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Abstract In this study, we ashed rice hull in air and nitro-

gen, respectively, and systematically investigated the effects

of ashing temperature and atmosphere on the structures,

morphologies, and pore characteristics of rice hull ash (RHA).

All RHA samples are amorphous materials with porous

structures. IR spectra revealed that RHA that ashed in air

(WRHA) exhibit more polar groups on the surface than that of

ashed in nitrogen (BRHA). The silica and carbon contents,

BET surface area, and pore volume of BRHA increase with

ashing temperature. When ashed in air, however, the silica

content of WRHA increases and carbon content decreases

with temperature. The BET surface area and pore volume of

WRHA increase with temperature firstly and decline subse-

quently due to the closure of pores. Compared with WRHA,

BRHA shows higher surface areas, micropore volumes, car-

bon contents, and lower mesopore fractions and silica con-

tents. This study provides essential information for choosing a

suitable thermal treatment of rice hull for a given adsorbate.

Keywords Rice hull � Thermal degradation � Air or

nitrogen atmosphere � Rice husks ash � Pore structure �
Adsorbent

Introduction

Rice, sharing equal importance with wheat, is one of the

major crops grown throughout the world. Rice is the prin-

cipal staple food and nourishment for the world’s population.

Rice hull, or rice husk, is the milling byproduct of rice. About

500 million tons of rice is processed per annum all over the

world which giving about 100 million tons of rice hull [1].

Because of its abrasive structure and low content of nutri-

tious ingredients, rice hull is unsuitable for food and there-

fore is usually abandoned. Nowadays, rice hull in agriculture

is usually burnt in open air or stacked on farmland, releasing

large amounts of hazardous substances, occupying land

resources, and polluting the environment. The utilization of

rice hull, therefore, is essential to the environmental pro-

tection and treatment of agricultural waste.

The utilization of rice hull is concentrated on the utili-

zation of carbon and silica that are rich in rice hull. Dry

rice hull contains 70–85% of organic matters (including

cellulose, lignine, hemicellulose, and so on) and the

remainder mostly consists of silica. The silica distributes in

crosslinking and constitutes the framework of rice hull.

Due to its abundance, low cost, and special structure, rice

hull is a good precursor for many functional materials.

Particularly in the field of water purification, many effec-

tive adsorbents and composites such as rice hull ash (RHA)

[2–4], rice hull-based activated carbon [5–7], silica [8, 9],

zeolite[10, 11], and rice hull/ferrite composites [12, 13]

have been prepared from rice hull. These rice hull-based

materials have been applied to remove various contami-

nants from wastewater including heavy metal ions [14–16],

dyes [17–19], phenol [20], and other inorganic or organic

contaminants [21–23].

Various methods including thermal destruction [24, 25],

chemical modification [6, 15, 26], and water vapor
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treatment [27, 28] have been applied to prepare rice hull-

based materials, among which thermal destruction is the

cheapest, simplest, and most commonly used. The pyro-

lysis of rice hull and preparation of rice hull-based mate-

rials via thermal treatment have been studied extensively.

For example, Sharma et al. [29] and Vlaev et al. [30] have

investigated the pyrolysis kinetics and kinetic parameters

of rice hull under isothermal and non-isothermal heating in

air, nitrogen, or carbon dioxide. The pyrolysis kinetics of

rice hull in different oxygen concentrations were also

studied [31]. Markovska et al. [32] investigated the thermal

destruction of rice hull in air and nitrogen atmosphere, and

determined the effect of atmosphere on the structure and

morphology of rice hull.

These studies, however, lack of systematic investigations

on the effect of thermal destruction on the structure,

morphology, and pore characteristics of rice hull, which

are crucial to the adsorption capacity of adsorbent. The

adsorption capacity is vital to the rice hull-based adsorbent

and composites for water purification. Two major factors:

the amount of adsorption sites associated with surface area

and pore volume, and the adsorption force associated with

pore size and chemical compositions, determine the

adsorption capacity of adsorbent. Generally speaking, the

adsorption capacity of adsorbent increases with its surface

area and pore volume and decreases with pore size [33].

However, some organic pollutants such as methylene blue

cannot enter into micro pore due to its large molecular size

and meso pore volume will play a key role on the adsorption

capacity. Therefore, it is essential to investigate the effects of

ashing temperature and atmosphere on the structure, micro

morphology, surface area, and pore structures of rice hull.

