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ABSTRACT
The continued coffee demand in Kenya has amplified the 
generation of its husk wastes causing disposal problems. 
This has led to serious pollution to the environment. 
Therefore, developing a greener and cost-effective ways 
to handle these wastes is necessary. The current study 
entailed the use of extracted silica and coffee husk biochar 
as novel precursor materials for the synthesis of silicon 
nitride (Si3N4) composite in an ammonia environment. 
The silica was extracted from raw sand by alkali fusion 
route. The biochar was prepared by pyrolytic treatment of 
raw coffee husk biomass at 300 oC for 5 hours followed 
by acid leaching. The sand, extracted silica, raw and 
biochar samples and silicon nitride composites were 
characterized using X-Ray Fluorescence (XRF), Fourier 
Transform Infrared (FT-IR), X-Ray Diffractometer 
(XRD), Scanning Electron Microscope (SEM), Energy 
Dispersive X-Ray (EDX) and Thermogravimetric 
Analyzer (TGA). The results showed that the raw sand 
contain quartz, calcite, microcline and clinochlore. The 
results for the extracted silica showed a highly amorphous 
silica containing hydroxyl (-OH) and siloxane (Si-O-Si) 
functional groups. The alkali fusion process increased the 
silica content to > 92 % from 83 % with oxide impurities 
reduced to < 1 %. The characterization of biochar samples 
showed a highly amorphous, porous carbon structure 
with aromatic carbon bonds (C=C) and a negligible ash 
content. The characterization of Si3N4 powder showed 
thermally stable, porous and highly amorphous material 
with α-Si3N4 and α- Si3N4 phases. The FT-IR results 

showed Silicon-Nitrogen-Silicon (Si-N-Si), silanol (Si-
OH), Silicon-Nitrogen (Si-N) and Silicon-Silicon (Si-
Si) as important functional groups present in silicon 
nitride composite material. The results revealed a greener 
approach of Si3N4 synthesis for application in vast 
industrial fields. 

Key words: Extracted silica (ES), Silicon nitride 
(Si3N4), Bamburi Beach Sand (BBS), Coffee husk 
biochar (CHB), α- Si3N4, β- Si3N4 

INTRODUCTION 
Silicon nitride material is employed in vast fields due to 
its outstanding thermomechanical properties, corrosion 
resistance, high thermal conductivity and chemical 
inertness amongst others (Pan, 2014). The structure has a 
rigid structure with strong covalent bonds (Sharma et al., 
2018). These features make the material suitable in many 
applications such as in optoelectronic devices, automotive 
engine parts, nanocomposites and ball bearings amongst 
others (Farzana et al., 2018). Silicon nitride occurs in two 
phases, an alpha (α) form (trigonal) which is stable at 
lower temperatures and a beta (β) form (hexagonal) stable 
at higher temperatures (Parrillo et al., 2021). 
Various techniques such as metallurgy method (Tran et al., 
2021), oxide-assisted growth (Zhao et al., 2021), direct 
nitridation of silicon (Jin et al., 2019), electrochemical 
method (Vishnu et al., 2018), chemical vapour deposition 
(Liu et al., 2018) and carbothermal reduction-nitridation 
of amorphous silica (Abdulhameed et al., 2018) among 
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others are reported for Si3N4 synthesis. Carbothermal 
reduction-nitridation is the most cost-effective for a 
large-scale synthesis (Ji et al., 2014). This is because it 
utilizes vast low-cost materials for the Si3N4 synthesis 
(Rajarao and Veena, 2016). The synthesis is carried out in 
an ammonia (NH3) environment as shown in Equation 
1 (Xiaohan, 2013).

    3SiO2(s)
 + 6C(s)

 + 4NH3(g) 
                               Si3N4(s)

 + 6CO(g) 
+ 6H2(g) (1)

