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Biosourced adsorbent prepared with rice husk part 1: a 

complete understanding of the structure of materials, the 

major role of mineral impurities for metal extraction. 

Abstract 

 

Rice husk is a global agricultural co-product and is already the subject of several studies, 

notably for wastewater treatment. Rice husk is composed of 3 types of components: amorphous 

silica, organic biopolymers and others (salts, oxides...). Depending on the treatment, rice husk 

becomes either a carbon-free material or a mixed carbon/silica biochar. In this paper, a thorough 

characterisation of rice husk was carried out by SEM, TEM, TGA, XRF, XRD, XPS, FTIR, 

SAXS, SANS, NMR and N2 adsorption-desorption. The results show that silica can be present as 

dense silica or silica nanoparticles and that native organic matter can be converted to turbostratic 

carbon. This carbon "drowns" the silica nanoparticles and prevents them from sintering.  

Particular attention is paid to impurities which play a crucial role in several properties. They are 

present in different forms, such as CaCO3, KCl or Al2O3 or in the silica lattice. They can be 

removed, but if retained, they induce sintering and crystallisation of the silica nanoparticles, 

resulting in a decrease in specific surface area from 330 m².g-1 to 15 m².g-1. Moreover, the 

sorption efficiency of the materials is strongly dependent on the presence of impurities since the 

extraction rate drops drastically from 99 % to less than 0.5 % when the impurities are removed. 

The maximum capacity reached for nickel is 11.7 mg.g-1. 
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1. Introduction 

In the face of increasing difficulties in providing clean water to the population, many current 

studies are trying to develop solutions to remove contaminants from polluted water[1-3]. To join 

this effort, more and more studies are being conducted to promote the circular economy and the 

use of biomass for wastewater treatment, especially the use of biochars[4,5]. Rice husk (RH) is the 

inedible part of the grain that is removed after harvest. Currently, rice husk is widely available 

and a large amount is waiting to be valorised. In France alone, which accounts for only 0.1 wt‰ 

of the world rice production[6], there is an annual yield of 16 500 t of RH. It is mostly used as a 

fuel for thermal power generation but other uses can be found inthe building materials or steel 

production sectors[7]. Since the last decade, a large number of studies have invested the potential 

of RH as a sorbent for water depollution. Indeed, the presence of a large amount of natural silica 

(≈ 20 wt%), cellulose, hemicellulose and lignin in RH allows the preparation of a mixed biochar 

(carbon/SiO2) after a simple heat treatment[8]. This material is a potential candidate for removing 

pollutants from effluents containing both inorganic and organic contaminants. Indeed, several 

researchers have demonstrated that RH derivatives can be used to remove Cd[9-11], Co[12], Cu[13-

16], Hg[17,18], Ni[19,20], Pb[21-24], Zn[25,26], dyes[27-29], pyridine[30] or phenolic compounds[31-33] from 

wastewater. However, the fine characterisation of its microstructure has not benefited from the 

same investigation. In particular, the microstructure of the silica and the interaction between 

carbon and silica are not well described, nor is the nature of the impurities, which are often 

simply considered as oxides[34,35]. Indeed, even if the nanostructure of silica is discussed in some 

papers[36-40], its interaction with the carbon phase is rarely mentioned[41] and the crucial 

importance of impurities is not always linked to the sorption property although some authors 

have understood their importance[9,16,23,24]. When the microstructure of silica is studied, it is often 

considered either as nanoparticules or as dense, but never both. According to the researchers, the 

dense phase is due to the sintering of the silica nanoparticles because of the presence of 

potassium[38,42,43]. In the present study, another look is taken and it is shown that these two 

structures can coexist with each other. The entanglement of carbon phase and silica nanoparticles 

is only mentioned in two articles so far and is not really studied in depth[41,44]. Here, a full 

understating of the consequences of such an entanglement is brought to light, particularly on the 

sintering of silica. Finally, little attention is paid in the literature to the impurities present in the 

raw material. In general, they are considered as oxides, with the exception of very few 

papers[45,46], and are often removed by an acid treatment[13,18]. In this study, special attention is 
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given to them because of their crucial role in the removal of metals from wastewater. 

