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Abstract

Thermal behavior and chemical properties of selected raw and NaOH-pretreated rice husk varieties were investigated.

NaOH-pretreatment process involved soaking 5 g rice husk samples in 40 mL of 2%w/v NaOH, shaking (400 rpm) and

heating (50 �C) for 3 h. NaOH-pretreated samples were water-washed, oven-dried, and milled for use in the determination

of their thermal behavior and surface functional groups. Alkaline wash-water was also analyzed for sugar components.

Thermal decomposition temperatures, degradation rates, and the subsequent mass losses varied from one rice husk variety

to another. These thermal properties increased after NaOH-pretreatment of the rice husk varieties, reducing their char

yields (17.1–20.4% db). These changes mainly had to do with the lignin, hemicellulose, and ash removal from the rice husk

varieties, as confirmed by their FTIR analysis, as well as by the sugar composition analysis of their alkaline wash-water.

Consequently, the FTIR spectra differed between the raw and NaOH-pretreated rice husk varieties.
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Introduction

Rice husk is one of the lignocellulosic biomasses, with

promising prospects for utilization as activated carbon

precursor. This is due to its suited physicochemical prop-

erties, abundant availability, low cost, as well as due to its

renewability compared to the conventional precursors [1].

However, its unusually high ash content (13–32% db) [2]

obstructs pore formation, lowering the adsorption capacity

of the resulting rice husk activated carbon [3]. Besides,

during chemical activation, silica (SiO2), which accounts

for a significant fraction of the rice husk ash (80–90 wt%),

reacts with the activating agent, reducing the activating

agent to carbon ratio. Consequently, activation only occurs

on the exterior surface of the rice husk, reducing pore

formation in the resulting activated carbon [4, 5]. For these

reasons, the high ash content of rice husk is preferably

lowered prior to activation [6]. Alkaline pretreatment using

sodium hydroxide (NaOH) is one of the most commonly

preferred methods, due to its relatively lower cost, higher

effectiveness, need for shorter reaction times, as well as

due to its need for relatively lower pretreatment tempera-

tures, making the pretreatment process less energy inten-

sive, as compared to the other pretreatment options [7].

During NaOH-pretreatment, SiO2 in the ash reacts with

NaOH, forming water-soluble sodium silicate (NaSiO3),

which is subsequently removed from the rice husks via the

water-washing stage. Our previous study on the alkaline

pretreatment of rice husk varieties in Uganda revealed that

a NaOH concentration of 2–4%w/v sufficiently reduces the

ash content by as much as 74–93%, depending on the rice
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husk variety [2]. However, besides ash removal, many

other changes in the rice husks occur during NaOH-pre-

treatment, which may influence the distribution and quality

of products resulting from the pyrolysis and/or gasification

processes, typical of the activation process. For instance,

NaOH-pretreatment disrupts the cell walls of the rice husk,

(1) by partly dissolving the lignin, hemicellulose, and sil-

ica, (2) by hydrolyzing uronic and acetic esters, (3) by

decreasing the degree of polymerization and crystallinity,

and (4) by swelling of the cellulose, which consequently

increases the internal surface area of the lignocellulosic

biomass [8]. NaOH-pretreatment of the rice husks has also

been reported to increase their moisture retention [9]. Many

other changes in the rice husks have been widely reported

in the literature [10–12]. Similar findings have also been

reported in the NaOH-pretreatment of other biomass, such

as sugarcane bagasse [13] and sorghum [14]. In a study by

Sambusiti et al. [14] about the effect of alkaline pretreat-

ment on the structure, as well as on the chemical compo-

sition of sorghum, it was revealed that the extent of

changes may differ, depending on the sorghum variety.

Consequently, different extents of thermal behavior and

products distribution may be expected from the thermal

decomposition of the different NaOH-pretreated sorghum

varieties. Despite these positive findings, studies on how

the thermal behavior and the chemical properties differ

among the raw and the alkaline-pretreated rice husk vari-

eties are still very limited. This study therefore aimed at

investigating the effect of NaOH-pretreatment on the

thermal behavior and chemical properties of the rice husk

varieties in Uganda in relation to activated carbon. More

specifically, the thermal behavior and the surface func-

tional groups of the rice husk varieties were determined via

thermogravimetric analysis (TGA) as well as via the

Fourier transform infrared (FTIR) spectroscopy, respec-

tively. On the other hand, the sugar components in the

alkaline wash-water were detected via the high-perfor-

mance liquid chromatography (HPLC). Knowledge of the

thermal behavior and the chemical properties of the raw

and the NaOH-pretreated rice husk varieties is vital for

understanding the behavior of their lignocellulosic com-

ponents when thermally decomposed at different temper-

atures. Moreover, with such information, the most

suitable temperature for activation of each of the rice husk

varieties can be obtained.

