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ABSTRACT  

The formation of gas hydrates in oil and gas industry can be minimized 

or prevented by the use of inhibitors. This paper reports on 

hemicellulose and modified lignin as low dosage gas hydrate inhibitors 

(LDGHIs). LDGHIs were isolated from sugarcane bagasse (SCB), 

plant gum exudates (PGE) of Acacia trees, and coconut coir, and 

further characterized by Attenuated Total Reflectance - Fourier 

Transform Infrared (ATR-FTIR) spectrometer, porosimeter and 

thermogravimetric analyzer (TGA). The PGE and SCB yielded 77.75% 

and 12.38% of hemicellulose, respectively, while coconut coir yielded 

35.59% of lignin which was modified to sodium lignosulfonate (SLS) to 

improve its solubility in water. The inhibition performance of the 

isolated hemicellulose and modified lignin on gas hydrate was 

evaluated in terms of percentages of water converted into gas hydrate. 

In the absence of inhibitors, a large percentage of water (75.20%) was 

converted to gas hydrates while in the presence of the hemicellulose, 

the minimum amount of water converted into gas hydrates was 43.37%. 

The inhibition ability of hemicellulose from PGE and SCB increased 

with an increase in concentration. The statistical test indicated no 

significant difference between the percentage of water that formed gas 

hydrates in the presence of hemicellulose from PGE and SCB (n =4, p 

= 0.06 at CI = 95%). On the other hand, SLS promoted gas hydrates 

growth. In the presence of SLS, all liquid in the reactor was converted 

to gas hydrates. Thus, SLS may be used as a promoter for gas hydrates 

in natural gas storage and carbon dioxide sequestration while 

hemicellulose from both PGE and SCB as low dosage hydrate 

inhibitors. 
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INTRODUCTION 

Gas hydrate (GH) formation is the major 

flow assurance problem that has raised 

concerns in oil and gas industry because of 

posing a significant hazard to conventional 

oil and gas drilling, and production 

operations (Folger, 2010; Arinkoola, 2009; 

Paez et al., 2001a, 2001b). GHs tend to plug 

pipelines resulting in decreased production 

and/or complete shutdown, pipeline 

rupture, and posing risk to workers (Sami et 

al., 2013; Folger, 2010). Further, GHs lead 

to increased wellbore instability, wellbore-

casing cementing failure, formation 
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damage, and drilling fluid gasification and 

foaming (Amodu, 2008). About 10 to 15% 

of production cost is spent on gas hydrate 

inhibition (Elgibaly and Elkamel, 2018; 

Makogon et al., 2004). 

During gas hydrate formation (Figure 1), 

hydrogen bonding between water 

molecules leads to the formation of a 

metastable geometric structure (also known 

as lattice/crystal structure) with a cavity 

inside. The metastable geometric structure 

formed may have twelve, fourteen, or 

sixteen sides (Paez et al., 2001a). Later, gas 

molecules such as methane, ethane, 

propane, isobutane, hydrogen sulfide, 

carbon dioxide,and nitrogen occupy the 

cavity thus solid nuclei begin to form and 

start to grow (Okereke et al., 2020). This is 

followed by agglomeration of the solid 

nuclei in which large particles are formed 

as a result of contact between solid nuclei. 

When solid particles reach a critical size of 

8-30 nm, the rapid growth of the crystals 

occurs (Paez et al., 2001a). 

 
Figure. 1: Schematic diagram for the 

formation of gas hydrate (Source: 

Zarinabadi et al., 2011). 

 

There are various methods for minimizing 

or preventing gas hydrate formation. These 

include removing water from the gas/oil 

stream, keeping an operating temperature 

above the hydrate equilibrium temperature, 

keeping an operating pressure below the 

hydrate equilibrium pressure, and/or 

injecting gas hydrate inhibitors (Igboanusi 

et al., 2011; Paez et al., 2001a, 2001b) . 

These methods can be used separately or in 

combination. Complete removal of water is 

difficult to achieve. Keeping an operating 

temperature above the hydrate equilibrium 

temperature is expensive (especially with 

long pipelines) as it is achieved by using 

line heaters or insulating pipelines. 

Depressurizing the system to keep the 

pressure below the hydrate equilibrium is 

impracticable since high pressure is 

required to transport fluid within pipelines 

(Igboanusi et al., 2011; Paez et al., 2001a). 

Thus, more efforts are nowadays directed 

toward the use of gas hydrate inhibitors 

which involve the injection of chemicals 

with inhibition ability (Kamal et al., 2016).  

Gas hydrate inhibitors that are currently in 

use are classified based on the mechanism 

of their action as thermodynamic hydrate 

inhibitors (THIs) and low dosage hydrate 

inhibitors (LDHIs). Thermodynamic 

hydrate inhibitors (THIs) are expensive, not 

environmentally friendly, and require a 

regeneration unit after use which increases 

operational costs. In addition, exposure to 

high heat on regeneration of THI like 

ethylene glycol has been reported to reduce 

its performance because it undergoes 

degradation and forms products such as 

glycolic, oxalic, and formic acids 

(Alharooni et al., 2015). Further, extreme 

conditions from deepwater oil/gas wells 

and large amounts (up to 50 wt %) for 

effective hydrate suppression have limited 

the application of THIs (Gupta and 

Sangwai, 2019; Igboanusi et al., 2011) 

Thus, efforts have recently been directed 

toward low dosage hydrate inhibitors 

(LDHIs) which are effective at lower 

concentrations up to 1 wt% (Farhadian et 

al., 2019; Perfeldt et al., 2014; Igboanusi et 

al., 2011). 

