

might be able to remove more lignin but might result in more cellulose and 

hemicellulose degradation. 

4.4.1.4 TGA analysis 

 

Figure 4.3: TG/DTG curve of raw OPF, OPF-SHS and OPF-SHS 
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TG/DTG curve of raw OPF, OPF-SHS, and OPF-SN is shown in  

Figure 4.3. From the DTG curve of OPF-SHS, it is apparent that there are some 

hemicellulose degradations after SHS treatment, where degradation peak at around 

265°C has decreased after SHS treatment compared to raw OPF. Cellulose 

degradation peak also increased compared to raw OPF which suggests higher thermal 

stability of the cellulose fraction after SHS treatment. This might be due to the 

degradation of the amorphous cellulose fraction that contributes to pseudo-lignin 

production. After subsequent hydrothermal treatment, the hemicellulose peak was 

removed from the DTG curve, with an increased degradation rate of cellulose 

component, suggesting higher cellulose content. The peak degradation temperature 

also shifted to a lower temperature compared to OPF-SHS, from 350°C to 330°C. This 

can be due to smaller OPF-SHS particle size after SHS treatment as shown in the 

SEM micrograph in Section 4.4.1.2.   

Based on the SEM, TGA, FTIR, and lignocellulosic composition analysis, it can be 

concluded that the SHS/NAAC treatment order is not ideal in producing high purity 

cellulose from biomass. The degradation of cellulose and hemicellulose components 

of the biomass during SHS even at relatively lower temperature and treatment time 

introduces pseudo-lignin which negatively affects the subsequent removal of lignin and 

cellulose yield during subsequent hydrothermal treatment. The resulting biomass also 

still contains a relatively high percentage of hemicellulose compared to single 

hydrothermal treatment, which might affect its usability in the next processing steps, 

especially in the production of biocomposites [102] and cellulose fibers through 

electrospinning [98]. Due to these results, the treatment order was changed where 

hydrothermal treatment was applied first, before SHS treatment. Results regarding the 

process order will be presented in the next sections. 
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4.4.2 NAAC/SHS treatment order 

Due to the negative impact SHS treatment has on hydrothermal treatment of biomass, 

the treatment order was changed where biomass is hydrothermally treated first, before 

being treated with SHS. A similar process method was applied without any major 

changes from the previous section. Surprisingly, combined treated biomass with 

NAAC/SHS order (Biomass-NS) has the novel property of dissolving in NaOH at room 

temperature. The process was applied to both OPF and Matake biomass to determine 

the process applicability towards other types of biomass. The physical properties of 

both OPF-NS and Matake-NS and their dissolving and regeneration properties were 

explored and presented in the next sections of this chapter. 

4.4.2.1 SEM micrograph 

Biomass-NAAC, Biomass-NS, and Biomass-NSblc surface morphology were 

analyzed via SEM to determine any changes in the bulk structure of the biomass at 

each step of treatment. Figure 4.4 shows the SEM micrograph of OPF and Matake 

bamboo at each treatment step. 
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Figure 4.4: SEM micrographs of a) OPF-NAAC b) OPF-NS, c) OPF-NSblc d) 
Matake-NAAC e) Matake-NS and f) Matake-NSblc 
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From the SEM micrograph, it can be seen that each treatment affects the bulk structure 

differently. For OPF, OPF-NAAC shows fibrillation of the biomass has started to occur. 

This can be attributed to the degradation of the lignin backbone that holds the 

macrostructure of the OPF biomass together. Particle size was also much smaller 

compared to the original raw OPF, as shown in the previous chapter. This provides 

additional surfaces for the SHS treatment to act upon which improves the process 

efficiency. After SHS treatment, OPF-NS shows a similar structure to OPF-NAAC, 

which suggests the treatment does not change the bulk structure significantly. This is 

expected since the treatment was at a temperature lower than the degradation 

temperature of cellulose, and at a relatively short time of 5 min. After the bleaching 

step, more fibrillation can be observed due to additional degradation of the biomass. 

This can be due to degradation by sodium chlorite as it can also degrade cellulose 

and hemicellulose components [103]. But based on the yield calculated in Section 

4.4.1.1, the degradation is not significant. Besides degradation by sodium chlorite, size 

reduction can also be attributed to the mechanical action of mixing during the 

bleaching step. This can mechanically separate and cut the fibers, which results in the 

reduction of the fiber size as seen in the SEM micrograph. Comparing OPF and 

Matake samples, a similar conclusion can be drawn, with differences in the bleached 

Matake samples where fibrillation is more pronounced, with single fibers present. 

These differences can be attributed to the different cellular structures of OPF and 

Matake bamboo even though both of them are monocotyledon-type plants. Bamboo 

cells are constructed into distinct fibrovascular bundles which results in long strands 

of fiber shown in the SEM micrograph [104], while OPF and other oil palm fibers closely 

resemble wood cells with various sized vascular bundles covered in thin-walled 

parenchymal ground cells [93]. The lack of significant change on the bulk structure of 
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the OPF and Matake fiber after SHS shows that the process improves fiber solubility 

in NaOH solution through changes in surface functional groups or mild degradation of 

lignocellulosic components such as hemicellulose and cellulose that helps improves 

solubility.  

4.4.2.2 TGA Analysis 

TGA analysis of Biomass-NAAC, Biomass-NS, and Biomass-NSblc was done to 

determine its thermal degradation properties. Through this analysis, the purity of the 

biomass at each treatment step can be deduced and compared with the combination 

of other analysis data. The degradation data can also give some information regarding 

the thermal stability of the biomass, which can be used to infer its purity in terms of 

lignocellulosic composition, and also its particle size. Figure 4.5 shows the TG/DTG 

curve of OPF samples while Figure 4.6 shows TG/DTG curves for Matake bamboo 

samples. 
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Figure 4.5: TG/DTG curve of OPF-NAAC, OPF-NS and OPF-NSblc 

 

Figure 4.6: TG/DTG curve of Matake-NAAC, Matake-NS, and Matake-NSblc 
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Based on the TG/DTG curve of both biomass types, it can be concluded that the SHS 

treatment does not change the composition of the biomass, where the peak 

degradation temperature after SHS treatment and after bleaching step is around 345-

350°C. However, both OPF and Matake bamboo samples show increase thermal 

stability after bleaching steps, which suggests the removal of SHS pyrolyzed 

byproduct which was low molecular weight compounds from previous treatment steps 

improves the purity of the cellulose fraction, hence its thermal stability [105]. After SHS 

treatment, both OPF and Matake bamboo show no significant difference in peak 

thermal degradation temperature and degradation rate. Even though hemicellulose 

degradation might occur at the temperature of SHS treatment as reported previously 

[90,97], the short treatment time, low steam power, and lower oven temperature 

compared to the previously reported methods might inhibit volatilization of the 

hemicellulose degradation by-products which leads to similar thermal degradation 

behavior.  
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4.4.2.3 FTIR analysis 

FTIR analysis of Biomass-NAAC, Biomass-NS, and Biomass-NSblc was conducted to 

determine if there is any significant change in the surface functional groups of the 

biomass after each treatment step. The spectra of all samples are shown in Figure 

4.7 and  

Figure 4.8. 

 

Figure 4.7: FTIR spectra of OPF-NAAC, OPF-NS, OPF-NSblc, and commercial 
MCC 
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Figure 4.8: FTIR spectra of Matake-NAAC, Matake-NS, Matake-NSblc, and 
commercial MCC 
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Based on the FTIR spectra of both OPF and Matake, there are no significant changes 

on the surface of the biomass after SHS and bleaching treatment. Compared to initial 

NAAC samples, the SHS treated samples spectra are relatively the same. The peaks 

seen in the NAAC samples as explained in the previous chapter are present after SHS 

treatment. Peaks related to lignin such as peaks at aromatic C=C stretching (1505 cm-

1), aryl C-O stretching (1235 cm-1) and carbonyl C=O stretching (1730 cm-1) [90] is still 

present after SHS treatment and reduced after bleaching treatment with sodium 

chlorite. Peaks related to cellulose such especially in the fingerprint region shows 

increase absorption after bleaching especially for Matake bamboo samples. 