Furthermore, as this is the first time that French RH is studied for use as a wastewater solution, 

its full characterisation is necessary to compare it with other RH and to ensure its appropriate use 

in this field.  

 

2. Methods 

2.1. Material used and sample preparation 

The batches of raw rice husk (RRH) were provided by the “silos of Tourtoulen” located in the 

Camargue (Arles, France). As a first step, part of the rice husk was washed on a 1 mm sieve with 

MilliQ™ water to remove dust. In order to remove mineral impurities, the sieved rice husk was 

boiled up to 100 °C in a solution of 2 mol.L-1 HNO3 (69.5 %, Carlo-Erba Reagents) for 1 h and 

washed again with MilliQ™ water until the pH reached that of ultra-pure water[8]. The treated 

rice husk (TRH) was finally dried at 100 °C in an oven for 12 h.  

RRH and TRH samples were heat treated at 700 °C to obtain either raw rice husk ash 

(RRHA) or treated rice husk ash (TRHA). If the atmosphere used during the heat treatment is 

oxidising, such as air (RRHA-Air and TRHA-Air), the carbonaceous part is completely removed 

and the resulting ash is carbon-free. If the atmosphere used is inert, such as argon (RRHA-Ar and 

TRHA-Ar), a carbonaceous fraction is retained in the materials, which can be called biochars. 

Heat treatment of the samples was carried out by placing the materials in a cylindrical alumina 

crucible open on both sides, which is then introduced in a quartz tube. During the heat treatment, 

the temperature was increased from room temperature to 700 °C with a heating rate of 5 °C.min-1. 

 

2.2. Characterisation 

The morphology, microstructure and composition of the materials were characterised by 

Scanning Electron Microscopy (SEM). An FEI Quanta 200 FEG environmental scanning electron 

microscope (ESEM) with a field-emission gun coupled to a Bruker Energy-Dispersive X-ray 

Spectroscopy (EDX) 125 eV XFlash 5010 with a 10 mm² detector was used. The accelerating 

voltage was 5-6 kV. The EDX images were processed with Esprit 1.9.5 software. 

Transmission Electron Microscopy (TEM) images were obtained using a Jeol 2100F 

microscope (200 kV, Cs-corrected condenser, imaging filter, EDX, biprism, 2 CCD cameras) 
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with one bright field and one dark field detector. The embedded sample was less than 100 nm 

thick.   

Thermogravimetric analyses (TGA) were performed in a Mettler Toledo Stare System under 

air or argon at atmospheric pressure with a heating rate of 5 °C min−1. Buoyancy effects were 

corrected by a blank run with an empty alumina crucible.  

Ash impurities were characterised by solid state X-Ray Fluorescence spectroscopy (XRF) 

using a Spectro Xepos and Spectro X-Labpro V5.1 software. These analyses were mainly 

qualitative but could also be quantitative by preparing beads incorporating the sample using the 

fused bead technique with 49.75 wt% of lithium tetraborae, 49.75 wt% of lithium metaborate and 

0.5 wt% of lithium bromide[47]. 

Nitrogen adsorption-desorption analyses were performed using a Micromeritics ASAP 2020 

instrument. Prior to analysis, all samples were outgassed at 180 °C for 20 h under high vacuum 

(10-5 Pa). Specific surface area SBET, pore volume Vp and pore size distribution were obtained 

using the Brunauer−Emmett−Teller (BET) method and the Barret−Joyner−Halenda (BJH) model, 

respectively. If microporosity was suspected in the sample, the t-plot method was applied using 

the Harkins and Jura equation. 

The SAXS analyses were performed in transmission geometry with a molybdenum source, 

delivering a wavelength of 0.71 Å. Focusing and wavelength selection were achieved using a 

Xenocs Fox 2D multilayer mirror. Two sets of scatter-free slits were used to collimate the beam 

into a square shape of 0.8 mm on each side. The SAXS patterns were recorded on a MAR345 2D 

image plate, which allows simultaneous detection of q scattering vectors ranging from 0.3 to 20 

nm-1. The samples were analysed in 2 mm glass capillaries. 