Low dosage hydrate inhibitors (LDHIs) are 

classified as kinetic hydrate inhibitors and 

anti-agglomerants. Kinetic hydrate 

inhibitors (KHIs) are mostly water-soluble 

polymers that act by retarding nucleation 

and/or hydrate crystal growth thus, 

preventing the formation of hydrate plugs 

within pipeline during the residence time of 

hydrocarbons (Igboanusi et al., 2011). The 
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proposed mechanisms for the inhibition of 

KHIs include adsorption of the inhibitor on 

the hydrate crystal surface through its polar 

functional groups. This destructs the water 

hydrogen bond network hence creating a 

barrier for gas hydrate nucleation, and 

preventing guest molecules from 

occupying cavities through the interaction 

of functional groups of the inhibitor with 

open cavities of the hydrate surface (Kamal 

et al., 2016; Sa et al., 2013). Anti-

agglomerants (AAs) are mostly surfactants 

that act by hindering the agglomeration of 

hydrate crystals into large sizes that can 

later lead to pipeline plugging (Wan et al., 

2019; Kamal et al., 2016; Perrin et al., 

2013). The formed solid nuclei are 

prevented from growing into hydrate plugs 

thus they are only transported as a slurry 

(Paez et al., 2001a). Application of green 

low dosage gas hydrate inhibitors from 

biomass such as amino acids (glycine and 

leucine), pyridinium-based ionic liquids, 

hydroxyethylcellulose,carboxymethylcellu

lose, chitosan, starch, pectin xanthan gum, 

guar gum, and gum arabic is reported as a 

promising alternative to THIs (Gupta and 

Sangwai, 2019; Sanatgar and Peyvandi, 

2019; Ishmuratov et al., 2018; Jokandan et 

al., 2016; Xu et al., 2016; Sa et al., 2013) . 

The application of green low dosage gas 

hydrate inhibitors from biomass to inhibit 

gas hydrates is still a premature research 

area that requires more exploration to find 

the most effective inhibitors. This paper 

therefore, reports on the isolation and 

performance test of green low dosage gas 

hydrate inhibitors (kinetic gas hydrate 

inhibitors) from sugarcane bagasse and 

plant gum exudates of Acacia trees. 

 

EXPERIMENTAL WORK 

MATERIALS 

Sugarcane bagasse (SCB), Figure 2a, was 

collected from the Students’ Cafeteria of 

the University of Dar es Salaam while plant 

gum exudates (Figure 2b) were collected at 

Sejeli, Mtunduru, and Msweya villages of 

Mbande area in Dodoma region, Tanzania. 

Coconut husks (Figure 2c) were collected 

from Kidenge village in Kibaha district, 

Pwani. Sugarcane bagasse samples were 

dried under sunlight for three days, then cut 

into small pieces using a knife and ground 

using a laboratory mill at the Botany 

Department, University of Dar es Salaam. 

The plant gum exudates (PGE) samples 

were also ground using the same machine, 

all ground samples were sieved in a 

laboratory test sieve of 250 µm to obtain a 

fine powder. The prepared powder samples 

were then stored in labelled airtight plastic 

containers.  

Analytical grade chemicals and reagents; 

sodium hydroxide, ethanol, and sodium 

chloride were purchased from Z. & K 

Company in Tanzania, whereas distilled 

water was obtained from the College of 

Engineering and Technology, University of 

Dar es Salaam. 

 

   

(a) (b) (c) 

Figure  2: Collected samples: (a) Plant gum exudates (b) Sugarcane bagasse (c) Coconut 

husks. 
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Extraction and Isolation of 

Hemicellulose and Lignin 

Hemicellulose from plant gum powder was 

extracted according to Bilal et al. (2015). 

Sieved plant gum powder (100 g) was 

dispersed in 200 mL distilled water for 24 

hours with irregular stirring. The solution 

was then filtered followed by addition of 

350 mL ethanol to the filtrate that 

consequently resulted to formation of 

precipitates. The precipitates were then 

washed with ethanol four times and dried in 

an oven at 60 ºC to constant weight. The 

dried precipitates were ground using a 

motor and pestle and then stored in airtight 

plastic bags for further analysis and use. 