4.4.2.4 XRD analysis 

XRD analyses were done on both OPF and Matake bamboo samples to see whether 

the SHS treatment change the crystal structure of the cellulose and to determine the 

crystallinity of the cellulose fiber. Figure 4.9 and Figure 4.10 show the XRD patterns 

of the biomass samples and comparison with commercial MCC. Table 4.2 shows the 

Segal crystallinity index (CrI) values calculated from the XRD data. 
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Figure 4.9: XRD pattern of OPF-NAAC, OPF-NS, OPF NSblc, and commercial MCC 

 

Figure 4.10: XRD pattern of Matake-NAAC, Matake-NS, Matake-NSblc, and 

commercial MCC 
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Table 4.2: Segal crystallinity index of OPF and Matake samples 

Sample 
 OPF Matake 

MCC-Sigma NAAC NS NSblc NAAC NS NSblc 

CrI (%) 77.7 65.2 61.7 65.7 64.4 65.4 65.5 

 

Based on the XRD pattern, it can be seen that the SHS treatment slightly increases 

the amorphous peak height at 2θ=18°. This might be due to the SHS treatment 

degrading some of the hemicellulose and cellulose crystal structure, reducing its 

crystallinity. This is much apparent in the OPF where the CrI value decreases by 4% 

after SHS treatment. Reduction of the cellulose degree of polymerization (DP) might 

also contribute to the increase of amorphous structure in the biomass after SHS 

treatment. This behavior has been reported by Megashah et al., where SHS treatment 

on OPEFB derived cellulose affect its DP at different treatment time [102]. However, 

the increase in the amorphous peak was not accompanied by a decrease in crystalline 

peak at 2θ=22°, which suggests that the SHS treatment affects the hemicellulose 

component more compared to cellulose. This is supported by the XRD pattern of 

bleached samples, where the amorphous peak decrease, indicating that the bleaching 

treatment removes some of the degraded hemicellulose components of the biomass. 
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4.4.2.5 Nuclear magnetic resonance (NMR) spectroscopic analysis 

13C NMR spectra can shine some light on the strength of hydrogen bonding of the 
cellulose, through the change in chemical shift values of the carbons in the cellulose. 
The assignment of chemical shift values of each peak in cellulose can be referred to 

 

Figure 4.11. 

 

Figure 4.11: Chemical shift assignment for cellulose [106] 

 It is widely accepted that the hydrogen bonding interaction of cellulose macrostructure 

can be divided into 3 different interactions [107]. First, intra-chain hydrogen bonding, 

between oxygen and hydrogen atoms bonded to C2, C3, C5, and C6 and highlighted 

in blue in Figure 4.12. Reduction of these hydrogen bonds strength will rearrange and 

increase electron cloud density around C2 and C3 carbons, resulting in an upfield shift 

(decreasing value) of its chemical shift value. Second, inter-chain hydrogen bonding, 

involving C3 and C6 carbon is highlighted in red. The reduced strength of these 
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hydrogen bonds will result in a downfield shift (increasing value) of its chemical shift 

values [108,109]. Finally, inter-sheet hydrogen bonding, which can be deduced 

through the chemical shift values of C1 and C4 carbons. This hydrogen bonding 

interaction might be affected by the strength of hydrogen bond between hydrogen 

atoms on C4 carbon and oxygen atoms on C2 carbon [110], and the orientation of the 

cellulose polymer with respect to the β(1→4) glycosidic bond, specifically the torsional 

angle ϕ which correlates well with the C1 chemical shift values. Changes towards C1 

chemical shift values would suggest the rotational shifting of cellulose monomers with 

respect to the glycosidic bonds, which in turn affect the inter-sheet distance and 

hydrogen bonding strength. With the decrease in hydrogen bonding strength, we 

should see an upfield shift (decreasing value) of C1 and C4 peaks [111,112].  

 

Figure 4.12: Molecular representation of cellulose polymer chain. Dashed line 

represents hydrogen bonding between oxygen and hydrogen atoms in the cellulose 

polymer. 

From the NMR spectra of OPF-NAAC and OPF-NS, it can be seen that there is some 

decrease in hydrogen bonding strength of the cellulose after SHS treatment, especially 

in intra-chain and inter-sheet interaction. Chemical shift values of OPF-NAAC and 
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OPF-NS can be referred to in Table 4.3. This can be seen from the chemical shift 

values of the OPF sample before and after SHS treatment. Inter-sheet hydrogen 

bonding strength reduction is the highest, with a C1 chemical shift decrease from 

105.71 to 105.47. This suggests that the SHS were able to enter the fibers of the 

biomass and reduce the hydrogen bonding between large sheets of cellulose polymers 

in the biomass. This correlates well with the result of the dissolution of the cellulose 

fiber in NaOH at different cellulose loading (Section 4.4.2.8), where at higher cellulose 

loading, more fiber can be seen in the microscope image. The fiber seen in the 

microscope images was translucent, suggesting very thin layers or sheets of cellulose 

were separated, but not completely dissolves. Decrease in C2, 3, 5, and C4 chemical 

shifts suggest a reduction of intra-chain hydrogen bonding strength and redistribution 

of electron cloud density between C4 and C5 respectively, which contributes to the 

decrease in inter-sheet hydrogen bonding strength. C6 chemical shift does not change 

after SHS treatment, which suggests that inter-chain hydrogen bonding was not 

disrupted, which also explained the observation in Section 4.4.2.8. 
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Figure 4.13: 13C NMR spectra of OPF-NAAC 

 

 

Figure 4.14: 13C NMR spectra of OPF-NS 
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Table 4.3: Chemical shift values of OPF-NAAC and OPF-NS 

Sample 
Chemical shift,δ (ppm) 

C1 C2,3,5 C4 C6 

OPF-NAAC 105.71 75.39, 72.75 89.26 65.28 

OPF-NS 105.47 75.29, 72.70 89.16 65.28 
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4.4.2.6 Solubility of biomass after SHS treatment 

Solubility of hydrothermally treated biomass after treatment with SHS was studied to 

determine the reasoning behind the change in properties. Alpha-cellulose is not 

soluble in sodium hydroxide solution, and this property was used in TAPPI analysis 

where beta-cellulose (hemicellulose) that will dissolve in NaOH is removed to 

gravimetrically determine the cellulose content of biomass. Hydrothermally treated 

biomass was found to be able to dissolve in NaOH solution after SHS treatment to 

produce a stable solution.  

Figure 4.15 and Figure 4.16 shows comparison pictures and microscope images of 

OPF at different treatment steps and its solubility in 10% NaOH solution. Several 

experiments were conducted to determine the solubility of biomass using different 

parameters to try to tease out the reason behind this novel property. 

 

Figure 4.15: OPF biomass in 10wt% NaOH solution. From left: Raw OPF, OPF-
NAAC, OPF-NS, OPF-NSblc 
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Figure 4.16: Microscope images of a) Raw OPF, b) OPF-NAAC c) OPF-NS and d) 
OPF-NSblc in 10wt% NaOH solution at 1% fiber loading 
 

4.4.2.7 Effect of NaOH concentration 

OPF-NSblc was added to different concentrations of NaOH solution to determine 

whether the dissolution process was affected by the amount of NaOH in the solution 

or the process was affected by pH. The resulting solution pictures and microscope 

images are as shown in  

Figure 4.17 and Figure 4.18 below.  
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Figure 4.17: Solubility of OPF-NSblc in different NaOH concentration solutions. 
From left: 5wt%, 10wt% and 15wt% 
 

 

Figure 4.18: Microscope images of OPF-NSblc in a) 5wt% NaOH b) 10% NaOH and 
c) 15wt% NaOH solution 
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From visual observation, OPF-NSblc was able to dissolve to a degree in 10wt% and 

15wt% NaOH solution but failed to dissolve in 5wt% NaOH solution. This suggests 

that the process requires a minimum amount of dissolved NaOH in the solution to 

properly dissociate the cellulose fiber into the solution. There is also a slight difference 

in solubility between 10% and 15% NaOH solution where OPF-NSblc dissolves in 

15wt% NaOH solution is cloudier compared to the 10wt% NaOH solution. Microscope 

images of 10wt% and 15wt% NaOH solution also show more undissolved particles in 

the 15wt% solution compared to the 10wt% solution. Similar results were reflected in 

the cold alkali process reported by Yamashiki et al. where the dissolution of specially 

prepared cellulose with NaOH at below 4°C happens at about 2.5 mol/L of NaOH 

concentration, which corresponds to about 10wt%. The major difference between the 

reported processes was the cellulose needs to be specially prepared to break down 

intramolecular hydrogen bonds in the cellulose crystal using mechanical processing. 