In this study, rice hull from Zhejiang Province, China, was

ashed at 300–750 �C in air and nitrogen atmosphere,

respectively. We systematically investigated the effects of

ashing temperature and atmosphere on the chemical com-

positions, structures, morphologies, BET surface areas, and

pore characteristics of RHA samples by means of XRD, FT-

IR, SEM, EDS, and nitrogen adsorption analyses. RHA

presents different physico-chemical and pore characteristics

in different atmospheres and temperatures, which are

important for choosing a suitable thermal treatment for a

given adsorbate.

Materials and methods

Materials

Rice hull was obtained from Quzhou, Zhejiang province

and was washed thoroughly by deionized water to remove

the impurities and dried at 60 �C for 3 h before usage. The

chemical compositions of rice hull are shown in Table 1.

Thermal destruction of rice hull

A certain amount of rice hull was placed in a furnace and was

heated for 2 h at 300, 450, 600, and 750 �C, respectively. The

heating rate was 5 �C min-1 for all samples. RHA samples

were powdered and named A300–A750 (ashed in air, white

rice hull ash, WRHA) or N300–N750 (ashed in nitrogen,

black rice hull ash, BRHA), respectively, according to the

ashing temperatures and atmospheres.

Characterizations

The phase purity and crystal structure of the samples were

determined by a D/max 2550 X-ray diffractometer (XRD)

(Rigaku, Japan) with Cu Ka radiation (k = 0.15406 nm) at

a scan rate of 0.02� s-1. The operation voltage and current

were maintained at 40 kV and 34 mA, respectively. Fou-

rier transform infrared (FT-IR) spectra were scanned by a

NICOLET 560 ESP FT-IR spectrometer (NICOLET, USA)

in the range of 4,000–400 cm-1. The surface morphologies

and chemical compositions of the samples were studied by

an S-4800 scanning electron microscope (SEM) and energy

disperse spectroscopy (EDS) (Hitachi, Japan) at an accel-

erating voltage of 25.0 kV. Surface area and pore analysis

of the samples were measured by nitrogen adsorption at

77 K using a Coulter OMNISORP surface area and pore

analyzer. Bulk densities of RHA were determined using the

following method: a 50 mL cylinder was filled to a spec-

ified volume with the samples that had been dried in a

temperature-controlled oven at 80 �C overnight. The

cylinder was tapped for at least 1–2 min to compact the

samples, and then weighed. The bulk density was calcu-

lated as:

Bulk density g cm�3
� �

¼Weight of dry sample gð Þ=
Volume of packed

dry sample cm3
� �

Results and discussion

Chemical compositions and bulk densities of RHA

Figure 1 shows the carbon and silica contents of RHA

samples, which change with ashing temperatures and

atmospheres. Because the organic substances in rice hull

Table 1 Chemical composition/% of rice hull

Organic

substances

SiO2 K2O CaO MgO P2O5 S Cl Others

79.6 19.02 0.70 0.28 0.14 0.13 0.06 0.04 0.03
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such as lignin and cellulose will decompose and silica will

be retained under high temperature treatment, the silica

content of RHA increases with ashing temperature. For

example in air atmosphere, the silica content of WRHA

increases from 29.7% at 300 �C to 94.1% at 600 �C and

96.3% at 750 �C. On the contrast, the carbon content of

WRHA decreases with ashing temperature, from 48.8% at

300 �C to 5.4% at 600 �C and 3.2% at 750 �C, due to the

oxidation of carbon to gaseous carbon dioxide. Owing to

the retention of carbon, the variations of carbon and silica

contents in BRHA are much slighter than that of WRHA.

The carbon content of BRHA increases from 56.3% at

300 �C to 62.5% at 750 �C (much higher than that of

WRHA); and the silica content increases from 19.9% at

300 �C to 33.9% at 750 �C (much lower than that of

WRHA). Generally speaking, higher carbon content will

increase the pore volume especially micropore volume and

physical adsorption capacity of RHA. The silica in RHA is

related to chemical adsorption, where higher silica content

indicates stronger chemical adsorption [34].