The percentage yield of hemicellulose was 

calculated based on Equation (1).  
Weight of dry isolate(g)

%Yield 100
Initial weight of raw material(g)

= 

     (1) 

Hemicellulose from sugarcane bagasse 

(SCB) was extracted according to Plengnok 

and Jarukumjorn (2020) with some 

modifications. The sugarcane bagasse 

(SCB) powder was de-waxed with ethanol 

in the Soxhlet apparatus for 6 hours. The 

dewaxed sample was then dried in an oven 

at 60 ºC to constant weight. 10 g of the dry 

dewaxed SCB sample were dissolved in 

250 mL 0.5 M NaOH, the solution was then 

kept for 2 hours with magnetic stirring. The 

solution was filtered and the supernatant 

solution was kept while the residues were 

discarded. 6 M HCl was used to drop the 

pH of the supernatant solution from 13 to 

5.50. The solution was then kept in a fridge 

for 24 hours. Thereafter, 350 mL ethanol 

was added to the solution, and precipitates 

were formed. The solution containing 

precipitates was centrifuged at 3500 RPM 

for 15 minutes. Precipitates settled at the 

bottom of the vials and were then removed 

and dried in an oven at 80 ºC to constant 

weight. The dried precipitates were ground 

using a motor and pestle and then stored in 

airtight plastic bags for further analysis and 

use. The percentage yield of hemicellulose 

was calculated according to equation 1. 

Lignin from coconut coir powder was 

extracted according to Panamgama and 

Peramune (2018) with some modifications. 

10 g of coconut coir powder was dissolved 

in 200 mL 6 M NaOH. The solution was 

refluxed for 5 hours and then cooled. The 

cooled solution was filtered using 

Whatman filter paper (Cat No. 1001: 180) 

and the filtrate (also known as black liquor 

due to its black colour) was taken for 

further procedures while residues were 

discarded. 6 M H2SO4 was used to drop the 

pH of the black liquor from 12 to 1. The 

acidified solutions were then boiled at 

different time intervals (20, 30, 40, 50 and 

60 minutes). Thereafter, the solutions were 

filtered with Whatman filter paper and the 

collected precipitates were washed with 

distilled water five times then dried in an 

oven at 105 ºC to constant weight. The 

dried precipitates (lignin) were ground 

using motor and pestle and stored in airtight 

plastic bags for further analysis and use. 

The modification of lignin to sodium 

lignosulfonate (SLS) was performed 

according to Nita et al. (2019). About 7 g of 

lignin powder was dissolved in 355 mL of 

0.3 M NaHSO3 and refluxed for 4 hours at 

97 ºC. The resulting solution was cooled 

and filtered. Thereafter, the filtrate was 

distilled at 100 ºC to remove water. Then, 

200 mL of ethanol was added to the cooled 

filtrate and stirred for 30 minutes. The 

resulting solution was then filtered and 

distilled at 79 ºC to remove ethanol, and a 

light brown powder of SLS was collected 

and then dried in an oven at 80 ºC to 

constant weight. The dried precipitates 

were ground using motor and pestle then 

stored in airtight plastic bags for further 

analysis and use. 

 

Analytical Techniques 

Functional groups of the isolated and 

modified samples were determined by 

ATR-FTIR spectrophotometer, Alpha 

Bruker. The IR spectra were recorded in the 

range of 400-4000 cm-1 by taking 25 scans. 

During analysis, the crystal area was 

cleaned and background measurements 
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were done.  For thermal stability of the 

samples, thermogravimetric analyzer 

(TGA) STA PT-1000 was used. Each 

sample was weighed in a sample pan and 

then heated from 30 – 600/700 ºC at a 

heating rate of 5 ºC min-1. 

For surface area of the samples, a nitrogen 

adsorption porosimeter (NOVA 1200e, 

PRUS Version 11.03, Quantachrome 

Corporation, Japan) was used. The device 

was warmed up for 30 minutes before the 

analysis. Later, a sample was filled in 

an instrument-specific glass holder and 

weighed on an analytical balance followed 

by degassed for 3 hours at a temperature of 

160 ºC with a reduced pressure. Degassing 

was done to remove impurities. The real 

porosimeter test was done by allowing 

boiling nitrogen gas at 77.35 K to be 

adsorbed by the degassed sample. The 

difference in volume adsorbed at different 

fractions of equilibrium and saturation 

pressures of nitrogen were recorded 

automatically and the characteristic 

isotherm was generated by NOVA Win 

software (PRUS Version 11.03). The 

isotherm was used to determine the BET 

(Brunauer-Emmett-Teller) surface 

area. The BET surface area (BET-SA) is 

the summation of both the external area and 

pore area. 

 

Performance test  

The performance test of the prepared gas 

hydrate inhibitors was done according to 

Farhadian et al. (2019) with some 

modifications. The performance test 

experiments were conducted on a Pressure 

Reactor available at the School of Mines 

and Geosciences (SoMG), University of 

Dar es Salaam. The main body of the 

Pressure Reactor is made of stainless steel 

with a total volume of 2000 mL and the 

design safe pressure and temperature are 

2000 psi and 350 ºC respectively. The 

pressure reactor is furnished with a 

temperature controller (PARR 4843) which 

is designed to control temperature, 

pressure, and speed within the reactor. The 

controller consists of a type J (Iron-

constantan) thermocouple for temperature 

measurements with accuracy +/- 2 ºC and a 

pressure sensor. It also consists of a DC 

motor and a speed control knob for 

controlling the stirring rate within the 

reactor. The pressure reactor also consists 

of a furnace for heating purposes. A cooling 

system (a chiller) was incorporated to 

ensure that a temperature of 5 ºC is reached. 