The process also requires low temperatures to achieve dissolution and the use of 

strong mixing for a long time (8 hr)[113]. Combined hydrothermal and superheated 

steam treatment was able to produce cellulose that can dissolve in NaOH solution at 

room temperature relatively quickly (1 hr).   
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4.4.2.8 Effect of fiber loading 

 

Figure 4.19: Solubility of OPF-NSblc at different fiber loading. From left: 2%, 4%, 
and 6% (w/v) 
 

 

Figure 4.20: Microscope images (x10) of OPF-NSblc in 10wt% at different fiber 
loading: a) 1% b) 2% c) 4% and d) 6% (w/v) 
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OPF-NSblc solubility in NaOH solution decreased as the concentration of fiber in the 

solution increased. This can be seen clearly from Figure Figure 4.19, where the 

solution becomes cloudier as more fiber is dissolved in the solution. Laser microscope 

images from Figure 4.20 also shows more undissolved fiber as the fiber concentration 

increase. This phenomenon is due to the lack of NaOH hydrates to cover the surface 

of the cellulose polymer, which inhibits hydrophobic interaction between the cellulose 

polymer molecules. As the concentration of cellulose increases, the amount of NaOH 

hydrates available decreases, decreasing the solubility of the additional cellulose 

[114]. The optimal cellulose concentration for 10wt% NaOH solution is between 2-4% 

(w/v) of cellulose.  

4.4.2.9 Effect of different bases 

The OPF-NSblc was also subjected to dissolution in different kinds of bases to 

determine whether the dissolution process is similar to the cold alkali attack reported 

previously in the literature[115,116], or only requires a basic solvent. Several 

hydroxides (lithium hydroxide and potassium hydroxide), amines (ethylamine, 

benzylamine, tetrabutylamine), and other popular bases such as urea, ammonia, and 

tetrabutylammonium chloride were tested. All dissolution was done at 1% fiber loading 

using 10wt% aqueous base solution and mixed continuously for 1h at room 

temperature. The resulting solution picture is shown in Figure 4.21 - Figure 4.26 
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Figure 4.21: Solubility of OPF-NSblc in different hydroxide bases. From left: 10% 
NaOH, 10% lithium hydroxide (LiOH), 10% potassium hydroxide (KOH) 
 

 

Figure 4.22: Microscope images (x10) of OPF-NSblc in a) 10wt% LiOH b) 10wt% 
KOH and c) 10wt% NaOH 
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Figure 4.23: Solubility of OPF-NSblc in different organic amines. From left: 10% 
sodium hydroxide (NaOH), 10% ethylamine, 10% benzylamine, and tetrabutylamine. 
 

 

Figure 4.24: Microscope images (x10) of OPF-NSblc in a) 10wt% NaOH b) 10wt% 
ethylamine c) 10wt% benzylamine and d) pure tetrabutylamine 
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Figure 4.25: Solubility of OPF-NSblc in different bases. From left: 10% NaOH, 10% 
aqueous ammonia (NH3), 10% urea, 1% tetrabutylammonium chloride. 
 

 

Figure 4.26: Microscope images (x10) of OPF-NSblc in different bases. From left: 
10% NaOH, 10% aqueous ammonia (NH3), 10% urea, 1% tetrabutylammonium 
chloride. 
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From Figure 4.21, it can be seen that other hydroxides were not able to dissolve OPF-

NSblc as well as NaOH solution. While OPF-NSblc in LiOH solution shows some 

swelling, the fiber was not dissolved completely and large fiber can still be seen. This 

is contrary to other reported literature where NaOH and LiOH were able to dissolve 

cellulose albeit using urea as an additive to stabilize the separated cellulose polymers 

[117]. OPF-NSblc also shows a similar reaction in KOH solution with lower swelling. 

Microscope image of LiOH and KOH solution shows fibril structure of the original 

biomass still visible in the solution, which is almost not detected in the NaOH solution. 

This provides a better alternative in producing dissolved cellulose solution due to 

NaOH being easily available and cheap compared to lithium hydroxide. 

Figure 4.23 and Figure 4.25 show the solubility of OPF-NSblc in organic amines and 

other bases. The bases were not able to dissolve the biomass as well as the NaOH 

solution had. OPF-NSblc in ethylamine and benzylamine solution shows slight 

swelling, while tetrabutylamine shows no swelling. This might be due to the low 

solubility of tetrabutylamine in water, reducing its interaction with hydrophilic cellulose 

structure. For ammonia and ammonium-related bases, ammonia shows the most 

swelling, while urea and tetrabutylammonium chloride shows no swelling. Microscope 

images (Figure 4.24 and Figure 4.26) of the solutions also reflected the result 

discussed above. Large cellulose particles and fibrils of the treated biomass can be 

seen clearly which suggests a very low amount of dissolution if present. This result 

indicates that the dissolution process is closely related to the mechanism of cold alkali 

dissolution previously reported using NaOH or LiOH with urea, thiourea, or zinc oxide 

as additive [115,118–120]. 
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4.4.2.10 Suggested mechanism of dissolution in NaOH solution 

Based on the experiment conducted in previous sections, several hypotheses can be 

drawn to explain the dissolution of biomass after combined hydrothermal and SHS 

treatment. Firstly, the SHS treatment affects cellulose by reducing its hydrogen 

bonding strength. NMR results show that intra-chain and inter-sheet hydrogen bonding 

strength decrease after SHS treatment, which can be a contributing factor to the 

dissolution of the biomass in NaOH. As explained in length in Section 4.4.2.5, SHS 

treatment disrupted the hydrogen bonding in the cellulose structure, specifically intra-

chain and inter-sheet interaction. Disruption of these hydrogen bonds, improves 

penetration of the metal cation and hydroxide anion into the cellulose structure, 

improving its solubility.  

In addition to that, other factors might positively affect the solubility of the cellulose-

based on previous literature. SHS treatment has been shown to reduce the DP of 

cellulose through depolymerization [102]. High-temperature treatment below the 

degradation temperature of cellulose could depolymerize the cellulose and produce 

cellulose with a smaller DP value that is easier to dissolve in alkali solutions. This is 

supported by earlier research on cellulose dissolution where complete dissolution can 

be achieved easier using cellulose with a smaller DP value [121].  

Second, the dissolution of other components of lignocellulosic biomass especially 

hemicellulose in NaOH acts as an additive, similar to how urea and thiourea were used 

in the literature. There are many mechanisms of these additives that have been 

suggested in the literature that helps the dissolution process. Some authors suggest 

that the additives interact with NaOH hydrogen-bonded cellulose to form an inclusion 

complex (IC), which would lead to full dissolution[122]. Besides that, other studies 

suggest that the additive was preferentially interacting with cellulose, inhibiting the 



87 
 

hydrophobic interaction of cellulose polymers that can lead to reagglomeration [117]. 

Hemicellulose and its oligomers such as xylans, mannans, and glucomannan has 

been reported to have surfactant-like properties, which could improve the dispersion 

and stability of the dissolved cellulose polymers [123].  

Based on the analysis results and reported data in the literature, it can be concluded 

that the main reason for the increased solubility of cellulose in NaOH solution is the 

reduction of hydrogen bonding in the cellulose structure. Other factors such as the 

decrease in DP of cellulose and hemicellulose by-products acting as additives similar 

to urea/thiourea can be speculated to improve cellulose dissolution but are not proven. 

4.4.2.11 Regeneration of cellulose after biomass dissolution 

The dissolved biomass was regenerated using acetic acid to produce regenerated 

cellulose. The regenerated cellulose was analyzed using TGA, FTIR, and XRD to 

determine its properties. Figure 4.27 shows the process flow and biomass condition 

of OPF and Matake bamboo after each treatment step and final regeneration steps. 

