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ABSTRACT

Purpose: This work aims to study the water vapor adsorption property of fine silica 
particles from semi-burned rice husk ash. The semi-burned rice husk ash is selected as 
the raw material since it contains high silica and is easily found as a by-product of pottery 
furnace combustion.
Design/methodology/approach: The silica adsorbent from semi-burned rice husk ash 
was prepared through a sol-gel method using various NaOH concentrations. In doing so, 
the different pH precipitation was also observed. Here, the fine silica powder was obtained 
by pulverizing dry sol-gel. The product characterizations were conducted based on water 
adsorption capacity at different air relative humidity.
Findings: The results show no significant effects of different treatments in the extraction and 
gelation process. The fine silica particles exhibit large porous surfaces with agglomerated 
nano-sized particles that formed pores. This porous structure is related to the distributions 
of pore size of each sample, which mostly obey the mesoporous characteristics. From 
sorption isotherm, weak adsorbent-adsorbate bonding was observed and demonstrated 
multilayer adsorption of mesoporous materials.
Research limitations/implications: The study of water adsorption was carried out at 
room temperature, which can change at any time, even though has no significant effect on 
the humidity. However, it is needed to study the adsorption in an incubated area to receive 
a constant temperature.
Practical implications: The products namely silica prepared from semi-burned rice husk 
ash show a high moisture uptake, especially at a high relative humidity region. This property 
can be comparable with the other silica preparation methods. So, this product can be a 
highly potential adsorbent for air or gas dehumidification systems.
Originality/value: The silica-based semi-burned rice husk ash as a water adsorbent is 
more sustainable than commercial silica. This is a positive contribution to find a potentially 
develop water vapor adsorbent with good adsorption capacity. Besides, the synthesis 
process is a simple and low-cost process.
Keywords: Microstructure, Moisture adsorption, Silica, Rice husk ash
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MATERIALS

 
 
 
 
 
 
 
 

1. Introduction 
 

Adsorption is a mass transfer process that the molecule 
of components in fluids bounded in the surfaces of solid 
material called an adsorbent [1,2]. In general, there are two 
types of adsorption namely physical and chemical 
adsorption. The physical adsorption occurs by Van der 
Waals force that is unstable and releases low heat [2]. The 
adsorption is reversible where the reverse process is called 
desorption or releasing bounded substances from a surface 
of adsorbent [1]. The sorption process was applied for air 
dehumidification resulting in dry air with moisture content 
close to zero. Here, the water from the air was adsorbed by 
a material that has a high affinity to water such as silica, 
zeolite, a pillared clay, and alumina. After a certain time, the 
adsorbents were saturated with water. The adsorbents can be 
reused after the regeneration process by introducing heat to 
remove bonds water [3]. The air dehumidification by the 
solid adsorbents was studied to enhance the driving force for 
drying. With low moisture content in the air, the mass 
transfer of water from a product to air can be sped up at low 
or medium temperature that is very beneficial for heat-
sensitive products such as protein, vitamins, and other active 
substances [4].  

Silica gel, zeolite, and activated carbon have been widely 
used as adsorbers of water content in the air around products 
that that must be maintained in a drought environment [5-7]. 
These materials have been applied as adsorbents for decades 
relying on their porous structure and high surface area. Also, 
functional groups and surface properties of adsorbents are 
considered to influence the water vapor adsorption process, 
such as the presence of the oxygen functional group on the 
adsorbent surface as the polar/hydrophilic sites [8-10]. In 
zeolite, the adsorption capacity is determined by the Si/Al 
ratio as a constituent compound, while in silica, physical 
properties such as porosity are a general overview, as well 
as the number of hydrophilic sites which are considered 
sufficiently influential on the adsorption capacity of 
carbonaceous materials. In several studies, the reason for 
choosing these three adsorbents was the abundance of 
natural materials that could be used as a source of adsorbents 
such as natural zeolite, fly ash [11], volcanic ash [12], silica 

sand, husks [13], coffee-shell [14], and bamboo [15]. 
Mostly, the adsorption uptake (a mechanism) of each 
adsorbent showed different characteristics that have been 
represented as some types of adsorption isotherms as a 
function of relative pressure or humidity [16]. Zeolites have 
a higher water vapor adsorption capacity at low pressure and 
humidity, while silica and activated carbon more likely to 
adsorb water at a higher condition [14,17,18]. Furthermore, 
some studies have observed zeolites, silica gel, and activated 
carbons performance as water vapor adsorbents potentially 
applied to food drying system [19,20]. 