In addition, a system was coupled with a 

CO2 gas cylinder as shown in the 

experimental setup (Figure 3). 

A solution of 3.5 wt% NaCl was prepared 

and used throughout all experiments to 

represent produced brine from geological 

reservoirs. The concentration of KHI and 

SLS was each prepared as 0.1, 0.5, and 1 

wt% for performance test (Table 1). The 

volume of reaction mixture in the reactor 

was maintained between 150-500 mL.  and 

stirred while purging three times with 5 bar 

CO2. The reactor was then cooled to 5 ºC 

and stirring was stopped and the reactor 

was pressurized to 59 bars. Pressure 

changes were observed while stirring at a 

constant rate for 2 hours. Control 

experiment in absence of KHI was 

prepared. Thereafter, performance tests of 

the inhibitors were conducted whereby the 

solution of brine and the prepared inhibitor 

(at different concentrations) was put in the 

reactor and similar procedures were 

repeated. The effectiveness of the gas 

hydrate inhibitor used was determined by 

changes in the volume of brine as per 

Equation 2. 

 100
i f

g

i

V  - V
H =  

V
    (2) 

where Hg is effective gas hydrants, Vi and 

Vf stands for initial and final volume of the 

gas respectively. 
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Figure 3: Experimental setup of performance test of gas hydrate inhibitors. 

 
Table 1: Experimental Matrix for Performance Test of Hemicellulose and SLS 

KHI Concentration of 

inhibitor (wt%) 

 Initial volume (brine:n-

hexane) (mL) 

Control 0  500:0 

Hemicellulose (PGE) 0.1  500:0 

0.5  500:0 

1.0  500:0 

Hemicellulose (SCB)  0.1  250:0 

0.5  250:0 

1.0  250:0 

SLS 0.1  90:60 

 0.5  90:60 

 1.0  90:60 

RESULTS AND DISCUSSION 

 

Hemicellulose and Lignin Isolation 

The plant gum exudate powder (100 g) and 

sugarcane bagasse powder (10 g) yielded 

77.75% and 12.38% of hemicellulose, 

respectively. The extraction and isolation 

of hemicellulose from plant gum exudates 

were very effective due to the high 

solubility of the gums in water which in 

turn easily released the hemicellulose 

components. The recovered amount of 

hemicellulose from plant gum exudate was 

in agreement with what was reported by 

Mbuna and Mhinzi (2003). Moreover, the 

amount of hemicellulose isolated from 

sugarcane bagasse was in agreement with 

the amount reported by Sun et al. (2004) 

and Xie et al. (2020). The extraction of 

hemicellulose from cell walls of 

lignocellulosic materials is limited by ester 

linkages between lignin and hemicellulose, 

and hydrogen bonding within individual 

polysaccharide components (Sun et al., 

2004; Ebringerová and Heinze, 2000). 

For lignin isolation, it was observed that 

lignin yield increased as the boiling time of 

the acidified black liquor was increased. 

Also, the size of the precipitates increased 

with boiling time. The non-boiled acidified 

black liquor formed precipitates that were 

very small in size to the extent of clogging 

the filter paper. The non-boiled acidified 

solution difficultly passed through a filter 

paper unlike the boiled acidified black 

liquor whose precipitates were larger in 

size. The yield of lignin from acidified 

black liquor that was heated for 0, 20, 40 
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and 60 minutes was 9.98, 14.10, 14.56 and 

35.59%, respectively. The modification of 

lignin to SLS yielded about 1.6 g (23% 

yield) of SLS from about 7 g of lignin. The 

possible reaction mechanism for coversion 

of lignin into SLS is shown in Figure 4. 

 
Figure 4: Mechanism of the sulfonation of 

lignin. 

 

FTIR Characterization of Hemicellulose 

from Plant Gum Exudate 

The FTIR spectrum of hemicellulose from 

plant gum exudate (Figure 5) shows 

functional groups such as an alkane, alkene, 

aldehyde, alcohol, and amine which are 

typical for complex polysaccharides such 

as gum Arabic (Daoub et al., 2018; Bilal et 

al., 2015). A strong medium absorption 

band at 1602 cm-1 is observed which may 

be due to C=C stretch and amide NH bend. 

The two functional groups are reported to 

be from aliphatic and aromatic 

galactoproteins and amino acids (Daoub et 

al., 2018). A broad absorption band in the 

range of 3388-3229 cm-1 corresponds to the 

-OH functional group of aliphatic alcohols 

or phenols. A characteristic band for 

amines at 3100-3500 cm-1 might have been 

obscured by the broad band for the OH 

group (Daoub et al., 2018). At 2925 cm-1 a 

band is observed which may be due to the 

C-H stretches for alkanes and aldehydes. 

This also shows the presence of sugars, 

galactose, arabinose, and rhamnose. A 

small band at 1731 cm-1 is associated with 

a carbonyl stretch for saturated aldehydes 

(Daoub et al., 2018). C-O symmetric 

stretch and O-H bend are indicated by 

bands at 1411 and 1367 cm-1, respectively. 