Materials and methods

Sample collection

Thirteen rice varieties dominantly grown in four agro-

ecological zones of Uganda were obtained from Zonal

Agricultural Research and Development Institutes (ZAR-

DIs) and from selected rice irrigation schemes (Table 1).

Rice agronomists were involved, to identify each of the

rice varieties, thus obtaining pure samples for the study.

Each of the rice varieties was then identically milled to

obtain rice husk samples for the study.

Sample preparation and pretreatment

Samples from each rice husk variety were prepared via two

routes, to provide for the raw samples, as well as for the

NaOH-pretreated samples (see Fig. 1). The former

involved milling each of the as-received rice husk varieties

to fractions of particle size 250 lm, and subsequently

employing them in the determination of their respective

thermal behavior, as well as their respective surface func-

tional groups. Milling of the samples was preferred to

obtain homogeneous samples that could give good repro-

ducible results. The other preparation route was limited to

rice husk varieties with relatively lower ash content (R1,

R2, R3, R4, R5, R6, R7, R8, R9, and R11) and presumably the

more promising activated carbon precursors. The samples

of these selected rice husk varieties were initially washed

with distilled water to remove any contaminants present in

them, followed by oven drying at 105 �C for 12 h. Each of

the oven-dried samples was then NaOH-pretreated by

soaking 5 g sample in 40 mL of 2.0%w/v NaOH, followed

by mixing (400 rpm) and heating (50 �C), for 3 h in a

thermo shaker and allowing the samples to stand for 12 h.

Each of the pretreated rice husk samples together with their

alkaline wash-water was transferred to a chromatographic

column, with a filter at its bottom, as well as a top cover

with a flexible hose, connected to the water tap. The

alkaline wash-water intended for sugar composition anal-

ysis was then collected via the filter of the chromatographic

column, prior to rinsing of the NaOH-pretreated rice husks

with distilled water. Each of the thoroughly rinsed NaOH-

pretreated rice husk varieties was then oven-dried at

105 �C for 12 h, followed by milling to fractions of particle

size 250 lm. These were subsequently employed in the

determination of thermal behavior and surface functional

groups.

Thermal behavior

The raw and NaOH-pretreated samples from each rice husk

variety were subjected to TGA in a nitrogen (N2) atmo-

sphere. This involved heating about 10–15 mg rice husk

sample in a thermal analyzer (TA instruments Q500), from

25 to 800 �C, at a heating rate of 20 �C min-1, under N2

gas flow (50 mL min-1). Thermogravimetric (TG) and

differential thermogravimetric (DTG) curves of percent

weight loss (mass%) versus temperature (�C) and percent
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rate of weight loss (mass% min-1) versus temperature

(�C), respectively, were generated using thermal analysis

(TA) universal software. From the TG/DTG curves,

important information about the raw and the NaOH-pre-

treated rice husk varieties was carefully obtained. Such

information included mass losses that occurred in the dif-

ferent temperature zones, onset and offset temperatures,

maximum thermal degradation rates, as well as information

about the lower and higher peak temperatures. The onset

and offset temperatures refer to the temperatures at which

devolatilization of the biomass can be considered to start

and complete, respectively [15]. These were determined by

drawing tangents to the respective TG curves, with the

onset temperature being the temperature corresponding to

the intersection of the first and second tangents on the TG

curve. On the other hand, the offset temperature was

obtained as the temperature corresponding to the intersec-

tion of the second and third tangents on the TG curve. The

maximum thermal degradation rates of the rice husk vari-

eties were obtained from their respective DTG curves. The

temperature corresponding to the maximum thermal

degradation rate was subsequently obtained as the higher

peak temperature.