The researchers have studied the properties of 
commercial silica as a water vapor adsorbent [21,22]. The 
report from Xin et al. [21] showed that salt-modified silica 
has a higher adsorption capacity than unmodified silica gel, 
although this result occurred only at relative humidity under 
80%. In contrast, based on Negishi et al. [22] binder-
modifications of mesoporous silica have no significant 
effect on the water adsorption capacity. Commonly, 
commercial silica was produced through high temperatures 
and pressure processes [23]. This high-energy requirement 
process is considered high-cost and less environmentally-
friendly. Besides, to achieve a more sustainable approach, 
further exploration is needed to utilize a greener adsorbent 
source instead of the commercial silica. 

Rice husk from paddy milling is one of the abundant 
natural materials that have great potential as a micro-
structured silica water vapor adsorbent source. According to 
Bakar et al. [24], alkali/acid-cleaned-rice husks possessed a 
high porosity and OH groups on their surface. However, the 
bulk size of the adsorbent still has a low surface area, which 
is one of the considerations on choosing adsorbent materials.  
Hence, this issue can be solved by reducing the size of the 
adsorbent up to a nanometer or ultrafine. The smaller size 
can enlarge the surface area as well as increasing porous 
percentage in which speed up adsorption rate and improve 
water-loaded capacity.  

In general, rice husk was calcined to produce rice husk 
ash that contained silica up to 90% and possessed a high 
surface area [24,25]. In several cases, the rice husk was 
processed through an acid leaching process before 
calcinations to remove dirt and other contaminants [24], 
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[26]. Then, to synthesize high-purity fine silica, the rice husk 
ash was extracted by the sol-gel method, which is a simple 
method with positive results [27]. The synthesized silica has 
a high purity in the micro until nanometer dimension, with 
polar groups at its surface, which are in the form of 
hydroxyls (oxygen-based functional groups). As observed, 
the sol-gel method is considered as a simple method with 
promising results to be applied as a water adsorbent, 
including: (a) high purity, (b) high surface area, (c) porous 
product, (d) particles in size of micro- until nanometers, and 
(c) containing polar sites. Moreover, this method is 
conducted at a low temperature, which means required less 
energy than flame spray pyrolysis [28] and less expensive 
than reverse emulsion that using surfactant as the stabilisator 
of emulsion [29].  

In the silica preparation through the sol-gel method, 
exists a transition from sodium silicate solution into a more 
solid and porous product, namely silica gel. Hence, the sol-
gel method consists of two stages: (a) solution preparation 
and (b) transition of solution (sol) into a gel (silica gel 
formation). In the solution preparation process, mostly, 
sodium hydroxide (NaOH) solution was utilized to obtain 
sodium silicate solution which is then reprocessed to become 
silica gel [25,30,31]. At this stage, a hydrolysis reaction 
occurs which is influenced by the molar ratio between the 
silica contained in rice husk ash and NaOH as a solvent. 
Meanwhile, at the gel formation stage, pH is one of the main 
roles because changes in pH value affect the precipitation of 
sodium silicate solution into silica gel. Therefore, the 
different concentrations of NaOH solution in the solution 
preparation step and different pH values of the gelation are 
examined by several characterizations, including 
morphological analysis, chemical group analysis, and 
adsorption properties analysis. This experiment used an 
extraction process to synthesis silica gel from semi-burned 
rice husk ash (SBRHA). The method was adapted from Zaky 
et al. who prepared the silica gel from semi-burned rice straw 
ash (SBRSA) [32]. This process has a higher efficiency than 
the previous process using the calcinations process. In the 
leaching process using NaOH, Zaky et al. [32] modified the 
stoichiometry of SiO2:NaOH, reaction time, and temperature 
to calculate the percentage of silica dissolution efficiency. 
Further observation of the gelation process did not become 
the main purpose of their study. Thus, to obtain the optimum 
treatment in the silica synthesis from side product of 
rice/paddy, this research continues the modification using 
variations of pH in the gelation process. For the forward 
process to obtain micrometer silica powder, silica gel was 
dried and pulverized. The main objective of this work is to 