The hydrothermal treatment removes the bulk of the lignin content, and the SHS 

treatment modifies the biomass to be able to dissolve in NaOH. Regenerated cellulose 

is mostly cellulose, based on the FTIR and XRD results that will be discussed in the 

next sections. Matake bamboo shows better dissolution properties compared to OPF, 

which can be attributed to differences in biomass internal structure and composition. 
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Figure 4.27: Progress flow of treatment and regeneration of OPF and Matake bamboo 
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Figure 4.28: TG/DTG curve of OPF-RC and Matake-RC 

TG/DTG curve of both OPF (OPF-RC) and Matake (Matake-RC) regenerated cellulose 

is shown in Figure 4.28. Both samples show similar degradation behavior, with peak 

degradation temperatures of about 350°C, which corroborate with pure cellulose 

degradation temperature[124]. Degradation of the regenerated cellulose started at 

about 200°C, which can be attributed to the small particle size of the regenerated 

cellulose. 
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Figure 4.29: FTIR spectra of OPF-RC, Matake-RC, commercial MCC, and 
regenerated cellulose film 
 

FTIR spectra of both OPF-RC and Matake-RC were compared with commercial MCC 

and regenerated cellulose film (RCNF) produced from cellulose nanofiber. Both OPF-

RC and Matake-RC spectra closely resemble the RCNF spectrum, with the 

characteristics asymmetric stretching peak at 1100 cm-1 of cellulose I missing in all 

regenerated cellulose, suggesting cellulose II crystal structure. Another set of peaks 

characteristic of cellulose II are 2 peaks at around 3400-3480 cm-1 but it is not so 

pronounced in OPF-RC and Matake-RC samples compared to RCNF film [125]. This 

result suggests that the regenerated cellulose samples from OPF and Matake bamboo 

have a cellulose II crystal structure. 
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Figure 4.30: XRD pattern of OPF-RC, Matake-RC, and commercial MCC 

To confirm FTIR results, XRD analyses were also subjected to all samples to 

determine their crystal structure. The XRD pattern shows that all regenerated samples 

have cellulose II structure, with peaks at 2θ values of 12, 20, and 22°. Compared to 

commercial MCC which is cellulose I with major peaks at 16 and 22°.This result 

suggests that the biomass was successfully dissolved and regenerated producing 

cellulose with a significantly different crystal structure compared to its initial state. 
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4.4.2.12 Process yield 

The dry weight basis yield of each step of the process was calculated to determine 

losses through normal processing and chemical treatments. The flow chart of the 

process steps is as shown in Figure 4.31. 

 

Figure 4.31: Combined treatment, dissolution, and regeneration process flow chart. 

Yield is calculated based on the previous step biomass initial dry weight. 

The efficiency of each process is relatively high, except for the initial autoclave 

treatment. SHS treatment step yield was higher compared to SHS treatment of sugi 

wood where the yield reported was around 80% [126]. This shows that the process 

can be applied to hydrothermally treated biomass to convert it to a soluble cellulose 

product at room temperature without major yield loss. Regeneration yield was also 

high, with more than 90% of the fiber dissolved in NaOH solution recovered. The yield 

is comparable with regeneration yield from cellulose dissolve in an ionic liquid such as 
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1-butyl-3-methylimidazolium acetate and regenerated using water and ethanol where 

the yield was above 90% [127]. The loss here could be attributed to other 

lignocellulosic components removed from the biomass during dissolution. 

4.5 Conclusion 

Based on the result presented in this chapter, it can be concluded that combined 

hydrothermal and SHS treatment were able to produce biomass fiber that can be 

dissolved in NaOH solution. The resulting biomass after SHS treatment was physically 

similar to biomass before treatment. SEM, TGA, FTIR, and XRD analysis shows that 

the combined treated biomass was not significantly modified in terms of its surface 

functional groups and morphology compared to the original hydrothermally treated 

biomass. The solubility of the biomass was studied, with the biomass able to dissolve 

in NaOH solution only, and other bases were not able to dissolve the biomass 

successfully. Reduction of hydrogen bonding might be a contributing factor in 

increasing dissolution of cellulose in NaOH solution. Regenerated cellulose was 

successfully produced from the dissolved biomass solution, with properties similar to 

regenerated cellulose produced from cellulose nanofiber dissolve using LiOH/Urea 

mixture, based on TGA, FTIR, and XRD analysis. This process can be implemented 

in the industry as a new, simpler, and easier method to dissolve cellulose and produce 

regenerated cellulose with easily available chemicals and low energy requirements. 

Further studies need to be done to determine the mechanism of dissolution and also 

the reason why SHS treatment was able to modify the biomass to be able to dissolve 

in NaOH solution at room temperature.
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CHAPTER 5  

HYDROTHERMAL SURFACE FUNCTIONALIZATION OF OIL PALM 

BIOCHAR AND OTHER CARBON MATERIAL 

5.1 Introduction 

Production of carbon material (biochar) from biomass for different types of purposes 

has gained interest in the sustainable technology development scene due to its simple 

and low-cost process. A large amount of biomass can be processed in one or two-step 

with a relatively high yield of 20-40% [128] and only be limited with the size of the 

reactor used. Previous reports had shown that a large variety of biomass from different 

sources such as soft/hardwoods [129], fibers [61], shells [130], and even byproducts 

of fermentation [131] and wastewater treatment processes [132] can be used as 

feedstock for biochar production. Biochar can be used in a variety of situations mainly 

in wastewater treatment [133] and soil conditioning [134] due to its inherent adsorptive 

capabilities. Biochar also indirectly reduced carbon emission by sequestering carbon 

from the environment and reducing greenhouse gas emission, by converting active 

carbon that can be used in nature or through human activities into stable form of 

carbon (biochar) [135]. 

Due to its advantages, the carbonization of oil palm biomass has gained traction in 

recent years as a more environmentally friendly method of disposing of abundant 

amount of biomass produced by the palm oil industry in Malaysia. In 2019 alone, 151.2 

million tonnes of fresh fruit bunches were processed [25,136], producing solid and 

liquid biomass, with oil palm empty fruit bunch (OPEFB) as the largest fraction of solid 

biomass at about 33.3 million tonnes [137]. The current practice of reusing OPEFB as 
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mulching and crude compost in the plantation can lead to the leaching of nutrients into 

the ground soil and proliferation of pests such as rodents and rhinoceros beetle 

[138,139]. With carbonization, a large amount of OPEFB can be processed at once as 

reported by Idris et al., with a successful self-sustaining carbonization process, which 

can be upscaled to 3 tons per run [58,140]. These show the feasibility of OPEFB as 

biochar feedstock and economy of scale can be applied as the carbonization process 

can be upscaled as needed. While OPEFB biochar itself has a high higher heating 

value (HHV) and can be used as fuel, the value of OPEFB biochar can be improved 

significantly if it can be used as an adsorbent in wastewater treatment applications. 

The major problem in utilizing OPEFB biochar as an adsorbent is the relatively low 

surface area of the biochar without any activation step. It is widely known that the 

adsorption performance and capacity of carbon material can be significantly improved 

through the activation process [141,142]. Subjecting biochar to the activation step, 

either using gaseous agents such as CO2 or H2O [28,143] or using chemical agents 

such as phosphoric acid, zinc chloride and potassium hydroxide [144] will increase the 

surface area significantly, hence improving its adsorption capability. But activation 

process usually requires high temperature treatment and high concentration 

chemicals which increases energy cost and waste material respectively. It is 

imperative that a method to improve the adsorption performance of biochar using 

available technology with lower energy requirements and low waste generation needs 

to be studied.  
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Surface functionalization has been suggested as another way to improve biochar 

adsorption performance via the introduction of surface functional groups to the carbon 

surface of the biochar. While biochar inherently possesses some functional groups 

such as hydroxyl and carbonyl groups, the amount was small compared to the bulk 

surface of the biochar. Biochar surface can be functionalized using oxidating 

chemicals such as nitric acid to increase its oxygen surface functional groups. Even 

though multiple studies report successful surface functionalization of biochar using 

nitric acid, the process usually requires a long time [145] and a very high concentration 

of nitric acid. In addition to that, the functionalization process tends to affect the 

morphology and pore structure of the carbon material modified, resulting in a reduction 

in surface area. With this problem in hand, a functionalization process using an 

autoclave; which was readily available in the palm oil mills as sterilizers, is suggested 

to accelerate biochar functionalization to improve biochar surface functionalities and 

subsequently its adsorption performance. 

In this study, a simple functionalization process for biochar as an adsorbent from oil 

palm biomass was proposed through the hydrothermal method using an autoclave. In 

this system, nitric acid was used as an oxidation agent to functionalize the surface of 

biochar to increase its oxygen surface functional groups. The autoclave was used as 

an apparatus to accelerate and increase the efficiency of the functionalization process. 