The SANS analyses were carried out on PA20 spectrometer of the Orphée reactor at the Léon 

Brillouin laboratory. This spectrometer was equipped with a multidetector comprising 128 x 128 

cells of 5 x 5 mm². Several “sample-detector distances/working wavelengths” configurations 

were used for measurements: 1.5 m/6 Å; 8 m/6 Å; 18 m/6 Å and 18 m/15Å. The samples were 

placed in a brass sample holder between two quartz discs separated by a 1 mm thick quartz ring. 

The solid samples were dispersed in pure H2O. 

The molecular structure was analysed using a Perkin Elmer Spectrum 100 FTIR (Fourier 

Transformed Infrared Red) spectrometer in ATR mode equipped with a DTGS/KBR detector. 

The samples were placed on a diamond surface. The spectra were recorded from 400 to 

4000 cm−1 by accumulating 32 scans with a resolution of 2 cm−1. The background spectrum of 
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each substrate was then subtracted. In the case of solids analyses, the pressure on the punch was 

adjusted until the spectra stabilised. Baseline adjustments and normalisation were performed 

using Spectrum software. 

The X-Ray diffraction (XRD) measurements were performed on powder samples with a 

Bruker D8 advance instrument and a Cu Kα (λ = 1.5406 Å) monochromatic source. The powders 

were disposed on a low background sample holder and the diffractograms were recorded between 

10 and 90 ° with a step size of 0.2 ° per minute. 

The X-ray photoelectron spectroscopy (XPS) spectra were obtained from an Escalab 250 

device with a monochromatic alumina source (Kα = 1486.6 eV). These measurements were 

performed at the University of Montpellier. The analysed volume is a 400 µm square with a 

penetration depth of 5 to 10 nm. The baseline was calculated with the Shirley method while the 

peaks decompositions were performed using Gauss-Lorentz curves on ThermoElectron software. 

1H, 13C and 29Si Nuclear Magnetic Resonance (NMR) spectra were collected using a Bruker 

Avance III 400 MHz spectrometer equipped with a 4 mm 2-channel MAS probe and Topspin 3.2 

software. The solid samples were compacted in a 4 mm ZrO2 rotor and analyses were performed 

at a rotation frequency of 12 kHz. Spectra were recorded at 400.13 MHz for 1H, 100.61 MHz for 

13C and 79.49 for 29Si. Tetramethylsilane was used as a reference for the chemical shifts analyses. 

 

2.3. Extraction test 

Extraction tests were realised with a nickel nitrate salt (Merck, purity > 99 %) solubilised in 

MilliQ™ water to obtain a 2 mmol.L-1 nickel solution. For these tests, 100 mg of material were 

contacted with 10 mL of solution in a 15 mL tube and stirred with a Heidoph Reax 2 at speed 3 

for 24 h at room temperature. The mixture was then filtered through a 0.45 µm cellulose acetate 

Phenex filter and analysed by XRF. 

 

3. Results and discussion 

In this section, complete analyses of RRH, TRH and materials derived from them are 

presented. These include SEM-EDX images and TGA curves for morphology and composition 

studies, N2 adsorption-desorption isotherms, TEM pictures and XRD diffractograms for structure 

studies. Others analyses are also covered but are only available in the supplementary information, 

such as XRF spectra, SAXS and SANS curves, XPS, NMR and FTIR-ATR data. All of these 
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analyses provide an in-depth understanding of the structure of rice husk ash, including the nature 

of the silica, carbon distribution and impurities composition. Finally, extraction tests that 

highlight the necessary presence of impurities for the material to be effective are presented. 

 

3.1. Starting husks: RRH and TRH 

The overall morphology and composition of RRH are shown in the images obtained by SEM 

and EDX characterisation (Figure 1). RRH presents a well-organised distribution of bumps on its 

outer part and a smooth inner part (Figure 1 (a)). Both areas are mainly silica but there is also a 

carbon-rich area in-between where organic biopolymers are concentrated (Figure 1 (b & c)), 

which is a well-known repartition[48]. 