study the property of a new (potentially develop) water 
vapor adsorbent from semi-burned rice husk ash that has 
been synthesized by sol-gel method with different 
treatments. 

 
 

2. Materials and method 
 
2.1. Materials 

 
Semi-burned rice husk ash (SBRHA) was obtained from 

the furnace of pottery industry (burned at 300oC for 24 
hours) at Depok, West Java, Indonesia. Before the extraction 
step, SBRHA was cleaned from contaminants with a home 
sifter. The silica preparation was conducted using 1 N 
hydrochloric acid (HCl) with different concentrations of 
sodium hydroxide (NaOH) solutions ranging from 5.0 to 
10.0 % (w/w). 
 
2.2. Synthesis of micrometer sized silica 

 
The synthesis process of microparticle silica consists of 

three main steps involving preparation of sodium silicate 
solutions, formation of silica gels, and preparation of silica 
powders. The first step was executed by mixing 
continuously and boiling SBRHA at 90oC for 90 minutes 
under different concentrations of NaOH solution of 10.0, 
7.5, and 5.0% w/w. The mass to volume ratio of SBRHA and 
all NaOH solutions were kept at 1:6 mass (gram) per volume 
(mL). Based on reaction (1), the reaction of solid SiO2 with 
liquid NaOH happened as 1:2 stoichiometric ratio. In this 
case, the NaOH solution was excessive to increase the SiO2 
conversion [33]. During the process, the following reaction 
occurs: 

 

SiO2(s)+2NaOH(l) → Na2SiO3(l)+H2O(l)  (1) 
 

After the mixture cooled down to room temperature, the 
SBRHA residue and filtrate were separated. This filtrate is a 
yellowish-transparent color sodium silicate solution that can 
be employed as silica gel source. The SBRHA residue was 
mixed again with sodium hydroxide solution in the same 
concentration and processed until filtration as the previous 
step. 

The second step was the gel formation process with 
neutralizing sodium silicate using 1.0 N hydrochloric acid 
solution. The solution was stirred and titrated with 
hydrochloric acid gradually. The SBRHA treated by 10% 
(w/w) NaOH was neutralized until pH  7 to form gel called 
sample A. The procedure was repeated for  SBRHA with 
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7.5% and 5.0 % (w/w) NaOH solutions where the gel products 
formed were called as samples B and C, respectively. The 
SBRHA treatment using 5.0% (w/w) NaOH was also titrated 
with 1.0 N HCl until pH 5. Here, the gel was  formed that was 
called as sample D. So, the four gel samples with different 
treatment were resulted and characterized. During the HCl 
titration, the following reaction occurs: 

 

Na2SiO2(l)+2HCl (l)→SiO2(gel)+2NaCl (s)+H2O(l)  (2) 
 

The formed gels were put in a closed jar at room 
temperature for a night. The gels were filtered and washed 
with deionized water until the clear gels were obtained. The 
cleaned gels were dried 80oC for 20 hours to produce white 
solids. The solids were pulverized to powder using a mortar 
and screened through 200 mesh sieve (75 µm) to obtain the 
microstructure silica grains. 
 