This in turn reduces the amount of nitric acid used and the functionalization period. In 

addition to the increased efficiency, the functionalization process does not significantly 

change the structure of the biochar, as shown in SEM analysis. Functionalized biochar 

performance was measured through adsorption of methylene blue dye. Surface 

functional group changes were also observed through FTIR and energy dispersive X-

ray (EDX) analysis.  
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5.2 Materials and methods 

5.2.1 Sample preparation 

OPEFB was collected from Seri Palm Oil Mill, Dengkil Selangor. OPEFB sample was 

dried in an oven for 48 hr before being ground and sieved to about 2mm in size. The 

moisture content of the biomass was analyzed using a moisture analyzer (Shimadzu, 

MOC-120H, Japan). Dried, ground OPEFB was then kept in an airtight container at 

room temperature before further experiment and analysis. 

Chemicals for experiments and analysis such as concentrated nitric acid (96%), 

concentrated hydrochloric acid (36%), methylene blue (MB), copper (II) nitrate 

trihydrate, cobalt (II) nitrate hexahydrate, nickel (II) nitrate hexahydrate, lead (II) nitrate 

and standard metal nitrate salt solution (100 ppm) for ICP-AES calibration were 

sourced from FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan. A stock 

solution was prepared from pure chemicals and diluted to required concentrations 

using deionized water. Deionized water (18.25 MΩ.cm) was obtained from a Milli-

Direct 16 Filtration system (MilliporeSigma, Massachusetts, USA). 

5.2.2 Biomass carbonization 

OPEFB was weighted and carbonized using a muffle furnace at 450°C for 30 min at a 

heating rate of 15°C/min. The muffle furnace was tightly closed during carbonization 

to create a low oxygen atmosphere without any inert gas. After carbonization has 

completed, the biochar was left to cool slowly in the muffle furnace for 12 hr. Biochar 

was then rinsed with 0.1 M hydrochloric acid (HCl) solution to remove any ash and 

further rinsed with deionized water to remove excess HCl until the rinsing water pH 

reached 6-7. Rinsed biochar was dried in a drying oven at 75°C for 24 hr and weighed 
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for yield calculation. Dried biochar (EFB-BC) was kept in the desiccator before 

hydrothermal functionalization. 

5.2.3 Hydrothermal surface functionalization 

5.0 g biochar and 100 mL 1.0 M nitric acid (HNO3) solution were added to a 500 mL 

Erlenmeyer flask. The flask was shaken to mix the solution and biochar. The flask 

mouth was then covered with aluminum foil to avoid boil over and autoclaved in an 

autoclave (ASONE, NC-0170, Osaka Japan) at 132°C and 241 kPa for 60 min. After 

hydrothermal treatment was completed, the mixture was left to cool to about 60°C 

before being filtered and rinsed with deionized water until the rinsing water pH reached 

pH 6-7. Functionalized biochar (EFB-FBC) was then dried in an oven at 75°C for 24 

hr and kept in a desiccator for analysis and adsorption experiments.  

5.2.4 Adsorption performance determination 

Methylene blue solution at different concentrations was prepared by diluting stock MB 

solution (1000 mg/L) with deionized water to the required concentration. 50 mg of EFB-

BC or EFB-FBC was added to 25 mL MB solution (2 g/L adsorbent dosage) and 

shaken with an orbital shaker at 300 rpm. For the isotherm determination experiment, 

the initial concentrations used are 125, 150, 175, and 250 mg/L and for the kinetic 

experiment, the initial concentration is 125 mg/L. The adsorption experiments were 

performed for 24 hr at 30°C to reach adsorption equilibrium except for the isotherm 

kinetic experiment. After 24 hr, the mixture was filtered and residual MB concentration 

was determined. For heavy metal adsorption performance determination, 100 ppm 

solution of nickel, cobalt, lead and copper nitrate salt was prepared by serial dilution 

of stock 1000 ppm salt solution. MB adsorption parameters were applied to heavy 

metal adsorption as well.  
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Equilibrium adsorption capacity, Qe, was calculated using the equation: 

𝑄𝑒 =  (𝐶0 − 𝐶𝑒)𝑉/𝑚 

Where C0 represents the initial MB or heavy metal concentration (mg/L), Ce represents 

equilibrium concentration (mg/L), V is the solution volume (L) and m is the mass of the 

adsorbent (g). Qe value is reported in terms of mass or adsorbate (mg) adsorbed per 

unit mass of adsorbate (g). 

Adsorption kinetics and isotherm were analyzed and fitted to Langmuir isotherm as 

shown below: 

𝑄𝑒 =  (𝐾𝑎𝑑𝑠 ∙ 𝑄𝑚𝑎𝑥 ∙ 𝐶𝑒)/ (1 + 𝐾𝑎𝑑𝑠 ∙ 𝐶𝑒) 

Where Kads is the Langmuir constant related to the heat of adsorption (L/mg) and Qmax 

is the maximum adsorption capacity (mg/g) 

The isotherm data were fitted using the linear form of the Langmuir equation: 

𝐶𝑒 𝑄𝑒⁄ = (𝐶𝑒 𝑄𝑚𝑎𝑥⁄ ) +  (1 𝑄𝑚𝑎𝑥 ∙ 𝐾𝑎𝑑𝑠⁄ ) 

By plotting Ce/Qe vs Ce, the value of Kads and Qmax can be determined from the slope 

and intercept of the line. 

For adsorption kinetic analysis, the data were fitted into 3 different kinetic models: 

pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion 

(IPD) kinetic model. The equation for each kinetic model is shown below: 
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PFO kinetic model equation: 

𝑙𝑛(𝑄𝑒 − 𝑄𝑡) =  −𝑘1𝑡 + ln (𝑄𝑒) 

PSO kinetic model equation: 

𝑡 𝑄𝑡⁄ =  (1 𝑄𝑒⁄ ) ∙ 𝑡 + 1 𝑄𝑒
2⁄ ∙ 𝑘2 

IPD kinetic model equation: 

𝑄𝑡 =  𝑘𝑝𝑡1/2 

Where t is time, Qt is amount adsorbed at time t (mg/g) and k1 (min-1), k2 (g/mg.min), 

and kp (mg/g.min1/2) is the adsorption rate constant for PFO, PSO, and IPD kinetic 

model, respectively. 

PFO kinetic model supposes that the adsorption process is controlled by diffusion of 

adsorbate at the solid-liquid interphase boundary (physisorption), while the PSO 

model ascribes the adsorption process to be controlled by the reaction of the 

adsorbate and the surface at the interphase boundary (chemisorption). IPD model 

presumes that the adsorption process continues in multi-stage diffusion steps 

throughout the bulk of the adsorbent. 
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5.3 Analysis 

Surface morphology and surface atomic composition of EFB-BC and EFB-FBC were 

analyzed using JEOL-9000 SEM/EDX analyzer (JEOL, Tokyo, Japan). EDX analysis 

was done at an accelerating voltage of 15 kV. Surface functional groups were 

analyzed via Fourier Transform infrared spectroscopy performed on Nicolet iS5 

spectrophotometer (ThermoFisher Scientific, Wisconsin, USA). The sample was 

measured via a KBr pellet in the wavenumber range of 400–4000 cm−1. 

Thermogravimetric analysis was done to determine the thermal stability of EFB-BC 

and EFB-FBC using EXSTAR TG/DTA7000 (Hitachi High-Tech, Tokyo, Japan) under 

N2 atmosphere from 30–550°C at 10°C/min heating rate. BET surface area, pore 

diameter, and volume of EFB-BC and EFB-FBC were analyzed using Belsorp Mini-

SPRII surface analyzer (MicrotracBEL, Osaka, Japan) using N2 and CO2 as adsorbate 

at 77°K and 298°K, respectively. The sample was dried in a vacuum drying oven at 

105°C for 48 hr before surface area analysis. Residual MB concentration was 

measured spectrophotometrically using Genesys 50 UV-Vis spectrophotometer 

(ThermoFisher Scientific, Wisconsin, USA). A standard curve of known MB 

concentration range was prepared to determine a standard curve equation. MB 

solution absorption at 660 nm was measured and MB concentration was calculated 

using previously calculated standard curve equation. Residual heavy metal 

concentration was measured using simultaneous inductively coupled plasma-atomic 

emission spectroscopy (ICP-AES) system (ICPE-9800, Shimadzu, Japan). Similar 

standard curve equation preparation was prepared for equilibrium concentration 

calculation. 
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5.4 Results and discussions 

5.4.1 Carbonization and functionalization yield 

OPEFB carbonization yield was calculated to be 25.8% based on OPEFB dry weight. 