Surface functional groups and sugar composition

Surface functional groups present on the surface of each of

the selected raw and NaOH-pretreated rice husk varieties

were obtained by FTIR spectroscopy. This involved

clamping each of the milled rice husk samples on the probe

and the respective spectra subsequently obtained by scan-

ning in the range of 4000–400 cm-1. The background scan

was obtained using a diamond crystal for each experi-

mental condition. The sugar components in the alkaline

wash-water were determined by HPLC. However, prior to

HPLC analysis, the alkaline wash-water was neutralized,

Table 1 Paddy rice varieties

obtained from each of the

selected agro-ecological zones,

and irrigation schemes of

Uganda

Rice variety Sample code Lowland/upland* Geographical location

NERICA 1 R1 Upland Bulindi ZARDI

NERICA 1 R2 Upland Buginyanya ZARDI

NERICA 4 R3 Upland Bulindi ZARDI

NERICA 4 R4 Upland Buginyanya ZARDI

NERICA 4 R5 Upland Ngetta ZARDI

NERICA 10 R6 Upland Bulindi ZARDI

NERICA 10 R7 Upland Ngetta ZARDI

Wita-9 R8 Lowland Buginyanya ZARDI

Wita-9 R9 Lowland Kibimba irrigation scheme

Pusa R10 Lowland Kibimba irrigation scheme

K-85 R11 Lowland Doho irrigation scheme

K-98 R12 Lowland Doho irrigation scheme

Super R13 Lowland National Crops Resources Research Institute

(1) NERICA is New Rice for Africa; (2) *lowland rice is normally grown in flooded areas, while upland

rice is grown on dry land
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Fig. 1 Experimental layout of

the procedures followed

throughout this study
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where a clear supernatant thus obtained, was centrifuged,

as well as filtrated by a syringe filter.

Results and discussion

Thermal behavior of raw rice husks

The thermal behavior of the raw rice husk varieties as

determined by TGA is depicted in the TG/DTG curves

(Fig. 2). These curves indicate that thermal decomposition

of the raw rice husk varieties occurred in three temperature

zones, typical of lignocellulosic biomass [16, 17]. The first

zone commenced from room temperature to about 105 �C,

where 5–7% of the total mass was lost, depending on the

rice husk variety. This mass loss may be attributed to the

evaporation of the physically adsorbed water from the rice

husk biomass. Moreover, depending on the rice husk

variety, this zone further extended to about 289–311 �C,

but with very slight mass losses, which could be attributed

to the loss of light volatiles from the rice husk materials

[18]. This slight mass loss also suggests that the organic

constituents in the rice husk varieties were still thermally

stable within this temperature zone.

In the second temperature zone, major thermal decom-

position started at temperatures ranging from 289 to

311 �C and completed at 363–392 �C, with major mass

losses of 43–55 mass%, depending on the rice husk variety

(see Table 2). The decomposition temperatures obtained in

this study are close to/or within the range of 300–450 �C,

reported for major decomposition of agricultural residues

[19]. The mass losses within this temperature zone were

mainly due to the decomposition of the cellulose and

hemicellulose fractions, and to a lesser extent due to the

lignin decomposition, which were consequently lost from

the rice husks as volatiles [20]. A significant body of

research indicates that hemicellulose decomposes within

the temperature range of 100–380 �C, cellulose

250–380 �C, while lignin decomposes over a wide tem-

perature range of 180–900 �C [21]. Moreover, since the

cellulose, hemicellulose, and lignin contents varied from

one rice husk variety to another [2], then the noticeable

variations in mass loss among the rice husk varieties were

expected. From the DTG curves, the maximum thermal

decomposition of hemicellulose is depicted by the low-

temperature shoulder peaks around 312–336 �C, while the

maximum thermal decomposition of cellulose is depicted

by the higher temperature peaks around 334–363 �C,

depending on the rice husk variety. These temperature

ranges are comparable to those reported in the previous

studies [10, 16]. However, the temperature ranges were

quite different from those reported by Arora et al. [22].

This is possibly due to differences in the chemical com-

position of the rice husks employed in the different studies.

The lower decomposition temperature range of hemicel-

lulose is due to the presence of acetyl groups in its amor-

phous and random structure with many branched units that

are less thermally stable [23]. On the other hand, the higher

decomposition temperature of cellulose is due to its partly

crystalline structure made of ordered microfibrils, which

make it more thermally stable than hemicellulose [24].