To further investigate the morphology of silica, thin foils were prepared by FIB in the outer 

and inner parts. The white bar in the cross section corresponds to the location of the thin foil 

prepared by FIB, α and β symbols are related to the orientation of the obtained sample. These 

images clearly show that the outer layer is a dense silica while the inner silica layer appears to be 

mainly composed of aggregated silica nanoparticles (Figure 2 (d)). 

 

Figure 1. (a) SEM images presenting a global view of RRH, (b) cross section, and (c) associated EDX cartography (carbon in 

red and silicium in blue) presenting the location of the thin foil and (d) TEM image of the thin foil. 

 

In order to determine the composition of each type of material, RRH and TRH were heat 

treated under air or argon and the mass loss was monitored by TGA measurements. The TGA 

curves are presented on Figure 2. Under air (Figure 2.a), 85 wt% of the initial masses of RRH and 

TRH are degraded by combustion up to about 450 °C for RRH and 600 °C for TRH, these 

temperatures are consistent with observations made by previous authors[8,49,50] and correspond to 

the loss of organic compounds such as cellulose, hemicellulose and lignin[51]. The remaining 15 

wt% obtained at 1000 °C are minerals. For RRH, this mineral part is composed of about 90 wt% 

of silica and 10 wt% of mineral impurities such as aluminium, potassium, calcium, manganese 
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and iron in various forms identified by XRF (S.I. 1). For TRH, the mineral part is only silica as 

the impurities were removed by hot acidic treatment of RH. During pyrolysis (Figure 2.b), 40 

wt% of the initial mass is retained, with the main degradation ending at 350 °C. Again, the 

observations are consistent with those made by previous authors[8,49,50,52]. Knowing that 15 wt% 

of the initial mass of RRH are mineral compounds, this means that 25 wt% of the initial weight 

are carbonaceous compounds. Under argon, RRHA-Ar and TRHA-Ar consist of approximately 

60 wt% of carbon and 40 wt% of silica. A slight difference in temperature is observed, resulting 

in a higher starting degradation temperature for TRH under both atmospheres and a higher ending 

degradation temperature under air. These differences could be induced by the removal of alkaline 

earth mineral species that normally catalyse the decomposition of organic compounds[53].  

 

Figure 2. TGA curves for RRH (straight line) and TRH (dotted line) under air (a) or argon (b) atmosphere 

with a heating rate of 5 °C.min-1. 

 

All these results show that the main change due to the acid treatment is the removal of all 

impurities of the husk that can no longer catalyse the decomposition of organic compounds 

anymore. The overall composition and behaviour of this RH is in agreement with other RH in the 

world. 

 

3.2. Ash obtained under oxidative atmosphere: RRHA-Air and TRHA-Air 

The morphologies of RRHA-Air and TRHA-Air were investigated by SEM. As illustrated by 

the images and EDX mapping presented in Figure 3, the initial morphology of the samples is 

preserved after the heat treatment but with an overall shrinkage probably due to the 

decomposition of the organic compounds. Furthermore, while the impurities are retained during 

combustion in the case of RRHA-Air and can therefore be found in the ash (S.I. 2), none of these 

impurities are detected by EDX in the TRHA-Air. No carbon was found in either 
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samples (S.I. 3). The white bar in the cross section corresponds to the location of the thin foil 

prepared by FIB and analysed by TEM, α and β symbols describe the orientation of the resulting 

sample (Figure 5). 

      

Figure 3. SEM images of rice husk ash: RRHA-Air (a.1); TRHA-Air (b.1). 

EDX cross section images of rice husk ash RRHA-Air (a.2); TRHA-Air (b.2) (Carbon in red and silicium/oxygen in blue). 

 

In order to determine the impact of the acid pre-treatment on the porous texture, nitrogen 

adsorption-desorption isotherms were established and are presented in Figure 4. 

 

Figure 4. Nitrogen adsorption-desorption isotherms for RRHA-Air (a); TRHA-Air (b). 