The yield was similar to the carbonization yield reported in the literature, with reported 

yield value in the range of 20-45% [146,147], with differences in yield value attributed 

to different carbonization methods and minor biological differences in biomass from 

different sources. Hydrothermal functionalization treatment was in the range of 95-

99%, with yield loss due to losses during sample transfer and rinsing. Very high 

functionalization yield suggests that hydrothermal treatment only affects the surface 

of the carbon and does not destroy or change the bulk of the biochar structure. 

5.4.2 FTIR analysis 

FTIR analysis of EFB-BC and EFB-FBC was done to determine the changes in surface 

functional groups, especially oxygen functional groups. An increase in oxygen surface 

functional groups can increase the performance of adsorbent material due to the 

affinity of the groups towards charged compounds. An abundant amount of research 

has shown that increasing oxygen surface functional groups will improve the 

performance of adsorbents in adsorption of heavy metal, dye and other adsorbates 

through increase hydrogen bonding and complexation between oxygen functional 

groups and adsorbate molecules, especially heavy metal ions. Increased oxygen 

surface functional groups also improved hydrophilicity of the biochar, which in turn 

improves the interaction between adsorbent and adsorbate at the solid-liquid 

interphase boundary. 
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FTIR spectra of EFB-BC and EFB-FBC are shown in Figure 5.1 below. 

 

Figure 5.1: FTIR spectra of EFB-BC, EFB-FBC and EFB--24h 

From the FTIR spectra, it is apparent that the surface functional groups of the EFB 

biochar change significantly after hydrothermal treatment. The strong absorbance 

peak at 1710 cm-1 can be attributed to the C=O stretching vibration of carboxylic 

groups while 1605 cm-1 can be assigned to conjugated C=O carbonyl stretching or 

C=C aromatic stretching vibrations. These peaks are also present in EFB-BC before 

treatment but at weaker intensity. The peak at 1246 cm-1 and broad absorption band 

in the range of 2400-3500 cm-1 can be assigned to aromatic alkoxy stretching and 

hydroxyl stretching respectively. Alkoxy stretching peak is due to phenolic C-O bonds 

while broad O-H stretching band is indicative of carboxylic O-H. This suggests that the 

treatment successfully increase the amount of C=O functional groups on the biochar 
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surface. In addition to oxygen-containing functional groups, new peaks were present 

in the EFB-FBC spectra at 1535 and 1339 cm-1, which can be attributed to asymmetric 

and symmetric vibration of the nitro (-NO2) group. This indicates that nitric acid also 

introduces new nitrogen-containing functional groups to the biochar surface. Gokce 

and Aktas reported similar peaks were detected after treatment of waste tea biochar 

using nitric acid [148]. Furthermore, the introduction of nitrogen-containing surface 

groups might open up new avenues of secondary modification with other compounds 

to either convert current surface groups via reduction or further oxidation or graft other 

compounds to the functional groups. A review by Liu et al. suggests many different 

methods of modification and grafting methods on biochar surfaces that can be 

implemented with the right initial surface functional groups [63]. 

To compare treatment using nitric acid with and without hydrothermal conditions, a 

sample of EFB-BC was refluxed with 1M nitric acid at 80°C for 24 hr (EFB-24h) and 

its FTIR spectra were also shown in Figure 5.1. Treatment using nitric acid at elevated 

temperature was not enough to introduce new functional groups to the biochar surface. 

Some increase in nitro and carboxyl group absorption peak can be seen but 

significantly less compared to EFB-FBC. This highlights the importance of 

hydrothermal conditions for a successful functionalization of biochar surface using 

nitric acid at low concentrations. The significant increase in absorption bands of 

oxygen-containing functional groups, with the introduction of new peaks indicating the 

introduction of nitrogen-containing functional groups, shows that the functionalization 

of biochar surface is successful. 

5.4.3 TGA analysis 

Thermogravimetric analysis (TGA) of EFB-BC, EFB-FBC, and EFB-24h was done to 

determine its thermal stability and thermal degradation profile. The thermogravimetric 
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(TG) and differential thermogravimetric (DTG) curve of all samples is shown in Figure 

5.2. 

 

Figure 5.2: TG/DTG curve of EFB-BC, EFB-FBC and EFB-24h 
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For EFB-BC, degradation starts at around 300°C, with a maximum degradation rate at 

around 500C. Early-onset of thermal degradation can be attributed to the degradation 

of recalcitrant lignin that is left from the carbonization and decomposition of relatively 

unstable chemical structures and functional groups such as methoxy and carbonyl 

groups. A similar trend of biochar thermal degradation was also reported with biochar 

derived from various feedstock such as manure, switchgrass, water oak, rice husk, 

rice bran, and sludge [149,150]. While for EFB-FBC, thermal degradation starts at a 

lower temperature of around 200°C with a peak degradation rate at 275°C. This can 

be attributed to the degradation of oxygen functional groups, which are introduced by 

nitric acid functionalization such as carboxyl and anhydride groups with the evolution 

of water and carbon dioxide [151]. For EFB-24h, the degradation pattern shown by the 

EFB-FBC sample is not as obvious. There are more weight changes and a higher 

degradation rate shown in the DTG curve compared to EFB-BC, but it is not as 

significant as EFB-FBC. This supports the FTIR findings where nitric acid treatment 

introduces more carboxyl groups to the biochar surface and the hydrothermal 

condition is necessary for successful surface functionalization. The TG/DTG curve 

also shows that EFB-FBC is stable at temperatures up to 200°C before degradation 

starts, suggesting that the functionalized biochar can be used with wastewater even 

at relatively high temperatures such as cooling water from power plants. 
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5.4.4 SEM micrograph 

EFB-BC and EFB-FBC SEM micrograph is shown in Figure 5.3.  

 

 

 

 

 

Figure 5.3: SEM micrograph of EFB-BC and EFB-FBC 

The structure of EFB-FBC remains similar after hydrothermal treatment, indicating that 

the treatment does not significantly change the macrostructure of the biochar. There 

are some changes in the macropores of the biochar, with enlargement of pore and 

removal of some silica bodies (red arrows →) on the surface, which would improve the 

diffusion of adsorbate molecules throughout the biochar. 

5.4.5 EDX analysis 

To confirm the changes in surface functional groups from FTIR, EDX analysis was 

done to EFB-BC and EFB-FBC to quantify the surface elemental composition of the 

biochar before and after hydrothermal functionalization treatment. The oxygen atomic 

percent is shown in Figure 5.4. 
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Figure 5.4: Surface atomic composition of EFB-BC and EFB-FBC 

From EDX, the amount of atomic oxygen on the surface of the biochar increases from 

21% to 28%. This correlates with the changes seen in FTIR spectra of the EFB-FBC. 

Silicon content also decreases, which supports the observation in the SEM where the 

hydrothermal treatment removes some of the silica bodies on the biochar surface, 

opening new pores and increasing diffusion of adsorbate into the internal structure of 

the biochar. 
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5.4.6 BET surface area 

EFB-BC and EFB-FBC surface area were determined to see whether the hydrothermal 

functionalization process has any effect on the pore structure and morphology of the 

biochar. BET surface area (asBET), total pore volume (VT), pore diameter (DP), micropore 

surface area (amic) and micropore volume (Vmic) values are as shown in Table 5.1. 