Unlike the other rice husk varieties, the low-temperature

shoulders were not obvious for rice husk varieties; R1, R6,

and R8 (Fig. 2b). Some researchers have linked this ten-

dency to the low hemicellulose content of a given biomass

[25]. However, this assertion could not be proven here,

since R1, R6, and R8 exhibited relatively higher hemicel-

lulose contents, as compared to some of the rice husk

varieties whose low-temperature shoulders were obvious

[2]. The most probable explanation could be that the

hemicellulose’s low-temperature shoulder peak got over-

lapped with that of cellulose [26]. Shen et al. [25] attribute

this overlap to the possibly high content of the less reactive

components, such as glucomannan and arabinogalactan in

the hemicellulose, which consequently postpone its thermal
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Table 2 Important results of the TGA obtained from the TG/DTG curves

Rice husk

variety

Results of the TGA obtained from the TG/DTG curves of the raw rice husk varieties Results of the TGA obtained from the TG/DTG curves of the NaOH-pretreated rice husk

varieties

Tonset–

Toffset/�C

Mloss,2/

mass%

Them/

�C

DTGpeak

temp/�C

Rpeak temp/

%min-1
Mloss,3/

mass%

Residual weight at

800 �C/% db

Tonset–

Toffset/�C

Mloss,2/

mass%

Them/

�C

DTG peak

temp/�C

Rpeak temp/

%min-1
Mloss,3/

mass%

Residual weight at

800 �C/% db

R1 289.1–363.7 52.1 * 334.1 15.4 11.4 36.5 315.2–380.1 70.4 322.8 357.7 23.5 10.9 18.7

R2 297.6–374.8 58.7 312.4 347.1 16.7 10.8 30.5 315.9–381.1 68.9 321.8 358.7 22.1 11.7 19.4

R3 295.9–377.7 55.3 312.4 347.9 14.7 10.0 34.7 310.2–377.8 69.5 * 355.8 21.8 11.0 19.5

R4 296.3–379.5 48.7 313.3 347.1 13.1 9.9 41.4 313.6–379.8 68.5 319.9 357.7 22.2 11.1 20.4

R5 300.4–380.9 57.2 317.1 353.0 15.3 9.1 33.7 309.3–381.2 72.2 322.8 354.0 20.5 10.7 17.1

R6 290.0–371.6 54.6 * 338.2 14.5 10.8 34.6 315.7–380.6 70.0 322.8 358.7 23.0 10.9 19.1

R7 302.8–382.9 54.5 324.4 354.7 14.8 9.7 35.8 314.8–380.0 70.7 324.7 357.7 21.9 10.7 18.6

R8 298.1–378.0 50.7 * 346.7 13.9 9.8 39.5 315.2–385.8 70.6 323.7 362.5 20.4 10.4 19.0

R9 299.2–386.1 50.8 315.1 352.6 12.9 10.0 39.2 313.6–384.8 70.6 327.5 362.5 21.8 10.8 18.6

R10 310.4–391.9 46.7 335.7 362.3 12.8 10.0 43.3 – – – – – – –

R11 301.4–387.3 52.3 319.4 354.7 13.2 9.2 38.5 316.9–387.7 72.1 326.5 364.4 21.8 10.3 17.6

R12 303.0–388.9 48.7 329.1 357.8 12.4 9.4 41.9 – – – – – – –

R13 305.0–389.2 48.0 330.3 357.5 12.7 9.6 42.4 – – – – – – –

(1) Tonset–Toffset is the temperature range corresponding to the second temperature zone, where major thermal decomposition occurred, (2) Tonset and Toffset are the temperatures at which

devolatilization of the rice husk was considered to start and complete, respectively, (3) Mloss,2 is the mass loss in the second temperature zone, (4) Them is the lower peak temperature at which

maximum thermal degradation of the hemicellulose occurred, (5) DTGpeak temp is the higher peak temperature at which maximum thermal degradation of the cellulose occurred, (6) Rpeak temp is

the maximum thermal degradation rate corresponding to the DTG peak temperature, (7) Mloss,3 is the mass loss in the third temperature zone, and (8) *implies the low-temperature shoulder of

the rice husk variety was not obvious
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decomposition, coinciding with that of cellulose. Similar

tendencies were observed in the thermal decomposition of

perennial grass [20] and natural fibers [27].