 

The TRHA-Air isotherm shows a high nitrogen adsorption capacity with a very gradual 

increase in the amount of nitrogen adsorbed with the equilibrium relative pressure and a wide 

range of mesoporosity. According to the IUPAC classification, this isotherm could be type II 

with a broad inflection at very low relative pressures and a steep slope at higher relative 

pressures, which is typical of a multimolecular adsorption on a macroporous or non-porous 

material. However, the non-rigid structure suggested by this type of isotherm type is inconsistent 

with the siliceous nature of the sample. Therefore, the isotherm must be considered as type IV 

which involves a mesoporous material where capillary condensation takes place. The hysteresis 

loop could be assimilated to a type H1 loop without saturation plateau but with an isolated point. 

The RRHA-Air isotherm could also be considered as a type IV with an H1 hysteresis loop. The 
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specific surface area given by the BET calculation method is 330 m².g-1 for TRHA-Air and 15 

m².g-1 for RRHA-Air. These values are consistent with those found in the literature, although the 

TRHA-Air value seems to be especially high[7,54]. This difference between TRHA-Air and 

RRHA-Air is tremendous and needs to be explained. TEM images are presented in Figure 5 to 

further investigate the morphology of the samples obtained under oxidative conditions. α and β 

symbols describe the orientation of the thin foil (Figure 3). 

        
Figure 5. SEM images of a slice of rice husk ash: RRHA-Air (a.1); TRHA-Air (b.1). 

TEM images of rice husk ash: RRHA-Air (a.2); TRHA-Air (b.2) 

 

It is clear that the silica nanoparticles, which were already present in RH, are still there for 

TRHA-Air but seem to have been transformed for RRHA-Air. The reason why RRHA-Air has 

fewer nanoparticles than TRHA-Air is related to the presence of impurities. Indeed, for 

RRHA-Air where impurities are retained, the melting point of silica is lowered[55] which leads to 

the sintering of the nanoparticles. This observation is also confirmed by SAXS and SANS 

analyses (S.I. 4 & 5) in the high q range region where a rough interface is observed for 

TRHA-Air but a smooth one for RRHA-Air, which is coherent with a dense silica. This is 

consistent with a low specific surface area, while the morphology of the nanoparticles in the case 

of TRHA-Air explains the high value of the specific surface area. The particles size is 83 ± 12 nm 

which is in line with other authors[43], but it should be noted that many values are reported in the 

literature[38,39]. However, another observation on TRHA-Air can be made by looking at the outer 

part. At a higher magnification than the images in Figure 5, the absence of silica nanoparticles is 

revealed, which means that the silica is dense at this location (S.I. 6). This last observation means 

that two distinct silica phases coexist in the same material. To our knowledge, this observation 

has never been made before and authors usually consider only one of these phases. 
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3.3. Biochars obtained under inert atmosphere: RRHA-Ar and TRHA-Ar 

The pyrolysis process results in materials with a significant carbon content in the structure 

and leads to the formation of biochar. As for combustion under air, the overall morphology is 

preserved with bumps and organisation through the silica skeleton. In the SEM and EDX images 

(Figure 6), it can be seen that the carbon-silica distribution is the same for both RRHA-Ar and 

TRHA-Ar, and corresponds to that of RRH, with silica on both sides and carbon between the 

silica layers. However, the carbon part seems to be aerated. The white bar in the cross section is 

corresponding to the location of the thin foil prepared by FIB and analysed by TEM, α and β 

symbols describe the orientation of the resulting sample (Figure 10). 

       
Figure 6. SEM images of rice husk biochars: RRHA-Ar (a.1); TRHA-Ar (b.1) 

EDX cross section images of rice husk ash: RRHA-Ar (a.2); TRHA-Ar (b.2) (Carbon in red and silicium/oxygen in blue). 