Various researches have been reported on the synthesis of 
Si3N4 using locally available wastes such as silica fumes (Ji 
et al., 2014), rice husk (Parrillo et al., 2021) and wheat 
husk (Qadri et al., 2016) amongst others. Amorphous 
silica is widely used in vast fields such as in waste water 
treatment, cosmetics, electronics, paint, textiles, rubber, 
paper and concrete ceramics amongst others (Wahyudi et 
al., 2013; Setyoningrum et al., 2020). It can be extracted 
from agricultural wastes, natural minerals and biogenic 
marine organisms such as bagasse ash (Norsuraya et al., 
2016; Megawati et al., 2018), beach sand (Eddy et al., 
2015), coconut pulp (Anuar et al., 2018), rice husk ash 
(Bakar et al., 2016) and fly ash (a coal waste) (Cheng 
et al., 2018) amongst others. Silica sand is reported to 
contain active silica from silica-silicate minerals which 
are potential for chemical dissolution via alkali-silica 
reactions (Hasdemir et al., 2012). The objective of the 
study entailed alkali fusion silica extraction from sand, 
biochar preparation from coffee husk wastes and utilize 
the materials for the synthesis of Si3N4 in an ammonia 
environment. 

MATERIAL AND METHODS

Chemicals and reagents

Analar (> 99.5% purity) grade chemicals and reagents 
were used in this study. Sodium hydroxide (NaOH), 
Hydrochloric acid (HCl), Ammonium solution 
(NH4OH) and Nitric (V) acid (HNO3) were all sourced 
from Kobian limited (outlet of Sigma Aldrich), Nairobi, 
Kenya. Distilled water obtained from Kenyatta University 
chemistry laboratory was used throughout the study.

Apparatus and instrumentation

The glassware were soaked in 10 % HNO3 overnight 
and then scrubbed using a scotch brush, washed using 
hot water containing detergent, soaked in aqua regia 
(1 % HNO3 / 3 % HCl) overnight, rinsed thoroughly 
with distilled water and air-dried. The instruments and 
equipment used were Thermogravimetric Analyzer 
(TGA-50 SHIMADZU), X-Ray Diffractometer (Rigaku 
MiniFlex II; Tokyo in Japan), Field Emission Scanning 
electron microscope (FEI ESEM, Vega3 Tescan LMH), 

Pulveriser rock grinding machine (Retsch RS 200), 
Automated X-Ray Fluorescence Spectrometer (Bruker S1 
Titan 600, Tracer 5/ CTX), Fourier Transform Infrared 
Spectrophotometer (IR Tracer-100, Japan), Grinding 
mill (Retsch SR 200), Distiller (WSB 14), Magnetic 
stirrer with hot plate (WH240-HT), Drying oven (WTC 
binder FD53), Thermostat-controlled muffle furnace 
(MC5-12 Biobase) and Analytical weighing balance 
(ATX224 Shimadzu).  

Sample collection 

Sand samples were collected from the Bamburi beach 
(-3.98822’S, 39.73678’E) in Mombasa, Kenya, 
transported to Kenyatta University laboratories, pre-
treated and stored in airtight container awaiting 
subsequent experiments. The coffee husk wastes 
were randomly collected in Othaya Constituency 
(-0.551751’S, 36.944703’E) in Nyeri County, cleaned 
using distilled water, chopped and oven-dried at 105 oC 
for 24 hours to remove moisture. The final material was 
then ground into a fine powder. 

Silica extraction

The silica was extracted using a method described by 
Ndung’u et al. (2023). A 100.000 g of the sand powder 
was soaked in 6 N HCl solution in a glass beaker for 12 
hours. The mixture was then filtrated, the residue washed 
with distilled water until there is no yellowish color and 
then dried at 105 °C to a constant weight. A 400 mL 
of 10 N NaOH solution was then added to the sand 
residue and heated at 150 oC while stirring for 4 hours. 
The filtrate (sodium silicate) was separated from the 
unreacted sand residues using Whatmann filter paper No. 
1 and 6 N HCl solution slowly added to form a white gel 
(pH 7). The reaction mixture was left overnight at room 
temperature, filtered and rinsed with distilled water. The 
gel was then dried at 105 °C to a constant weight to 
obtain amorphous silica.

Biochar preparation

A 20 g of the biomass powder was first dried in an oven 
at 105 oC for 24 hours and a constant weight recorded. 
The pyrolysis was performed in a thermostat-controlled 
muffle furnace at a frequency of 50 Hz, 10 °C/min (heat 
rate), voltage of 220 V and power output of 3.0 kW. The 
powder was placed in a ceramic crucible and pyrolyzed 
at 300 ºC for 5 hours (Fachini et al., 2021). The biochar 
sample was allowed to cool, ground and weighed. The 
percentage yield was determined as the ratio of mass of 
biochar to mass of dried sample expressed as a percentage 
(Equation 2).
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Part of the obtained biochar was acid leached using 3 
M HCl acid for 3 hours to remove any inorganic ash 
components (Alvarez et al., 2016). The biochar material 
was then washed with distilled water to eliminate excess 
acid, oven-dried at 105 oC to a constant weight and stored 
in airtight bottles labelled CHB. The biochar sample was 
characterized using FT-IR, XRD, SEM and EDX. 