They are vibrations specific to glucuronic 

acids (Daoub et al., 2018). Bands at 1241, 

1144, and 996 cm-1 are due to C-O stretches 

of either alcohol or ether. A sharp medium 

band for β-glycosidic linkage found in 

polysaccharides is observed at 836 cm-1. 
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Figure 5: FTIR spectrum of hemicellulose from plant gum exudate. 
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FTIR Characterization of raw SCB, 

dewaxed SCB, and Hemicellulose from 

Dewaxed SCB 

The FTIR spectra of the raw and dewaxed 

sample (Figure 6) show similar absorption 

peaks for -OH and C-H stretches. A 

decrease in the intensity of the peaks at 

1733 cm-1 (for a carbonyl stretch), 1369, 

and 1229 cm-1 (for C-H and C-O bend) is 

observed in the spectrum of the dewaxed 

SCB. Sugarcane wax is reported to contain 

long-chain aldehydes, long-chain primary 

alcohols, fatty acids, hydrocarbons, and 

esters (Qi et al., 2017), thus, a decrease in 

the intensities of the formerly mentioned 

peaks indicates that the dewaxing process 

was successfully done. A medium sharp 

peak that corresponds to β-glycosidic 

linkage (C-O-C) found in the 

polysaccharides is observed at 832 and 833 

cm-1 in the spectra of raw and dewaxed 

SCB, respectively. The absence of a peak 

for a carbonyl stretch at 1733 cm-1 in the 

hemicellulose spectrum which was 

observed in the raw and dewaxed sample 

spectra indicates that alkaline treatment 

completely cleaved ester bonds from the 

hemicelluloses (Brienzo et al., 2009; Peng 

et al., 2009; Sun et al., 2004). A very small 

band at 1508 cm-1 indicates a very small 

amount of lignin remained in the 

hemicellulose fraction (Brienzo et al., 

2009; Peng et al., 2009; Sun et al., 2004). 

Besides, hemicellulose and lignin are 

linked together in such a way that their 

linkage is resistant to alkaline or peroxide 

treatment (Brienzo et al., 2016). However, 

the decrease in the intensity of this peak 

shows that fractions of lignin were 

separated from the hemicellulose fraction 

with only a very small amount of lignin left. 

For hemicellulose, a broad band absorption 

at 3289 cm-1 corresponds to -OH stretching 

vibrations while the absorption peak at 

2922 cm-1 is due to C-H stretching 

vibrations. A carbonyl stretch due to 

absorbed water is observed at 1636 cm-1 

(Peng et al., 2009; Sun et al., 2004). An 

intense peak at 1019 cm-1 is associated with 

C-O, C-C, C-OH, and C-O-C stretching 

and bending vibrations (Xie et al., 2020; 

Brienzo et al., 2009; Peng et al., 2009; Sun 

et al., 2004). Two low-intensity shoulders 

at 1152 and 896 cm-1 observed in the 

hemicellulose spectrum are reported to 

show the presence of arabinosyl side chains 

(Xie et al., 2020; Brienzo et al., 2009; Peng 

et al., 2009; Sun et al., 2004). C-H and C-O 

bends are associated with small bands at 

1413, 1371, 1266, and 1202 cm-1. A very 

low-intensity band at 839 cm-1 is due to β-

glycosidic linkage found in the 

hemicelluloses (Xie et al., 2020; Brienzo et 

al., 2009; Peng et al., 2009; Sun et al., 

2004). 
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Figure 6: FTIR spectra of SCB, dewaxed SCB, and isolated hemicellulose. 
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FTIR Characterization of Lignin and 

Sodium Lignosulfonate  

In the lignin spectra (Figure 7), C=C 

aromatic ring vibrations are shown by 

peaks appearing at 1601,1510 and 1419 cm-

1.They have been reported to be associated 

with phenyl-propane structures (Tejado et 

al. 2007, Panamgama and Peramune 2018). 

A broad band shown in the range 3460-

3228 cm-1 is due to -OH stretching 

vibrations which are either phenolic and/or 

alcoholic (Boeriu et al. 2004, Tejado et al. 

2007). A peak at 2936 cm-1 is due to C-H 

stretching vibrations of either CH2 or CH3. 

The presence of unconjugated carbonyl is 

shown by a stretching vibration at 1701 cm-

1. Peaks in the range 1300-1000 cm-1 may 

be due to C-O stretch from phenol or 

alkoxy groups. A peak at 894 cm-1 indicates 

the presence of β-glycosidic linkage in the 

polysaccharide. Nearly similar peaks are 

observed in the SLS spectrum with 

different peaks at 1101 and 1042 cm-1 for 

S=O symmetrical stretch and 616 cm-1 for 

SO3 bend (Xu and Braterman 2003, 

Thungphotrakul et al. 2019, Daud et al. 

2021). The presence of these peaks 

confirms that the sulfonation of lignin was 

successful. 
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Figure 7: FTIR spectra of lignin and SLS. 