2.3. Characterization of prepared samples 

 
The morphology characterization was evaluated using 

scanning electron microscope (SEM, JEOL Ltd. JSM-5610). 
The adsorption of N2 of samples was recorded with 
Quantachrome® ASIQwin™ (Quantachrome Instruments 
version 3.01) at 77 K. The chemical property of samples was 
also analysed using Fourier Transform Infrared 
Spectroscopy (FTIR) in order to identify the functional 
groups having affinity to water. The spectra were recorded 
by PerkinElmer Frontier Infrared Spectrometer version 
10.03.06, with a resolution of 1 cm-1. 

 
2.4 Adsorption studies 

 
The result of this study is proposed to observe how much 

moisture can be adsorbed at various adsorption conditions. 
Water vapor adsorption analysis on silica was carried out 
with reference to previous studies [34]. The samples were 
kept in the saturated salt solutions environment to be 
maintained at constant relative humidity (RH), confirmed by 
hygrometer in the system.  

Five different salt solutions were prepared (Tab. 1) with 
the range of RH of 8.00-84.00% at a room temperature 
(assumed 30±2oC) [34,35]. Salts were dissolved in 100 mL 
of distilled water until saturated and reach an equilibrium 
relative humidity. The solutions were then transferred to a 
closed glass jar. Silica samples were placed on the aluminum 
foil-wrapped plastic plate and held on a plastic tube that is 
higher from the solution surface. The set-up description is 
displayed in Figure 1. Samples were weighed at 24-hour 
intervals to measure the mass change that occurred, which 

means an increase in the moisture content of the sample until 
the constant mass was obtained.  

 
Table 1.  
Relative humidity of different saturated salt solutions at 
30°C 

Salts Relative humidity, % 
NaOH 8.00 
CaCl2 24.00 
NaCl 75.00 
KCl 84.00 

 

 
 

Fig. 1. Experimental set-up to study water vapor adsorption 
of samples 
 
 
3. Result and discussion 

 
3.1. Morphological analysis 

 
According to the morphological characterization  

by SEM (Fig. 2), SBRHA sample shows an image of porous 
particles from bulk materials and a large component  
of agglomerated small particles in the spherical and rod 
form. These small particles are produced from the 
decomposition of rice husks after the burning process [36]. 
In comparison with reference [37], the treated rice husk 
ashes showed a wide porous of large particles with a 
minimum amount of agglomerated small particles. It is 
clearly shown from Figure 2a that silica from rice husk 
mixed with combustion carbon.  

Figure 2b represents the SEM image of silica treated with 
a 10.0% concentration of NaOH solution (sample A). It 
appears that there are still many large-sized particles with 
a mixture of nano-sized particles agglomerating to form 
pores. There are also large pores with micrometer 
dimensions in the form of slits in large particles. The 
morphology of this sample looks more homogeneous,  
 

2.3.  Characterization of prepared samples

2.4.  Adsorption studies

3.  Result and discussion

3.1.  Morphological analysis
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Fig. 2. SEM images of (a) SBRHA, (b) sample A, (c) sample B, (d) sample C, (e) sample D 500 magnification, and (f) sample 
D of 3000 magnification 
 
although it is not the same size. The morphology of sample 
B and C (Fig. 2c and 2d) looks quite similar, although in size 
it appears that sample C is slightly smaller than sample B. 
The surfaces consist of large porous particles with a few 
agglomerated nano-sized particles. Even though when 
viewed from a macro perspective it is almost the same as 
sample C when viewed with magnification it is shown that 
sample D (Fig. 2e and 2f) is not a formation of agglomerated 
particles, but more likely to be large-shaped particles. 
Indeed, there are rod-shaped particles such as this also 
obtained by Joni, et al. [38]. 
 