The peak position and height of the DTG evolution

profiles within the second temperature zone also varied

among rice husk varieties (Fig. 2b). These variations

mainly have to do with differences in the physicochemical

properties of the rice husk varieties, which consequently

influenced their reactivity. According to Vamvuka et al.

[28], the peak height is directly proportional to reactivity,

while the temperature corresponding to the peak height is

inversely proportional to reactivity. Therefore, based on

this, R2 was presumably the most reactive, followed by R1,

R5, R7, R3, R6, R8, R4, R11, R9, R12, and lastly R13. However,

the differences in peak heights among some rice husk

varieties were considerably small, suggesting that they

possibly exhibited similar reactivity. For instance, (1) R1

and R5, (2) R7, R3, R6, and R8, (3) R4, R11, and R9, and (4)

R12, R13, and R13. It can also be noticeably seen from

Table 2 that the more reactive rice husk varieties, and in

particular the NERICA rice husk varieties, not only

exhibited higher thermal degradation rates, but also expe-

rienced greater mass losses, as compared to the other rice

husk varieties. This is due to their relatively higher volatile

matter contents than the other rice husk varieties, as

reported in our previous study [2]. Similar tendencies were

observed between eucalyptus wood and corn residues,

where the latter exhibited a higher volatile matter content,

than the former [29]. McNamee et al. [30] also found the

untreated eucalyptus more reactive than its torrefied

counterparts, due to its relatively higher volatile matter

content. Moreover, since the mass losses are directly linked

to internal porosity development [2], then NERICA rice

husk varieties could result in activated carbon with rela-

tively good adsorptive properties, once activated. However,

due to greater devolatilization, NERICA rice husk varieties

resulted in relatively lower char yields, as compared to the

other rice husk varieties. This could make their pyrolysis

process less economically viable, since higher char yields

are most desired in char production and consequently in the

production of activated carbon.

In the third temperature zone, thermal degradation

started at temperatures ranging from 363 to 392 �C and

completed at 800 �C, with mass losses of 9.05–11.42% db,

depending on the rice husk variety. On the DTG curve, this

zone is represented by a flat trailing section, which is

attributed to the slow decomposition of lignin over a wide

temperature range [31]. This thermal behavior of lignin is

due to its structure, consisting of a complex network of

cross-linked aromatic molecules that are difficult to

decompose and consequently its high thermal stability.

Aside from lignin decomposition, mass loss in this zone

could also be due to further decomposition of carbon

residues formerly produced at the lower decomposition

temperatures [32]. The residual mass at 800 �C was con-

sidered to be char, with yields ranging from 30.5 to 43.3%

db obtained, depending on the rice husk variety (Table 2).

However, some rice husk varieties exhibited relatively

similar char yields, suggesting similarity in their chemical

composition. For instance, (1) R1, R3, R5, R6, and R7, (2)

R8, R9, and R11, and (3) R4, R10, R12, and R13. On the TG

curve, the curves of these rice husk varieties are noticeably

seen overlapping. On the other hand, the differences in char

yields among some of the rice husk varieties may be

attributed to differences in their lignin content, the main

constituent for char formation, as well as due to differences

in their ash content [2].

Thermal behavior of NaOH-pretreated rice husks

The thermal behavior of the selected NaOH-pretreated rice

husk varieties as determined by TGA is depicted in the TG/

DTG curves (Fig. 3). From these curves, it can noticeably

be seen that thermal decomposition of the pretreated rice

husk varieties also occurred in three temperature zones,
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suggesting the presence of chemical components similar to

those of the raw rice husk varieties. Major mass losses

(66–73% db) occurred in the second temperature zone,

which commenced from about 309–317 �C until tempera-

tures of about 377–388 �C, depending on the rice husk

variety. Compared to the raw rice husk varieties, NaOH-

pretreated rice husk varieties exhibited higher onset

decomposition temperatures, higher peak temperatures,

higher maximum thermal degradation rates, as well as

greater mass losses. Consequently, NaOH-pretreated rice

husk varieties were more thermally stable, but with rela-

tively lower char yields, as compared to the raw rice husk

varieties (see Table 2). Similar observations were made in

the thermal decomposition of poplar wood [33], wheat

straw [34], and oil palm empty fruit bunches [35]. More-

over, the extent of the changes slightly varied from one rice

husk variety to another, suggesting slight differences in

their chemical compositions after NaOH-pretreatment.