 

Thermal Gravimetric Analysis (TGA) of 

hemicellulose from PGE and SCB 

The thermogram (Figure 8a) for 

hemicellulose isolated from plant gum 

exudate obtained as the sample was heated 

from ambient temperature to 600 ºC shows 

three mass loss events. The first event was 

observed between 30-100 ºC accounting for 

14% weight loss which is a result of loss of 

adsorbed and structural water bound to the 

polysaccharide (Daoub et al., 2018). The 

major weight loss event observed from 

250-320 ºC with about 51% weight loss 

was associated with hemicellulose 

decomposition that is, depolymerization 

and cleavage of glycosyl units. This 

indicates that hemicellulose from plant 

gum exudate is thermally stable up to 250 

ºC. About 28% of the weight is lost from 

400-520 ºC, this may be due to the 

degradation of residues formed after 

hemicellulose degradation (Plengnok and 

Jarukumjorn, 2020). At temperatures above 

486 ºC, no significant weight changes were 

observed. 

The thermogram (Figure 8b) for 

hemicellulose isolated from SCB obtained 

as the sample was heated from ambient 
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temperature to 600 ºC shows three weight 

loss events. The loss of structural and 

absorbed water (about 13% weight loss) 

was observed between 30-100 ºC. The 

presence of water in the sample is 

associated with the hydrophilic nature of 

the polysaccharide (Plengnok and 

Jarukumjorn, 2020). The major weight loss 

event was observed from 200-327 ºC with 

about 57% weight loss. This may be due to 

the decomposition of side chains and 

saccharides units of the polysaccharide 

(Plengnok and Jarukumjorn, 2020; Sun et 

al., 2004). Thus, hemicellulose from SCB 

is thermally stable up to 200 ºC. About 28% 

of the weight was lost between 400-520 ºC. 

This may be due to the decomposition of 

substances formed during hemicellulose 

degradation and a small amount of bound 

lignin that remained in the hemicellulose 

fraction as discussed in the FTIR spectrum 

results (Plengnok and Jarukumjorn, 2020). 

Similar results were also reported by Peng 

et al. (2009), small deviations may be due 

to different extraction solvents used. At 

temperatures above 520 ºC no any 

significant weight changes were observed. 

The thermogram (Figure 8c) for lignin 

isolated from coconut coir obtained as the 

sample was heated from ambient 

temperature to 700 ºC shows three weight 

loss events. Loss of adsorbed water and 

high volatile compounds (accounting for 

about 16% weight loss) occurred from 40 - 

100 ºC (Panamgama and Peramune 2018). 

The second weight loss event occurred 

from 200 - 268 ºC (accounting for about 

19% weight loss) was due to the 

decomposition of propanoid side chains 

and aryl-alkyl-ether bonds of lignin. Thus, 

above 200 ºC lignin starts to decompose 

(Váquez‐Torres et al. 1992, Brebu and 

Vasile 2010, Panamgama and Peramune 

2018). The third weight loss event occurred 

between 268-446 ºC (accounting for about 

80% weight loss) with the highest weight 

loss rate occurring at 417 ºC. This may be 

associated with demethylation and 

decomposition of phenol monomers of the 

polysaccharide (Tejado et al. 2007, Brebu 

and Vasile 2010). Above 450 ºC 

insignificant changes were observed which 

may be due to secondary reactions 

involving decomposition of condensable 

gases, lignin intermediates and char (Brebu 

and Vasile 2010). 

The thermogram (Figure 8d) for modified 

lignin (SLS) obtained as the sample was 

heated from ambient temperature to 700 ºC 

shows two weight loss events. Generally, 

about 20% of the initial weight is lost as the 

sample of SLS was heated. The small 

amount of weight loss for SLS shows that 

SLS is more thermally stable compared to 

lignin. This may be due to the 

decomposition mechanism of SLS since 

side chains mostly decomposes unlike 

lignin which involve decomposition of the 

main chain of the polymer. The presence of 

organically bound cations, that is Na+ in 

SLS accounts for dehydration and 

decarboxylation reactions that mainly 

occur as SLS decomposes (Lemes et al. 

2010). During decomposition, sodium 

reacts with SO2 and organic carbon forming 

Na2SO3/Na2SO4 and NaCO3, respectively 

which can later decompose. This results in 

mercaptan, CO and CO2 release (Lemes et 

al. 2010). Thus, two weight loss events are 

observed in the SLS thermogram. Loss of 

adsorbed water is observed between 40-107 

ºC with about 7% weight loss. About 11% 

weight is lost between 217-500 ºC, this may 

be due to loss of mercaptans, SO2, CO and 

CO2 (Lemes et al. 2010). 

 

Porosimeter results 

BET surface areas (BET-SA) of 

hemicellulose from PGE and SCB, and 

modified lignin from coconut coir were 

determined and the results are shown in 

Table 2. From Table 2, the BET –SA of 

hemicellulose from SCB is larger than the 

BET-SA of SLS. However, the BET –SA 

of hemicellulose from PGE is smaller 

compared to all BET-SA. 
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Figure 8: Thermograms for hemicellulose from (a) PGE, (b) SCB, (c) Lignin from coconut 

coir, and (d) SLS. 