Bulk density values of RHA samples are generally in the

same range between 0.25 and 0.33 g cm-3. The bulk

density of RHA that ashed in nitrogen atmosphere is

slightly higher than that of RHA ashed in air due to the

retention of carbon.

XRD analyses

Figure 2 shows the XRD patterns of RHA samples that

prepared under different atmospheres and temperatures. All

samples exhibit a diffused peak with its maximum intensity

at 2h = 22�, which is the characteristic of amorphous sil-

ica. The sharpness of this peak increases with ashing

temperature, indicating that higher temperatures will cause

higher crystallization of silica. After ashed at 750 �C in air

atmosphere, the corresponding RHA sample A750 presents

a sharp peak at 21.8� (marked as ‘‘filled square’’) which can

be indexed to crystalline crystobalite. In addition, all

samples except A300, N300, and N450 show a tiny peak at

26.8� which is corresponding to carbon, suggesting that the

decomposition of rice hull is inadequate at 300 �C and

nitrogen atmosphere will hinder the decomposition

[29, 32]. The XRD analysis indicates the amorphous nature

of all RHA samples that ashed in air or in nitrogen

atmosphere.

FT-IR characterizations

Figure 3 shows the FT-IR patterns of WRHA and BRHA

that ashed at different temperatures. Five major absorption

peaks with their maximum at 3450, 1621, 1100, 800, and

467 cm-1 can be identified from the IR spectra. The

absorption peak at 3,450 cm-1 can be attributed to the free

and hydrogen bonded –OH groups and Si–OH group on the

RHA surface, result from both the silanol groups and

adsorbed water [23]. The peak at 1,621 cm-1 is ascribed to

the stretching vibrations of C–OH groups and bending

vibrations of adsorbed water. Peaks at 1100, 800, and

467 cm-1 are the characteristic vibration peaks of SiO2,

where 1,100 cm-1 is attributed to the Si–O–Si and –C–OH

stretching and –OH deformation, 800 and 467 cm-1 indi-

cate the presence of Si–H, as well as Si–O and Si–O–Si

[35]. In addition, N300, N450, and A300 present a tiny

peak at 1,712 cm-1, which can be ascribed to the C–O

stretching vibration of ketones, aldehydes, lactones, or

carboxyl groups [36] that exist in the raw rice hull, sug-

gesting that rice hull has not completely decomposed at

450 �C in nitrogen or 300 �C in air. The absorption peaks

of WRHA are more intense than that of BRHA, indicating

that WRHA exhibit more polar groups on the surface. The
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presence of polar groups on the surface of RHA will extend

the cation exchange capacity of adsorbent [37].

SEM studies

The corresponding SEM images of RHA samples are

shown in Figs. 4 and 5. The surface morphologies of RHA

are changing with ashing temperature and atmosphere. As

we all know, higher temperature will cause more intense

thermal decomposition of rice hull and nitrogen atmo-

sphere will hinder the decomposition due to the absence of

oxygen. The destruction of rice hull, therefore, will

increase with ashing temperature and nitrogen atmosphere

will facilitate the preservation of the original morphology

of rice hull. When ashed in air, as shown in Fig. 4, the

inner side of rice hull that ashed at 300 �C is smooth,

indicating that the decomposition of rice hull was faint at

300 �C and the initial morphology was retained. Note that

the honeycomb like pores at the cross-section of rice hull

are the original pores of raw rice hull which are not induced

by the decomposition of organic matters [38, 39]. The

decomposition of rice hull was enhanced when the tem-

perature was increased to 450 �C, resulted in collapsed

structures in the inner side of rice hull as revealed by the

SEM image. When the temperature was further increased

to 600 �C, the inner side and outside parts of rice hull have

decomposed intensely, square pores with edge diameters of

0.5–3 lm were formed due to the preservation of criss-

crossed silica framework. The organic matter in rice hull

was completely decomposed at 750 �C and the diameter of

the silica framework was increased to 3–6 lm, which is the

evidence of the surface melting of oxides such as K2O and

SiO2 that induced by high temperature treatment.

When ashed in nitrogen atmosphere, as shown in Fig. 5,

however, all BRHA samples that ashed at different tem-

peratures exhibit similar morphologies. The outside part

with patterned salient, the inner side part with smooth

surface, and the honeycomb like pores at the cross-section

of rice hull are similar in all BRHA samples. It is indicated

that nitrogen atmosphere will preserve the carbon and thus

the initial morphology of raw rice hull was retained.