3.2. N2 sorption and pore size distribution 

 
Generally, in most references, N2 desorption was used to 

determine pore size distribution because of its thermo-

dynamics equilibrium [39]. Neverthless, there is also a 
limitation in evaluating the pore size of the desorption curve, 
the occurence of cavitations in shrinking pores and occurs at 
a relative pressure of ~ 0.42 for N2 at 77 K. Therefore, before 
observing the particle size distribution, the adsorption-
desorption curve should be evaluated using the BJH (Barrett, 
Joyner, and Halenda) method. As a representative, N2 
adsorption-desorption characterization was conducted to 
sample B and C (Fig. 3). 

The adsorption-desorption curves are shown in Figure 4. 
This curve shows a similar distribution, but a peak at D~4.8 
nm for sample C and peak at D~1.7 nm in sample B. The 
absence of peak in the adsorption curve exhibits the presence 
of obstructed pores that have been used to measure the 
volume [40]. Based on these results, desorption is used for a 
particle size distribution analysis. From the desorption 
process, the pore size distribution of the two samples is from  
 

3.2.  N2 sorption and pore size distribution
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Fig. 3. Pore size distribution of (a) sample B and (b) sample C 
 

  
 

Fig. 4. N2 sorption curves of samples, (a) four samples (b) two samples 
 

micro to macroporous, with the most volume in the 
mesoporous region (between 2-50 nm). Using the BET 
(Brunauer-Emmett-Teller) method, the surface area of 
samples were 38.9 m2/g for sample A, 102.60 m2/g for 
sample B, and 74.79 for sample D, lower than that reported 
by previous research [30], and 141.01 m2/g for sample C. 

The adsorption-isotherm curves of samples B and C  
(Fig. 4a) exhibited a convergent curve. This demonstrates an 
indication of a multilayer formation in the adsorption 
process. Based on the IUPAC classification, this curve 
belongs to type III adsorption-isotherm. In the process, the 

interactions between the adsorbate molecules are greater 
than the adsorbents-adsorbates interaction. In both samples, 
capillary condensation was demonstrated by Hysteresis type 
H3 (at P/P0 ~ 0.5-0.99 for sample C and P/P0 ~ 0.7-0.99 for 
sample B) as a representation of mesopores-macropores 
with slightly micropore. This hysteresis also shows the 
aggregate of particles that create pores or macropores but are 
not filled with condensate [41]. 

Interestingly, the difference in the concentration of 
NaOH solution has a great influence on the adsorption 
capacity. The curve shows that sample C has a much higher 
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adsorption capacity than others following with the surface 
area of sample C which is also the largest. This is the 
evidence of the relationship between the measured 
adsorption capacity and the percentage of the pore volume. 
It is seen from Figure 3, although the peak of the pore 
volume of sample B presences at a smaller pore diameter, 
the percentage of volume pore of sample C is the first closest 
to 100% at D~ 15 nm. For two other samples, which are 
samples A and D (Fig. 4b), are more likely to fit type II 
adsorption isotherm for non-porous and microporous 
materials, with a monolayer mechanism due to a sharp line 
at first condition [16]. However, when compared to samples 
B and C, these two samples had finished the monolayer 
adsorption at low pressure and did not show a higher 
performance at higher pressures.  

 
3.3. FT-IR spectra analysis 

 
The FTIR spectra of silica from SBRHA are presented in 

Figure 5 and show the chemical functional groups of 
prepared samples. This analysis was observed to find some 
functional groups that have water affinity, as well as 
probably some water that had bonded on the sample. It is 
clearly seen that different concentrations of NaOH solution 
in the extraction had no significant effect on the chemical 
groups of samples. The dominant peak at ~1095 (point 3) 
possessed by each sample represented the Si-O-Si 
asymmetry stretching vibration [42-44]. The band that is 

located at ~470 cm-1 (5), ~800nm-1 (4), and ~3436 cm-1 (1) 
denoted to Si–O symmetry bending vibration and stretching 
vibration, SiO-H asymmetry stretching vibration, 
respectively [42-44]. At a wavenumber of ~1640 (2), a peak 
with low transmittance was found as ascribed to H-O-H 
bending vibration. The broadband at point 1 and peak at 
point 2 were assigned to the moisture-enriched surface of 
amorphous silica, which is matching with O-H bonding as 
the result [43]. Similar to the previous research, these spectra 
patterns of silica from SBRHA are identic with commercial 
silica from Aldrich (99.5%) [44]. In more detail, sample B 
shows the highest transmittance peak indicating more silica 
formation [45]. 