 

The higher the surface area of the 

hemicellulose or SLS, the higher the 

reactivity. To elaborate, the larger the 

surface area the hemicellulose or SLS 

cover, the more efficient its performance as 

a hydrate growth inhibitor will be. 

Therefore, hemicellulose from SCB would 

have more efficiency to inhibit gas hydrate 

followed by SLS and hemicellulose from 

PGE.  
 

Table 2: BET surface area of the prepared 

inhibitors 

Inhibitors BET-SA (m2/g) 

Hemicellulose from PGE 2.224 × 101 

Hemicellulose from SCB 2.766 × 102 

SLS 2.176 × 102 

 

Performance test results 

During the performance test, pressure in 

control and inhibitor performance test 

experiments dropped immediately to about 

50 bar in less than 1 minute just after the 

reactor was pressurized to 59 bar (Figure 

9). This implies that gas hydrates formed 

immediately just after conditions of 

appropriate temperature and pressure were 

reached in the presence of water and carbon 

dioxide gas. Since pressure dropped 

immediately and quickly even in the 

presence of inhibitors (hemicellulose from 

PGE and SCB, and SLS), the inhibitors 

used were not able to delay onset hydrate 

formation time. The continuation of 

pressure drop for about 6-10 minutes 

indicated that gas hydrates crystal growth 

was taking place. These observations were 

in agreement with Farhadian et al. (2019) 

who reported that, the formation of gas 

hydrates is indicated by a drop in pressure 

as a result of the trapping of gas molecules 

into water cavities. Further drops in 

pressure were an indication of growth of 

gas hydrates into large crystals. 
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Figure 9: Variation of pressure with time during gas hydrate formation; (a) presence of 

hemicellulose from PGE (b) presence of hemicellulose from SCB (c) presence of SLS.  

  

 
Figure 10: Gas hydrate crystals that formed: (a) absence of inhibitor (b) presence of 0.1 wt% 

inhibitor (c) presence of 0.5 wt% inhibitor (d) presence of 1.0 wt% inhibitor. 
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The effectiveness of the gas hydrate 

inhibitor used was determined based on 

percentages of water that formed gas 

hydrates. The percentages of water that 

formed gas hydrates in the presence and 

absence of hemicellulose from PGE and 

SCB are shown in Table 3. 

 

Table 3: Initial and final volume of brine in the reactor cylinder, and percentage of brine that 

formed gas hydrate during performance test of the inhibition ability of hemicellulose from 

PGE and SCB 

Hemicellulose  Concentration 

of inhibitor 

(wt%) 

Initial volume 

of brine (mL) 

Final average 

volume of brine 

(mL) 

Percentage of brine 

that formed gas 

hydrates (%) 

Control 0 500 124.00 75.20 

PGE 

0.1 500 187.15 62.57 

0.5 500 247.25 50.55 

1.0 500 283.15 43.37 

SCB 0.1 250 66.15 73.54 

0.5 250 71.55 71.38 

1.0 250 117.70 52.92 

From Table 2, the smaller the percentage of 

water that formed gas hydrates in the 

presence of the inhibitor, the more effective 

the inhibitor. Further, the higher the 

percentage of water that formed gas 

hydrates in the presence of the inhibitor, the 

less effective the inhibitor. This 

observation was further supported by the 

size of the hydrate crystal as shown in 

Figure 10. Small amount of water is 

converted to gas hydrate in the presence of 

hemicellulose from PGE as compared to 

when hemicellulose from SCB. This 

observation can be explained in terms of 

number of hydroxyl groups as 

hemicellulose from PGE are rich in 

hydroxyl groups as compared to 

hemicellulose from SCB, and quickly 

dissolve in water. The inhibition ability of 

hemicellulose is accounted for by their high 

water solubility. When dissolved in water, 

fewer particles of hemicellulose were left 

undissolved thus reducing the ability of 

water to form cages through hydrogen 

bonding hence preventing the formation of 

gas hydrates. 

Sodium lignosulfonate as a surfactant did 

not show any inhibition ability instead it 

promoted gas hydrate crystal growth. In the 

absence of SLS, with 150 mL as initial 

volume in the reactor (brine (90 ml) and n-

hexane (60 mL)), the average amount of 

liquid that remained in the reactor was 58.5 

mL (water (brine), 26.5 mL and n-hexane, 

32 mL). Thus, 61% of liquid converted to 

gas hydrates. In the presence of 0.1, 0. 5 and 

1.0 wt% of SLS, no any liquid that 

remained in the reactor, all liquid was 

converted to gas hydrates. In addition, gas 

hydrate crystals that were formed were 

large in size compared to the one formed in 

the absence of the inhibitor as can be 

observed in Figure 11. Sodium 

lignosulfonate has a hydrophobic phenyl 

propane derivative with 3 - 6 carbons. It 

also contains carboxyl, sulfonic acid and 

phenolic hydroxyl groups as hydrophilic 

head groups. Its hydrophilic-lipophilic 

balance (HLB) has been reported to be 

11.61 and has been classified as a surfactant 

that forms oil-in-water emulsion (Setiati et 

al. 2018). 
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Figure 11: Gas hydrate crystals formed; (a) absence of SLS (b) 0.1wt%of SLS (c) 0.5 wt% of 

SLS (d) 1.0 wt% of SLS. 