BET surface area and pore analyses

Nitrogen adsorption and desorption analyses were con-

ducted to investigate the surface areas and pore structures of

RHA samples. Figure 6 shows the nitrogen adsorption and

desorption curves of RHA samples, which present different

adsorption isotherms and hysteresis loops. The adsorption

and desorption curves of N300 parallels to the pressure axis

with adsorption volume equals zero, indicating that N300

cannot adsorb nitrogen molecules. According to the hys-

teresis loops and curves, the nitrogen sorption curves of

A450 fits type IV isotherm, while all the other samples show

type I isotherms characterized by a nearly horizontal plateau

and a ‘‘tail’’ near the saturation pressure. BRHA exhibits

higher adsorption volumes at low pressures than that of

WRHA, suggesting the more developed micropores of

BRHA. The isotherm curves increase rapidly near the sat-

urated vapor pressure, indicating the presence of mesopores,

where higher mesopore volumes result in higher ‘‘tails’’.

A600, A750, and N750 exhibit hysteresis loops at relatively

high pressures, while N600, N450, A450, and A300 present

low-pressure hysteresis loops. The low-pressure hysteresis

is caused by the swelling of the particles which accompanies

adsorption, and the swelling will be relatively minor

importance when the rigidity of RHA is high [40]. There-

fore, we can conclude that the rigidity of RHA is increasing

with ashing temperature because A600, A750, and N750

show hysteresis loops only at high pressures. Furthermore, it

is suggested that the degree of adsorbate pore blocking of

BRHA is higher than that of WRHA according to the style of

hysteresis loops [41], which may attributed to the higher

micropore fractions of BRHA.

4000 3500 3000 2500

Wavenumber/cm–1

Wavenumber/cm–1

2000 1500 1000 500

4000 3500 3000 2500 2000 1500 1000 500

467

800

1101
1621

1712

3445

N450

N750

N600

N300

467

798
1712

1101

1621

3450

A300

A450

Tr
an

sm
itt

an
ce

Tr
an

sm
itt

an
ce

A750

A600

Fig. 3 FT-IR spectra of RHA samples prepared under different

atmospheres and temperatures

1058 X-G. Chen et al.

123



Table 2 shows the BET surface area of RHA samples

derived from the nitrogen adsorption and desorption data.

When ashed in air, the BET surface area of WRHA

increases with ashing temperature firstly, from 60.5 m2 g-1

at 300 �C to 98.7 m2 g-1 at 450 �C due to the decompo-

sition of organic compounds in rice hull. Thereafter,

however, the surface area starts to decrease because of the

closure of pores induced by the surface melting of oxides

(e.g., SiO2, K2O) and formation of crystalline crystobalite.

The BET surface area of WRHA that ashed at 600 and

750 �C are only 19.0 and 5.1 m2 g-1, respectively. On the

other hand, because the presence of nitrogen will retain the

carbon and retard the surface melting and formation of

crystobalite, the closure of pores will be hindered when

ashed in nitrogen. As a result, the BET surface area of

BRHA increases with ashing temperature, from 3.8 m2 g-1

at 300 �C to more than 300 m2 g-1 at 600 and 750 �C.

Figure 7 and Table 2 show the derived pore volumes

and pore size distributions of RHA samples. All samples

except A750 present similar pore size distributions with

maximum micropore volume at 1.4–1.5 nm and maximum

mesopore volume at 3.7 nm. It is attributed to the hierar-

chical distributions of silica framework in rice hull, where

loosely cross-linked silica forms mesopores and densely

linked produces micropores. The pore volumes of RHA

vary with ashing temperatures and atmospheres. When

ashed in air, the micropore volume of WRHA increases

with ashing temperature firstly, and reach a maximum at

Fig. 4 SEM images of WRHA

samples that ashed at different

temperatures

Fig. 5 SEM images of BRHA

samples that ashed at different

temperatures
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450 �C due to the enhanced decomposition of organic