 
3.4. Water vapor adsorption analysis 

 
Figure 6. exhibits the plot from the gravimetric 

measurement of water vapor adsorption capacity of four 
silica samples synthesized from SBRHA, along with the 
prediction from the obtained equation in Table 2. From the 
experimental results, the plots show a different relationship 
between the adsorbed water at every gram of silica (q) and 
relative humidity (RH). It is shown that the adsorption 
process of each material has a similar mechanism. In the 
lower relative humidity (below 30%), there is no significant 
effect of increasing humidity. In contrast, at higher relative 
humidity, which is in the more humid conditions (recorded 
at RH > 70%), a large amount of water adsorbed was observed, 
 

 

 
 

Fig. 5. FT-IR spectra of (a) sample A, (b) sample B, (c) sample C, and (d) sample D 

3.3.  FT-IR spectra analysis

3.4.  Water vapor adsorption analysis
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Fig. 6. Water uptake at different relative humidity from the experiment (scattered lines) and equation (dashed lines) 
 

and these values were higher from previous research [46] 
and no lower than the commercial silica gels [10]. The 
transition of slow adsorption to the faster indicates a 
transition from monolayer to multilayer water adsorption 
and water molecular clustering has occurred. This transition 
took place at the humidities ranging between 24 and 75%, 
which suggested a critical humidity between these two 
points. The critical humidity shows two areas: (1) below the 
critical humidity, the moisture uptake was low and (2) above 
the critical humidity, there is a high moisture uptake as a 
consequence of multilayer adsorption [46]. This condition is 
in agreement with the result of N2 adsorption isotherm 
showed in Figure 4, which means that water vapor 
adsorption was taken place in the mesopores-macropores 
particles. Particularly, for samples A and D, the water uptake 
remained constant after this higher RH environment, while 
on others still occurred van der Waals bonding between 
adsorbate molecules. 
 
 
Table 2.  
Constants of equations correlating moisture uptake at 
various relative humidities 

Sample Equation R2 
A q = 0.0007exp0.0839(RH) 0.9895 
B q = 0.0018exp0.0758(RH) 0.9888 
C q = 0.0017exp0.0736(RH) 0.9841 
D q = 0.0034exp0.0675(RH) 0.9774 

Using Microsoft excel application, the equation of each 
water adsorption trendline was recorded as tabulated in the 
Table 2. The equation is defined as exponential equations. 
However, this equation does not perfectly fit with the water 
adsorption data plot, except for the first three points (low 
humidity). According to the adsorption isotherm type, the 
plots from equations are categorized as Type III that 
represents water clustered on the surface of nonporous or 
microporous solid. 

 

 
4. Conclusions 

 
Silica from semi-burned rice husk ash has been 

successfully prepared using the sol-gel method with various 
treatments in the extraction and gelation steps. In the 
extraction process, various concentrations of NaOH 
solutions were used to leached the semi-burned rice husk ash 
(SBRHA), while in the gelation process, two pH values were 
investigated (5 and 7) for sample treated with 5% of NaOH 
solutions. According to the results, different treatments for 
preparing silica from SBRHA from the formation of sodium 
silicate solution and silica gel process have no significant 
effects on the properties of the products. Based on the 
morphological analysis, the characteristics of the silica 
surface are micrometer-sized silica with large porous and 
addition of some agglomerated nanoparticles that formed 
pores. The pores belong to micro to macropores with the 
largest distribution consist of mesopores. The adsorption 

4.  Conclusions
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isotherm characteristics of each sample show multilayer 
adsorptions indicates a strong bond between adsorbate 
molecules.  
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