The proximate analysis of the other part of the biochar 
samples was performed according to the gravimetric 
method of the ASTM (D1762-84) standard methods.

Silicon nitride (Si3N4) preparation

The preparation of silicon nitride adsorbents was 
carried out first by carbothermal reduction followed by 
nitridation process described by Maroufi et al. (2018) and 
Abdulhameed et al. (2018) with slight modifications. The 
process was performed using a digestion bomb locally 
made at Kenyatta University mechanical engineering 
laboratories, school of engineering. The bomb was made 
of a stainless steel (SS-316) whose cylindrical body was 
105 mm in total length, 38 mm in external diameter, 23.5 
mm in internal diameter. The top lid had a total length 
of 39 mm and thread length of 23.5 1.5 22 mm. The 
biochar powder was mixed with the extracted silica in 
the ratio of 3 to 2 for two hours and then placed in a 
digestion bomb. The bomb was tightly closed and placed 
in a thermostat-controlled muffle furnace and heated at 
300 oC for 12 hours and the final product allowed to 
cool. Approximately 200 mL of NH4OH solution (28 
% v/v) was then added, bomb tightly closed and heating 
continued at 300 oC for another 12 hours. The final 
product was then allowed to cool, ground and stored in 
an airtight container awaiting characterization.

RESULTS AND DISCUSSION 

Characterization of raw sand and extracted silica 
XRD analysis 
The XRD results for the raw sand (before and after acid 
treatment) and the extracted silica (ES) are shown by 
Figure 1.

Figure 1: The XRD pattern of raw sand (A), acid-treated sand 
(B) and the extracted silica (C) 

The results (diffractogram A) show that quartz (SiO2) 
(JCPDS-ICDD file No. 46-1045), calcite (CaCO3) 
(JCPDS-ICDD file No. 47-1743) and microcline (K 
(Al, Fe) Si3O8) (JCPDS-ICDD file No. 19-0932) are 
the main components of sand. A minor mineral phase 
of clinochlore ((Mg, Fe)6(Si, Al)4O10(OH)8)) (JCPDS-
ICDD file No. 07-0078), although its crystal planes does 
not appear in the XRD patterns, is also suggested by the 
Match! software version 3.14 Build 238. A characteristic 
peak at 2  26.4 o indicates the high crystallinity of the 
quartz phase (El-Sawy et al., 2021). This is in agreement 
with the findings reported by Munasir et al. (2015) 
during their research study on the synthesis of SiO2 
nanopowders containing quartz and cristobalite phases 
from silica sands.

The peaks at 28.3 o and 29.99 ° for microcline and calcite 
minerals disappeared in the acid treated sand (B). This 
implied that the purification process eliminated the major 
impurities in the sand to negligible amounts (Bousbih et 
al., 2020). From the results in diffractogram C, a broad 
characteristic peak at 20.71o with the absence of any other 
intense peaks indicated the presence of a highly pure 
amorphous silica (JCPDS-ICDD file No. 001-0424). 
Also, the crystallite size was 31.84 nm showing that the 
silica was in nanoscale size (Ndung’u et al., 2023). 

XRF analysis 

The chemical composition of the raw sand (BBS), acid 
treated sand (ABBS) and the extracted silica (ES) was 
determined by XRF. The results are presented in Table 1.

Table 1: Mean percentage of chemical composition of BBS, ABBS and ES

Sample Oxide (%)
SiO2 CaO K2O Al2O3 Fe2O3 MgO

BBS 83.46 ± 0.39 6.48 ± 1.01 3.54 ± 0.14 2.62 ± 0.34 2.56 ± 0.07 0.99 ± 0.11
ABBS 88.14 ± 0.06 3.04 ± 0.03 0.12 ± 0.04 1.59 ± 0.22 1.95 ± 0.05 0.19 ± 0.04