 

The amount of carbon is determined by TGA under air so that all remaining carbon is 

removed (Figure 7). This analysis shows that the RRHA-Ar degradation starts at 350 °C and ends 

at 470 °C with a weight loss of 32 wt%. This temperature is consistent with observations made by 

other authors on rice husk biochar[45]. In the case of TRHA-Ar, the degradation starts at 450 °C 

and ends at 650 °C with a weight loss of 50 wt%. While the proportion of carbon depends on the 

heat treatment and can be modified by varying the amount of oxygen in the gas mixture, the 

degradation temperature is solely related to the stability of the carbon. This shift may be due to an 

enhanced stability of the carbon phase of TRHA-Ar compared to RRHA-Ar. This enhancement 

may be related to the modification of organic compounds observed in Figure 2, due to the acidic 

treatment. Thus, the carbon formed from TRH is more stable than that of RRH. 
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Figure 7. TGA curves for RRHA-Ar (a) and TRHA-Ar (b). 

 

The porous textures of these two samples were analysed by N2 adsorption-desorption and are 

quite similar (Figure 8). 

 

Figure 8. Nitrogen adsorption-desorption isotherms for RRHA-Ar (a); TRHA-Ar (b). 

 

The isotherm profiles are almost identical and show an abrupt increase at very low relative 

pressure, indicating microporosity, and a plateau immediately after this increase despite the 

increase in relative pressure, meaning that there is a saturation of the sorbent. This behaviour is 

typical of microporous materials and is called type 1 according to the IUPAC classification. Also 

according to the IUPAC classification, hysteresis loops are both of type H4. This is consistent 

with microporous samples having bonded sheets between which capillary condensations could 

occur. RRHA-Ar has a specific surface area of 260 m².g-1 and TRHA-Ar 305 m².g-1. Several 

hundred of m².g-1 is a standard value for biochars[56] but seems to be quite high for a rice husk 

biochar[57] although some authors have already found specific surface areas of more than 200 

m².g-1[8,58]. The t-plot method was used. In both cases, microporosity is responsible for more than 

90 % of the total specific surface area. In the study of the ash obtained under air atmosphere, no 

microporosity was observed. It can be assumed that only carbon induces microporosity, as is 
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often observed in the case of biochars[59]. This means that most of the surface is provided by the 

carbonaceous part of materials. Moreover, as the surface of TRHA-Ar is lower than that of 

TRHA-Air, it can be considered that carbon prevents the accessibility of nitrogen to the silica in 

this case. 

In order to find out more about the carbon nature, XRD, FTIR-ATR and NMR analyses were 

performed. The XRD measurement of TRHA-Ar shows a strong broad peak centered at 

2θ = 22.5 ° and a weak broad peak centered at 2θ = 44.4 °. While the former is difficult to 

attribute due to the possible superposition of amorphous silica and graphite-like carbon 

signals[60], the latter can be assigned to the carbon phase[61]. The XRD pattern of RRHA-Ar 

shows the same two peaks, the first one is slightly shifted to 2θ = 22.2 ° and the second one is 

exactly at the same position as for TRHA-Ar, at 2θ = 44.4 °. The allocation of the peaks is the 

same as before, meaning that the overall structure of the two samples is comparable. A recurring 

structure observed for bio-based carbon materials is the turbostratic structure, which is similar to 

that of graphite with a disorganisation of the graphene sheets[62]. This structure is notably found 

in activated carbon[63]. The XRD pattern in Figure 9 also shows several others signals, which will 

be discussed later in this paper. 

 

Figure 9. XRD pattern of RRHA-Ar (a) and TRHA-Ar (b). 

 

The 13C NMR and FTIR-ATR analyses are consistent with the turbsotratic structure of the 

carbon with the presence of typical aromatic ring signals[64] (S.I. 7). The FTIR-ATR spectra also 

indicate that the silica and carbon are not chemically bound but only physically mixed in two 

distinct phases[65,66] (S.I. 8). This is confirmed by TEM observations (Figure 10). α and β symbols 

describe the orientation of the thin foil (Figure 6). 
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Figure 10. SEM images of a slice of rice husk biochars: RRHA-Ar (a.1); TRHA-Ar (b.1). 