 

When oil is dispersed into the water phase, 

water becomes more accessible to be 

involved in gas hydrate formation process as 

a result gas hydrate crystal growth process is 

accelerated. 

The inhibitors performance test results 

observed are not in agreement with the 

porosimeter results. This contradiction can be 

explained by the fact that the attractive force 

between the hydrate inhibitor and the hydrate 

surface is responsible for the adsorption to 

inhibit hydrate formation. To elaborate, 

spherical solutes with intermediate size are 

significantly stabilized at the hydrate surface 

whereas smaller and larger solutes exhibit 

lower adsorption affinity. This implies that 

hemicellulose from SCB, and SLS are smaller 

solutes (larger surface area) compared to 

hemicellulose from PGE which is likely to 

have an intermediate solute (smaller surface 

area). 

 

Statistical T-tests 

The p-value obtained from the paired t-test 

(0.06) shows that there is no statistically 

significant difference between the percentage 

of brine that formed gas hydrates in the 

presence of hemicellulose from PGE and 

SCB. The obtained value is greater than the 

accepted statistical value of 0.05 at a 95% 

confidence interval of the difference. 

Furthermore, the independent t-test results 

show that the p-value between the two groups 

(PGE and SCB hemicellulose) (0.185) on the 

continuous variable (percentage of brine 

converted into gas hydrate) is greater than the 

accepted statistical value of 0.05.  

 

CONCLUSION  

In this study, hemicellulose and lignin was 

isolated from plant gum exudates (PGE), 

sugarcane bagasse (SCB), and coconut coir. 

The isolated lignin was modified to sodium 

lignosulfonate (SLS) to improve its solubility 

in water. Plant gum exudates and sugarcane 

bagasse yielded 77.75% and 12.38% of 

hemicellulose, respectively. The extraction 

and isolation of hemicellulose from plant 

gum exudates was very effective due to the 

high solubility of the gums in water. In 

addition, gums contain large amount of 

hemicelluloses which accounts for the high 

yield of extraction and isolation. The 

relatively low yield of hemicellulose from 

SCB is due to strong ester linkages between 

lignin and hemicellulose and hydrogen 

bonding within individual polysaccharide 

components. These observations were in 

agreements with the literature (Ebringerová 

and Heinze 2000, Sun et al. 2004). On the 

other hand, the yield of lignin increased with 

an increase in boiling time of the acidified 

black liquor. The highest yield (35.59%) was 

obtained when the acidified black liquor was 

boiled for 60 minutes. Hemicellulose from 

PGE and SCB, lignin and sodium 

lignosulfonates (SLS) were confirmed by the 

results from FTIR and TGA. 

During performance tests, hemicellulose 

from PGE and SCB showed the ability to 

prevent gas hydrate crystal growth as it was 

observed that less amount of water converted 

to gas hydrates in the presence of the 

inhibitors than in the absence of the 

inhibitors. Their inhibition ability increased 

    
(a) (b) (c) (d) 
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with an increase in concentration. In 

comparing the inhibition ability of 

hemicellulose isolated from PGE and SCB, 

hemicellulose from PGE was observed to be 

more effective since at 1% wt less amount of 

water (43.37%) was converted to gas hydrate 

than (52.92%) which was converted to gas 

hydrate when 1% wt of hemicellulose from 

SCB was present. The higher inhibition of 

hemicellulose from PGE is accounted by its 

more hydroxyl groups (as compared to 

hemicellulose from SCB) and ability to 

quickly dissolve in water. However, 

statistical test indicated no significant 

difference between the percentage of water 

that formed gas hydrates in the presence of 

hemicellulose from PGE and SCB (n =4, p = 

0.06 at CI = 95%). Hence, the results affirm 

that hemicellulose from PGE and SCB can be 

an alternative low dosage hydrate inhibitor to 

prevent gas hydrate crystal growth in 

petroleum industry. In contrast, SLS 

promoted gas hydrate formation instead of 

slowing gas hydrate crystal growth process. 

SLS has been classified as a surfactant that 

forms oil in water emulsion unlike other 

surfactants that inhibit gas hydrates by 

forming water in oil emulsion.73 Thus, SLS is 

not suitable to be applied in inhibiting gas 

hydrates instead it may be used as a promoter 

for gas hydrates formation to be used in 

natural gas storage and transportation, energy 

sources, cold energy, carbon dioxide capture 

and sequestration and gas separation (Sami et 

al. 2013, Zhang et al. 2020). Performance test 

results were not in agreement with the 

porosimeter results. Spherical intermediate 

sized solutes have been reported to have high 

adsorption affinity on the hydrate surface 

thereby impending hydrate crystal growth 

than smaller and larger solutes. This accounts 

for the high inhibition ability of 

hemicellulose from PGE (intermediate solute 

with small surface area) than hemicellulose 

from SCB and SLS which are smaller solutes 

(large surface area). 
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