Table 5.1: N2 and CO2 adsorption values for EFB-BC and EFB-FBC 

 N2 Adsorption CO2 Adsorption 

 asBET (m2/g) VT (cm3/g) DP (nm) amic (m2/g) Vmic (cm3/g) 

EFB-BC 3.7855 0.01836 19.401 3.44 0.1396 

EFB-FBC 3.0499 0.01476 19.363 2.86 0.1312 

 

BET surface area from N2 adsorption analysis shows that the functionalization does 

not affect the pore structures of the biochar appreciably, with surface area values 

decreasing by about 20%. This is significantly less than what has been reported by 

other researchers after nitric acid functionalization where surface area values can 

decrease by up to 96% [148,152]. This signifies a considerable amount of pore 

destruction and collapses during treatment which can be detrimental to the 

performance of the biochar or carbon material after modification. Other values also 

show small changes which indicate that the hydrothermal treatment successfully 

functionalized the biochar surface without any notable physical difference to the 

biochar pore structure that may increase or decrease the surface area. In addition to 

that, this signals the possibility of using this method to functionalize other carbon 

material without changing the pore structure which may affect its inherent surface area 

values. This possibility will be explored in the subsequent section. 
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5.4.7 Adsorption performance 

5.4.7.1 Methylene blue adsorption 

EFB-FBC adsorption performance and characteristics were determined using 

methylene blue as synthetic adsorbate and EFB-FBC as a control for comparison. MB 

was selected as adsorbate due to its prevalent use in research as a model adsorbate 

and ease of analysis. The adsorption capacity of EFB-FBC increased from 8.70 ± 0.09 

mg/g to 62.52 ± 0.48 mg/g even though the surface area value of EFB-BC remains 

similar after treatment. This suggests that the functionalization process successfully 

improves the adsorption capacity of the biochar without any changes to its surface 

area. The increase in oxygen surface functional groups after hydrothermal 

functionalization treatment increases the electrostatic interaction between the highly 

electronegative oxygen groups and dye molecules, increasing its affinity and 

adsorption capacity. This also proves that functionalization of biochar surface is a 

viable method to improve biochar performance, without resorting to a more energy-

intensive activation process. 

  



111 
 

Adsorption isotherm and kinetic profile of EFB-FBC were done to characterize its 

adsorption process. The isotherm constants and the linear fit curve is as shown in 

Table 5.2 and Figure 5.5 

Table 5.2: Langmuir adsorption isotherm constants for EFB-FBC adsorption of 

methylene blue 

Qmax (mg/g) Kads (L/mg) R2 

62.11 ± 0.14 0.9938 ± 0.0036 0.9991 

 

Figure 5.5: Linear fit curve for Langmuir adsorption isotherm of EFB-FBC 
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The R2 value of 0.9991 and Qmax values closely matching experimental values signify 

a very well representation of the adsorption process by the model. This suggests that 

EFB-FBC surface are homogenous adsorption-wise and formation of MB monolayer 

are the main adsorption process. 

Adsorption kinetic profiles of MB adsorption onto EFB-FBC were also analyzed, with 

data collected being fit into 3 different kinetic models; PSO, PFO, and IPD kinetic 

models. The adsorption kinetic constants and linear fit curves are shown in Figure 5.6 

- Figure 5.8 and Table 5.3. 

 

Figure 5.6: Pseudo-first order (PFO) linear fit curve for EFB-FBC 
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Figure 5.7: Pseudo-second order (PSO) linear fit curve for EFB-FBC 

 

 

Figure 5.8: Intra-particle diffusion model linear fit curve for EFB-FBC 
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Table 5.3: Kinetic constants for EFB-FBC adsorption of methylene blue 

Model Constants  

Pseudo-first order Qe1 (mg/g) 42.674 ± 0.316 

 k1 (min-1) 0.076 ± 0.006 

 R2 0.9402 

Pseudo-second order Qe2 (mg/g) 45.662 ± 0.338 

 k2 (g/mg.min) 0.015 ± 0.003 

 R2 0.9666 

Intraparticle diffusion kp1 17.312 ± 0.140 

 R2
1 0.9991 

 kp2 9.007 ± 0.073 

 R2
2 0.9901 

 kp3 7.817 ± 0.063 

 R2
3 0.9703 

 

PSO kinetic model represents the adsorption kinetic best with an R2 value of 0.9666 

compared to PFO of 0.9402. This suggests that chemisorption is the main adsorption 

method, where chemical interaction between EFB-FBC surface and MB dye molecule 

was dominant. From the linear fit curves, it can be seen that PSO kinetic model cannot 

fully describe the adsorption kinetics completely. Due to this, the IPD model was 

applied to the kinetic data and it is clear that the adsorption proceeds as a multiple-

layer adsorption process, from the multiple linear it of the curve. It is deduced that the 

adsorption process can be separated into 3 different stages; (1) the adsorption of MB 

onto the external surface area (macropore) of EFB-FBC (film diffusion), (2) the 

diffusion of MB molecule from the external surface into the pores of the EFB-FBC, and 

(3) the intra particle diffusion of MB molecule in the internal structures of the EFB-FBC. 

The multi-stage adsorption process was also reported by other researchers on the 

adsorption of heavy metal ions and dyes on ramie and sludge-based biochar 

[153,154]. The multi-layer adsorption process can also explain the relatively slow 

uptake of MB by the EFB-FBC. Since the EFB-FBC has a low surface area with mainly 

microporous structures, the initial adsorption of MB molecule to the external 
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macroporous surface area quickly saturates it, which limits the subsequent adsorption 

stages. When adsorbed MB from the external surfaces diffused into the internal 

adsorption sites, the external surfaces are freed up and able to accept more MB 

molecules. This is apparent in the kp values, which are lower for higher adsorption 

stages since later stages adsorption process are limited by the diffusion rate of MB 

between adsorption stages. 

5.4.7.2 Heavy metal adsorption 

EFB-FC performance on adsorption of heavy metal ions from aqueous solution was 

also determined to see whether additional oxygen functional groups improve its affinity 

towards negatively charged heavy metal ions. Tan et al. reported that oxygen 

functional groups with their electronegative oxygen atoms have a higher affinity 

towards negatively charged heavy metal ions, which should increase its adsorption 

capacity [155]. Performance of EFB-FBC was compared with untreated EFB-BC as 

control. Removal percentages are shown in Figure 5.9. 
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Figure 5.9: Heavy metal removal percentage of EFB-FBC 

From Figure 5.9, it can be seen that the hydrothermal functionalization treatment 

increases the performance of EFB-BC in adsorbing all types of heavy metal tested. 

Improvement to up to 6x in terms of removal percentage suggests that oxygen 

functional groups increase the affinity of biochar in adsorbing heavy metal ions. This 

supports the idea of modifying low-performance carbon material to improve or tune 

its properties for specialized usage, which can in turn increase its value using simple 

processes at low cost. 

  



117 
 

5.4.8 Mechanism of hydrothermal functionalization using nitric acid 

Previously, oxidation and nitration of carbon materials using nitric acid have been 

reported but the concentration of nitric acid used was relatively high compared to this 

study. The temperature used was in the range of 50–140°C but sustained for a long 

time, up to 5 hr. Table 5.4 shows the comparison between previously reported nitric 

acid modification on carbon material and its treatment parameters. Based on the 

literature, it is clear that functionalization of carbon material using nitric acid has only 

been done either using a highly concentrated nitric acid solution, use of an extended 

period of treatment time, the high temperature under reflux, or a combination of those. 

By using a hydrothermal process via autoclave, the increased pressure of the process 

was enough to improve the efficiency of the reaction, hence reducing the concentration 

and time needed to successfully functionalize the biochar surface. 

Table 5.4: Comparison of surface functionalization of biochar using nitric acid 

Carbon Material 

Nitric acid 

conc. 