These changes mainly have to do with ash removal from

the rice husk varieties. More specifically, the greater mass

losses and, consequently, the lower char yields are pre-

sumably because the inorganic constituents in the ash that

would otherwise suppress the release of volatiles and,

consequently, promote the charring reactions that were no

longer present/or possibly reduced after NaOH-pretreat-

ment of the rice husk varieties [33, 36]. The shift to slightly

higher thermal decomposition temperatures suggests that

some catalytic species in the ash were possibly removed/or

reduced, upon NaOH-pretreatment and water-washing of

the rice husk varieties. The extent of ash removal from

selected rice husk varieties was reported in our previous

study [2].

Besides ash removal, the distinctive thermal behavior

between the raw and NaOH-pretreated rice husk varieties

may also be attributed to differences in their lignocellulosic

composition. Though not quantified in this study, the lignin

and hemicellulose contents of the rice husk varieties were

presumably reduced after NaOH-pretreatment, while at the

same time, their cellulose contents were increased [36].

This tendency was visibly confirmed on the DTG curves

(Fig. 3), where the lower temperature shoulder peaks

appeared less pronounced, and the high temperature peaks

shifted to relatively greater heights, while the flat trailing

section shifted to the lower end of the TG/DTG plot. These

distinct peaks and section are typical of the hemicellulose,

cellulose, and lignin thermal decomposition, respectively,

as earlier discussed. Because of the increased cellulose

concentration, the increase in decomposition temperatures

of the rice husk varieties after NaOH-pretreatment was

expected, since cellulose is more thermally stable than

lignin and hemicellulose [11, 12, 37]. On the other hand,

the presumed reductions in lignin and hemicellulose con-

tents of the rice husk varieties after NaOH-pretreatment

could have also accounted for their relatively lower char

yields, since less char could only be formed from the

remaining lignocellulosic components. Although the rela-

tively lower char yields could make the pyrolysis process,

and consequently the activation process less economically

viable, this could be compensated for, with the enhanced

specific surface area of the resulting activated carbon,

which is a requisite in many applications, including

adsorption and in the preparation of electrodes [38, 39].

The enhanced specific surface area is due to the ash

removal from the rice husks, which otherwise blocks

porosity formation, reducing the internal surface area of the

produced activated carbon.

In the third temperature zone, thermal degradation

commenced at temperatures ranging from 377 to 388 �C up

to 800 �C, with mass losses of about 9.70–11.70% db,

depending on the rice husk variety. This zone is attributed

to the lignin thermal decomposition, suggesting that the

rice husk varieties still contained lignin, even after NaOH-

pretreatment. This is desired in activated carbon produc-

tion, since the remaining lignin contributes to char for-

mation, which could increase the carbon yield, once the

char is activated. The char yields obtained from the

pyrolysis of NaOH-pretreated rice husk varieties did not

vary widely (Table 2), suggesting that the wide differences

in char yields obtained from pyrolysis of the raw rice husk

varieties may be largely attributed to their relatively large

differences in ash contents.

Surface functional groups

FTIR spectroscopy was employed to determine the surface

functional groups of selected rice husk varieties, before and

after NaOH-pretreatment. From Fig. 4, it can noticeably be

seen that the FTIR spectra of the raw rice husk varieties

followed a similar trend/shape, suggesting the presence of

similar surface functional groups. However, upon NaOH-

pretreatment, the peak positions and/or intensities corre-

sponding to lignin, cellulose, hemicellulose, and silica

slightly changed, suggesting slight structural changes in the

NaOH-pretreated rice husk varieties. For instance, the

prominent bands around 3345–3312 cm-1 presumably

attributed to the stretching of the hydrogen bonded –OH

groups in the cellulose [40] intensified after NaOH-pre-

treatment of the rice husk varieties: R2, R3, R5, and R11.