TEM images of rice husk ash and associated EDX: RRHA-Ar (a.2); TRHA-Ar (b.2) (Silicium in blue and carbon in red) 

 

These images show that the silica nanoparticles are still present but embedded in a 

carbonaceous gangue. The measured size of nanoparticles is 30-35 nm for TRHA-Ar and 

50-55 nm for RRHA-Ar. This difference in size could be explained by the sintering effect that 

occurs in the case of RRHA-Ar due to the presence of impurities as in the case of RRHA-Air, 

leading to larger particles. However, the carbonaceous part between these nanoparticles seems to 

limit the sintering phenomena to those that are already in contact. To confirm this, RRHA-Ar was 

calcined at low temperature (< 500 °C) under air atmosphere to remove the carbon. The resulting 

siliceous material, called RRHA-Ar-ØC, presents a specific surface area of 85 m².g-1, which is 

more than 5 times that of RRHA-Air (S.I. 9) and thus confirms that sintering was prevented by 

the presence of carbon. This observation has never been made in the literature. 
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3.4. Characterisation of the impurities 

Several mineral impurities were previously identified in this paper for RRH ash such as K, 

Ca, Mn or Al. In order to characterise the exact composition of these impurities for RRHA-Air 

and RRHA-Ar, the XRD patterns were studied in more details (Figure 11) and XPS analysis were 

also performed  (S.I. 10 & 11). Firstly, the XRD patterns reveal the presence of cristobalite (22 

and 36 °) and quartz (26.6 °). While the cristobalite is formed during the heat treatment of RH[67-

70], the quartz is more likely due to the presence of sand from the production site due to the lack 

of washing treatment after RH collecting stage. The analysis of the other peaks shows the 

presence of various compounds such as KCl, CaCO3 or Al2O3. Some of these compounds have 

already been observed on rice husk[45] or on other biochars[5,71]. The XPS analyses of Si, O, K and 

Ca also provide information on the nature of these compounds. The decomposition of the signal 

makes it possible to identify the bonds involved and finally the corresponding compounds. 

To achieve a coherent decomposition of the spectra, a large number of strict rules have to be 

taken into account to assign each signal to a specific contribution (S.I. 12). These contributions 

could be assimilated to those of K2O, KCl and CaCO3 for impurities, Q4 Si and Q3 Si with 

bridging (BO) and non-bridging oxygen (NBO). The presence of Q4 Si and Q3 Si is also revealed 

by NMR analysis (S.I. 13) and the presence of NBO is confirmed by FTIR-ATR analysis, as well 

as the presence of cristobalite (S.I. 14). The ash is obtained by heat treatment and therefore very 

few surface hydroxyl are expected. This means that the NBO are probably induced by the 

presence of charge compensators such as K or Ca in the silica lattice. 

  

Figure 11. XRD pattern of RRHA-Air (a) and RRHA-Ar (b). 

(� : Cristobalite[72] ; ■ : Quartz[73] ; � : KCl[74] ; � : CaCO3
[75] ; ● : Al2O3

[76]) 

 

In order to reveal more inorganic compounds and to understand where they are located in the 

husk, SEM-EDX observations were made (Figure 12). These images show an enveloped 
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RRHA-Air particle. The revealed surface is just beneath some missing outer bumps. It can be 

seen that the elements are present in the husk locally and form compounds with several atoms 

such as Ca+S, K+S, K+Cl or Mg+P. These compounds cannot be identified by SEM-EDX alone 

because each salt can be present in different forms (sulphate, sulphite, phosphate, phosphite, 

hydrate, hydrogenate, etc.) until they are characterised by XRD. Furthermore, SEM analyses of 

other samples revealed that the nature of the salts can vary but always appears as a bright spot on 

the image. Thus, Ca+P, K+P or Mg+S can also be observed. This highlights the wide variety of 

mineral impurities present on rice husk ash. The presence of bright spots means that some 

impurities are present as a separate inclusion on the husk and are actually differentiated from it. 

The calcium particles, which could be calcium carbonate according to the XRD pattern shown in 

Figure 11, exhibit a diameter ranging between 3.5 and 4.5 µm. 

 

 

Figure 12. SEM-EDX images of RRHA-Air. 

 

In addition, TEM-EDX images (Figure 13) showed that mineral impurities are evenly 

distributed in the material. These images were obtained from the thin foil reported in Figure 5.a. 