substances. Subsequently, however, it starts to decline

sharply because of the melting of oxides and closure of

micropores. The mesopore volume of WRHA exhibits

similar variations, showing a firstly increase and sub-

sequent decrease. The decreasing speed of mesopore vol-

ume is much lower than that of micropore volume,

attributed to the fact that micropores will be melted to

mesopores firstly, and mesopores was melted to macrop-

ores thereafter. As a result, the micropore volume of RHA

declines sharply from 0.0394 cm3 g-1 at 450 �C to

0.0092 cm3 g-1 at 600 �C, while the mesopore volume

decreases slightly from 0.1281 to 0.0997 cm3 g-1. The

significantly decreasing of micropore volume increases the

average pore size of RHA, from 5.72 nm at 450 �C to

21.07 nm at 600 �C. When the temperature was further

increased to 750 �C, the micropores are almost completely

closed and massive mesopores were melted to macropores.

Therefore, the total pore volume, micro pore volume, and

mesopore volume of A750 are all much lower than that of

A300, A450, and A600.

Nitrogen atmosphere will retain the carbon during the

decomposition of RHA, and therefore, retard the melting of

oxides and closure of micro- and meso-pores. Conse-

quently, the micropore volume, mesopore volume, and

total pore volume of BRHA increase with ashing temper-

ature from 300 to 750 �C without descents. The micropore

volume of RHA increases from 0.0411 cm3 g-1 at 450 �C

to more than 0.14 cm3 g-1 at 600 and 750 �C, while the

mesopore volume increases from 0.0148 cm3 g-1 at

450 �C to 0.1178 cm3 g-1 at 750 �C. The increasing rate

of mesopore volume is higher than that of micropore
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Table 2 Nitrogen adsorption and desorption analyses of RHA samples

Samples BET surface

area/m2 g-1
Total pore

volume/

cm3 g-1

Micropore

volume/

cm3 g-1

Mesopore

volume/

cm3 g-1

Mesopore

fraction/%

Average pore

size/nm

A300 60.5 0.0541 0.0242 0.0299 55.27 3.01

A450 98.7 0.1675 0.0394 0.1281 76.48 5.72

A600 19.0 0.1029 0.0092 0.0997 91.55 21.07

A750 5.7 0.0218 0.0028 0.0190 87.16 11.35

N300 3.8 – – – – –

N450 97.0 0.0559 0.0411 0.0148 26.48 2.30

N600 347.7 0.2418 0.1676 0.0742 30.69 2.44

N750 309.0 0.2645 0.1467 0.1178 44.54 2.88

0.2

0.0000

0.0005

P
or

e 
vo

lu
m

e/
cm

3  g
–1

P
or

e 
vo

lu
m

e/
cm

3  g
–1

0.0010

0.0015

0.0020

0.4 0.6 0.8

A300
A450
A600
A750
A450
A600
A750

A300
A450
A600
A750
A450
A600

A750

1.0 1.2

Pore size/nm Pore size/nm

1.4 1.6 1.8 2.0 2

0.000

0.001

0.002

0.003

0.004

0.005

4 6 8 10 12 14161820

Fig. 7 Pore size distributions of

RHA samples: left: micropore,

right: mesopore

1060 X-G. Chen et al.

123



volume, result in increasing of mesopore fraction and

average pore size with ashing temperature, from 26.46%

and 2.30 nm at 450 �C to 44.54% and 2.88 nm at 750 �C.

Due to the preservation of carbon, the micropore volume,

BET surface area of BRHA are much higher than that of

WRHA.

Conclusions

In summary, we have systematically studied the effects of

ashing temperature and atmosphere on the physico-chemi-

cal and pore characteristics of rice hull. All RHA samples

are porous materials with amorphous nature. The FT-IR

spectra indicate that WRHA present more polar groups on

the surface than that of BRHA. Higher ashing temperature

will enhance the thermal decomposition of rice hull, and

nitrogen atmosphere will hinder the thermal decomposition

and retain the carbon in rice hull. Therefore, BRHA exhibits

higher carbon content, BET surface area, micropore vol-

ume, and lower silica content and meso pore fraction than

that of WRHA. The surface area and pore volumes of

BRHA increase with temperature, while that of WRHA

increase with temperature firstly and decline subsequently.

This study will provide essential information for choosing a

suitable thermal treatment of rice hull for a given adsorbate.
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