This is possibly due to the increased exposure of cellulose,

following the partial removal of hemicellulose [41]. On the

contrary, the intensity of this band slightly decreased after

NaOH-pretreatment of the rice husk varieties; R1, R6, R8,

and R9, suggesting rupture of the hydrogen bonds of cel-

lulose. Similar tendencies were observed in the alkaline

pretreatment of wheat straw [42], rice straw [43], and corn

stover [44]. The intensity of the bands around
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2854–2927 cm-1 presumably attributed to the stretching

vibration of the aliphatic –CH and –CH3 and did not

noticeably change after NaOH-pretreatment of the rice

husk varieties: R1, R5, R6, R8, R9, and R11, suggesting that

the methyl and methylene portions of their cellulose were

possibly not ruptured. Assignment of surface functional

groups to the many overlapping bands around

2325–1879 cm-1 could not be unambiguously done.

The slight shoulders around 1728–1717 cm-1 that

attributed to the stretching vibration of the carbonyl (C=O)

group in the hemicellulose and/or lignin [6, 45] were

noticeably reduced, suggesting chemical changes in the

hemicellulose and/or lignin [46]. More specifically, the

ester bonds between the lignin and hemicellulose were

possibly broken, thus releasing part of the lignin and/or

hemicellulose from the polysaccharide network [7]. The

bands around 1644–1506 and 1368–1318 cm-1 attributed

to C=C stretching vibrations [47], as well as to the aromatic

–OH group [48], respectively, also decreased slightly after

NaOH-pretreatment, suggesting that lignin was partially

removed from the rice husk varieties. This is advantageous,

since lignin is much desired in char formation, for reasons

already cited in ‘‘Thermal behavior of NaOH-pretreated

rice husks’’ section. The bands around 1454–1450 cm-1

presumably attributed to the CH2 bending of cellulose,

slightly reduced after NaOH-pretreatment, suggesting a

slight reduction in the crystalline structure of the cellulose

[48]. The bands around 1206–1154 and 902–895 cm-1

attributed to the C–O stretching vibration and C–H defor-

mation of cellulose [49], respectively, slightly increased

after NaOH-pretreatment, presumably because of the

increased exposure of cellulose [50]. Lastly, the bands

around 1036–1022, 794–780, 567–517, and 449–433 cm-1

may have to do with the presence of silica, and thus a

reduction in the band intensities after NaOH-pretreatment

suggests silica removal from the rice husk varieties

[51–53]. This is also advantageous, since activated carbons

of relatively higher specific surface area may be obtained,

once the desilicated rice husks are activated.

Sugar composition in the alkaline wash-water

Alkaline wash-water was analyzed for sugar components,

to further evaluate the severity of the NaOH-pretreatment

process on the chemical structure of the rice husk varieties.

From Table 3, it can noticeably be seen that sucrose, glu-

cose, arabinose, rhamnose, and mannose were the sugar

components in the alkaline wash-water, suggesting that

part of the structural carbohydrates in the rice husk vari-

eties was degraded upon NaOH-pretreatment. These results

confirm our findings obtained from the FTIR spectroscopy,

in ‘‘Thermal behavior of NaOH-pretreated rice husks’’

section. Although the loss of the sugar components via the

alkaline wash-water may consequently lead to relatively

lower carbon yields, these could be compensated for, with

the enhanced specific surface area of the resulting activated

carbon.

Conclusions

The effect of NaOH-pretreatment on the thermal and

chemical properties of rice husk varieties in Uganda was

investigated. Thermal decomposition temperatures, degra-

dation rates, and the subsequent mass losses varied from

one rice husk variety to another. These thermal properties

increased after NaOH-pretreatment of the rice husk vari-

eties, reducing their char yields. These changes mainly had

to do with the lignin, hemicellulose, and ash removal from

the rice husk varieties, as confirmed by their FTIR analysis,

as well as by the sugar composition analysis of their

alkaline wash-water. Consequently, the FTIR spectra dif-

fered between the raw and NaOH-pretreated rice husk

varieties.

Acknowledgements The authors gratefully acknowledge funding

from the Volkswagen Foundation under its ‘‘Postdoctoral Fellowships

programme for African Researchers in the Engineering Sciences

(Grant 90014).’’ Technical support from Ms. Evgenia Tryastsina and

Mr. Laslo Eidt at the Thuenen Institute of Agricultural Technology,

Braunschweig is also gratefully acknowledged.

Compliance with ethical standards

Conflict of interest There is no conflict of interest among the authors.

References
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