 

Figure 13. TEM-EDX images of RRHA-Air. 
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These two observations confirm that mineral impurities are present in the ash as local 

inclusions and in the silica lattice. 

 

The most important information to be drawn from this third section are shown in Table 1. 

  

Table 1. Principal information about all materials. 

Sample reference Impurities Specific surface area Silica type Carbon type 

TRHA-Air No 330 Amorphous / 

TRHA-Ar No 305 Amorphous Turbostratic 

RRHA-Air Yes 15 Amorphous/Cristobalite / 

RRHA-Ar Yes 260 Amorphous/Cristobalite Turbostratic 

 

3.5. Preliminary extraction test 

The intended application for the materials obtained from rice husks is extraction of metallic 

elements and/or organic compounds from aqueous solutions. For this reason, extraction tests with 

nickel were carried out to compare all materials. The results show that RRHAs are much more 

efficient than TRHAs, with an extraction rate of more than 98.8 % for RRHAs while it is only 3 

% for TRHAs as shows in Figure 14. These results underline that the extraction mechanisms are 

not driven by the available specific surface area due to the small amount of surface area in the 

case of RRHA-Air. The main difference between these materials that could explain the extraction 

efficiency is the presence or absence of impurities. Such an observation has already been made 

for other biochars[71,77,78] but not for rice husk ash, even though some authors have proven the 

usefulness of certain mineral compounds in rice husk ash, especially phosphates[9,16,23]. For this 

reason, a mechanism in which impurities are the main driver of extraction is suggested as in the 

case of several biochars[71,79]. Extraction mechanisms and the interactions between metals and 

RRHA will be studied and discussed in details in a future article. 
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Figure 14. Extraction rate for Ni2+ with all materials. 

 

In this section, several observations have been made for the first time on rice husk and its 

derivatives. Firstly, silica can be present in rice husk ash in several forms, namely nanoparticles 

and dense, and these forms can be present simultaneously. Secondly, turbostratic carbon is 

present between the silica nanoparticles and can limit the sintering of the silica, leading to a 

higher specific surface area if removed after thermal conversion. Finally, mineral impurities are 

present in various forms and are crucial for the removal of metals from wastewater. 

 

4. Conclusion 

This study shows that silica has a specific nanostructure in the rice husk. Silica has two 

distinct structures, a dense part and a divided part composed of nanoparticles. These structures 

are inherent in the raw husk and can only be retained after heat treatment if the impurities are 

removed. Indeed, if mineral impurities are retained, they accelerate the sintering and 

crystallisation process of the silica nanoparticles and thus reduce the specific surface area 

delivered by the material from 330 m².g-1 for TRHA-Air to only 15 m².g-1 for RRHA-Air. 

However, by retaining a carbonaceous portion of the husk through a pyrolysis process, the 

turbostratic carbon present between the silica nanoparticles prevents their sintering and allows 

them to be preserved. The carbon also provides a microporosity which represents 90 % of the 

total available porosity. The specific surface area shows little difference between raw and treated 

rice husk biochars and is around 300 m².g-1. Finally, the nature and distribution of mineral 

impurities were examined. They are composed of K, Ca, Al and Mg among others, complexed 

with S, P or Cl to form different salts. Some compounds can be formally identified by XRD and 
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XPS, such as KCl or CaCO3. These mineral salts are located along the surface of the husk as 

individual aggregates but are also present in the silica lattice as charge compensators. One of the 

crucial information presented in this paper is that these impurities are essential for the removal of 

heavy metal pollutants such as nickel. Indeed, the extraction rate of RRHA-Air is almost 99 % 

with a capacity of 11.3 mg.g-1 and the extraction rate of RRHA-Ar is over 99.5 % with a capacity 

of 11.7 mg.g-1. The extraction rates of TRHA materials are less than 3 % with a capacity of less 

than 0.5 mg.g-1. The mechanism involved in metal extraction will be discussed in depth in 

another article, but it can already be conclude that RH is a promising material for the 

development of a wastewater treatment materials. 
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