 (v/v %) 

Treatment 

Time (min) 

Treatment 

Temp. (°C) 
Reference 

Biomass-based 

bagasse biochar 
10 - 25 360 60 [156] 

Coal based activated 

carbon 
5 - 20 120 100 [157] 

Waste tea activated 

carbon 
20 - 80 N/A 90 [148] 

Rice husk activated 

carbon 
42 - 71 50 -20 90 - 150 [158] 

Activated carbon, 

Carbon nanotube and 

graphene oxide 

N/A 30 140 [159] 

Carbon cloth 68 60 90 [151] 

Bagasse activated 

carbon 
32.5 300 60 [160] 

Mesoporous carbon 68 120 60 [161] 

Oil palm empty fruit 

bunch biochar 
6 60 132 This study 

The oxidation mechanism of biochar surface by nitric acid was not clearly explained in 

previous literature even though similar observation has been reported in terms of FTIR 
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spectra changes and total surface acid groups. It is suggested that surface oxidation 

proceeds via the oxidation of aromatic groups in the bulk carbon structure of the 

biochar. This process is possible due to the inherent presence of some surface groups 

such as hydroxyl and carbonyl groups that can be further oxidized by nitric acid and 

other nitrogen-containing species, which might be produced due to the degradation of 

nitric acids, such as nitrous acid [162]. Multiple processes during carbonization such 

as depolymerization of cellulose and hemicellulose structure, bond cleavage of lignin 

structure and subsequent dehydration, decarboxylation, aromatization, and 

intramolecular condensation between the major component of the biomass and its 

degradation products result in a complex biochar structure rich with aromatic rings, 

aliphatic structures, and oxygen-containing functional groups. An excellent review by 

Liu et al. provides an in-depth explanation and characterization of the lignocellulosic 

carbonization process [63]. OPEFB carbonization temperature at 450°C allows some 

functional groups to still be present on the biochar surface, as shown in the FTIR 

spectra of EFB-BC. A similar trend of functional group presence was also reported by 

Zhang et al., where they investigate the effect of pyrolysis temperature on the 

abundance of oxygen functional groups on the surface of barley grass biochar [163]. 

In addition to that, the functional groups activate the aromatic ring for nitration [164], 

which explains the nitro group peaks present in the FTIR spectra of the EFB-FBC. 
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5.4.9 Application on other carbon material 

The same hydrothermal treatment was applied to other types of biochar from oil palm 

biomass, and also on activated carbon to determine the feasibility of the process in 

functionalizing other carbon materials. After hydrothermal treatment, treated carbon 

materials were subjected to FTIR analysis to observe any surface functional group 

change. The FTIR spectra are shown in Figure 5.10 - Figure 5.12 

 

Figure 5.10: FTIR spectra of untreated and treated activated carbon (AC) 
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Figure 5.11: FTIR spectra of untreated and treated OPF biochar (OPF-BC) 

 

 

Figure 5.12: FTIR spectra of untreated and treated OPMF biochar (OPMF-BC) 
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Based on the FTIR spectra of the carbon materials before and after hydrothermal 

treatment, it is apparent that the process successfully increases surface functional 

groups of the carbon material surfaces. The process introduces new absorption peaks 

in the FTIR spectra, such as carbonyl, carboxyl, and nitro group peaks. For activated 

carbon, OPF-BC and OPMF-BC, the structure is mostly amorphous due to the 

abundant number of pores in their macrostructure which translates to more surface 

area available for the reaction that results in significant changes in surface functional 

groups. With this result, it can be safely concluded that the process can be a feasible 

way to functionalize carbon material, not just biochar but also activated carbon to 

improve its performance, or to tune its properties for specialized processes. 

5.5 Conclusion 

Based on the analysis data of the biochar after treatment, it can be concluded that the 

proposed hydrothermal functionalization treatment successfully adds new functional 

oxygen functional groups to the biochar surface. Functional groups such as carboxyl, 

carbonyl, and nitro groups were detected through FTIR analysis and supported with 

an increase in oxygen content through EDX analysis. The treatment does not 

significantly change the pore structure of the biochar, as proven by the BET surface 

area analysis where surface area, pore diameter, and volume does not significantly 

change compared to other reported method in the literature. SEM analysis shows 

some enlargement of macropore, with the removal of silica bodies on the biochar 

surface, which would help the diffusion of adsorbate into the internal structure of the 

biochar. Adsorption isotherm and kinetic analysis using methylene blue as synthetic 

adsorbate suggest Langmuir isotherm, with pseudo-second-order and intraparticle 

diffusion kinetic model, can explain the adsorption process. EFB-FBC also shows 

increase performance in removing methylene blue and heavy metal ions, compared 
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to untreated EFB biochar. Applying the hydrothermal treatment on other carbon 

material such as oil palm biomass-based biochar and activated carbon suggest that 

the process can be a feasible way to functionalize carbon material, with an exception 

on highly structured carbon material such as graphite. With these results, it is 

conclusive that the hydrothermal process using an autoclave to functionalize carbon 

material, especially carbon material produced from oil palm biomass can be proposed 

as a new, simpler method to produce a higher value-added product using currently 

available resources in the palm oil industry.
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CHAPTER 6  

CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusion 

Previous working chapters of this thesis have shown that hydrothermal treatment is a 

versatile method for biomass treatment and carbon material modification. This study 

has successfully achieved the following: 

1. Removal of lignin from oil palm fronds was successfully achieved with lignin 

removal of 91.7%. The yield of the process is 60.9% for OPF, which is comparable 

to other processes reported in the literature while being much simpler and easier. 

The process produces biomass with relatively high holocellulose content, which is 

70.4% cellulose and 20.3% hemicellulose by mass. The treated OPF has good 

thermal stability and high Segal crystallinity based on TGA, FTIR, and XRD 

analysis. This suggests high purity cellulose with high crystallinity that can be a 

good feedstock for biocomposites production. The optimal parameters for OPF 

lignin removal were found to be 0.5M nitric acid, 30 min, and temperature of 120°C. 

2. The hydrothermal lignin removal process was successfully applied to other types 

of biomass, which are oil palm empty fruit bunch and Matake bamboo. This shows 

that the process can be applied to other types of biomass to remove lignin without 

major parameter changes. 

3. Combined superheated steam and hydrothermal treatment were successful in 

producing biomass that can dissolve in NaOH. The method developed was simple, 

require only two steps with minimal use of reagent. The dissolution process was 

also easier and faster compared to the cold alkali dissolution process reported in 
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the literature. Combined treated biomass can be dissolved to produce a stable 

solution for up to 4% in biomass concentration. Cellulose dissolved in NaOH 

solution can be readily regenerated through neutralization with acetic acid. It is 

hypothesized that the change in biomass properties through SHS treatment might 

be due to a decrease in intra-chain and inter-sheet hydrogen bonding strength 

which in turn improves the solubility of the cellulose macrostructure in NaOH 

solution. SEM, TGA, FTIR, and XRD analysis towards combined treated biomass 

does not show any significant change in the structure and surface functional 

groups of the biomass that can explain the dissolution property. Combined SHS-

hydrothermal treatment was also shown to be a feasible way to treat another type 

of biomass which is Matake bamboo. 

4. A new, simpler, and appropriate method to functionalize biochar from oil palm 

biomass was successfully developed. Treatment using 1M nitric acid at 132°C for 

60 min successfully introduced new surface functional groups on the surface of 

the biochar. EDX and FTIR analysis show the process added new oxygen surface 

functional groups such as carboxyl and carbonyl groups. Nitrogen-containing 

groups in the form of the nitro group were also detected. SEM analysis and BET 

surface area determination show that the process does not affect the bulk 

structure and surface area of the biochar. Functionalized biochar performance in 

removing methylene blue and heavy metal increased significantly compared to 

untreated biochar. The improvement in performance can be attributed to the 

increase in affinity towards dye and heavy metal through the increase in 

electronegative oxygen and nitrogen-containing surface functional groups 

5. The hydrothermal functionalization process was determined to be applicable 

towards other carbon materials such as biochar from OPF and also commercial 
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activated carbon. FTIR analysis shows a similar increase in oxygen and nitrogen-

containing functional groups on the surface of the carbon material. This result 

suggests that the process can be applied to other carbon materials to improve 

their performance through functionalization. 

Based on the result and analysis shown in this thesis, it is concluded that hydrothermal 

treatment using nitric acid can be an alternative process for producing value-added 

products from biomass and its derivatives such as biochar. 

6.2 Recommendations 

Further studies towards the use of hydrothermally treated biomass as raw material in 

the production of biocomposite and other biomass-based materials are recommended. 

Application in the industry includes the use of real-world equipment such as sterilizers 

as a proof of concept and scale-up feasibility studies should also be considered for 

future works. Besides that, the mechanism of nitric acid in removing lignin, and its 

selectivity towards lignin are not fully understood and should be investigated further. 

The waste from the hydrothermal treatment can be neutralized and used as crude 

fertilizer, fortified with additional nutrients from the degradation by-products of lignin. 

For the combined hydrothermal-SHS treatment process, the mechanism of biomass 

solubility needs to be investigated further to improve the understanding of the 

dissolution process. Further studies especially in cellulose regeneration methods and 

production of usable products from dissolved cellulose from this method such as 

cellulose membranes and films are also recommended. 
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