ES 92.72 ± 0.63 0.25 ± 0.04 nd 0.09 ± 0.01 0.99 ± 0.09 nd 
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*nd – not detected
From the results in Table 1, the silica content of the raw 
sand was 83.46 ± 0.39 % with a low concentration of 
CaO (6.48 ± 1.01 %), K2O (3.54 ± 0.14 %), Al2O3 (2.62 
± 0.34 %), Fe2O3 (2.56 ± 0.07 %) and MgO (0.99 ± 0.11 
%). This showed that silica was the main component of 
the raw sand. The calcium oxide content could due to the 
presence of calcite (CaCO3) mineral in the sand samples 
(Hachem et al., 2023). The iron, magnesium, potassium 
and aluminium oxide contents could indicate the 
presence of minerals such as microcline (K (Al, Fe) Si3O8) 
and clinochlore (Mg, Fe)6(Si, Al)4O10(OH)8) in the silica 
matrix. This is in agreement with the XRD results.

The acid treatment of the sand samples increased the silica 
content to 88.14 ± 0.06 % while the amount of the other 
oxide components reduced. The purification process 
resulted to a mass decrease of the sand by 8.32 %. The 
yellowish-white colour was observed in the sand samples 
after acid treatment. This could be due to the residue iron 
contents in the acid-treated sand (Alyosef et al., 2014). 
The results showed that the sand obtained were highly 
pure with minimal mass loss (< 10 %). The results are in 
agreement with those reported by Meftah et al. (2023) 
during their studies on extraction and physicochemical 
characterization of highly-pure amorphous silica 
nanoparticles from locally available dunes sand.

The analysis of the extracted silica shows that the 
silica content of 92.72 ± 0.63 % which corroborates 
the extraction of highly pure silica. The other oxide 
components were to negligible amounts. This showed 
that alkali fusion increased not only the silica content 
but also eliminated the remaining impurities that had 
remained in the sand after acid leaching (Munasir et al., 
2013). 

3.1.3 FT-IR analysis 
The raw sand, acid treated sand and extracted silica were 
characterized by FT-IR at a mid IR range of 4000 - 400 
cm-1. The results are presented in Figure 2.

Figure 2: The FT-IR spectra of raw sand (A), acid-treated 
sand (B) and the extracted silica (C)

The results for the raw sand (A) shows a broak peak at 
3420.81 cm-1 which was attributed to -OH stretch 
mode of water molecules in the sand (Zouaouid and 

Gheriani, 2018). This was confirmed by its flexion 
vibration at 1616.27 cm-1. The peaks at 2518.13 cm-1 

and 1460.14 cm-1 could be due to asymmetrical and 
symmetrical stretch vibrations of CO3

2- groups (Meftah 
and Mahboub, 2019). This was confirmed by a peak 
at 1790.94 cm-1 attributed to the C=O stretch mode 
(Hachem et al., 2023). This suggested the presence of 
calcite (CaCO3) in the sand samples. The characteristic 
peaks at 1038.76 cm-1 and 756.18 cm-1 were ascribed to 
the Si-O-Si asymmetric and symmetric stretch vibrations 
(Yang et al., 2023). Absorption bands observed at 614.89 
cm-1 corresponded to Si-O-Fe and Si-O-Mg stretch 
vibrations (Beddiaf et al., 2015). Also, at 515.01 cm-1 

was a band for asymmetric Si-O-Al stretch vibrations 
(Abdelhak et al., 2014). This could be due clinochlore 
and microcline mineral components in the silica matrix. 
The peaks at 453.28 cm-1 were associated with Si-O-Si 
bend mode (Yue et al., 2018). The results confirm XRD 
and XRF results. 

The FTIR spectrum for acid treated sand (B) showed peaks 
at 3447.49 cm-1, 1645.31 cm-1, 1022.29 cm-1, 775.40 
cm-1 and 481.25 cm-1 indicative of quartz in the sand. All 
the peaks showed shifting to higher or lower values. This 
could be influenced by reduction of impurities contained 
in the sample (Panwar et al., 2015). The peak intensity for 
1470.75 cm-1 and 1785.15 cm-1 was lower than that of the 
raw sand. Also, peaks at 2518.13 cm-1 disappeared after 
acid treatment. This showed that acid treating the raw 
sand decreased the calcite mineral contents in the sand 
samples. The peaks at 515.01 cm-1 and 605.66 cm-1 also 
disappeared after the acid treatment. The lost absorption 
bands showed elimination of the calcite, clinochlore and 
microcline impurities to lower amounts.

The FTIR spectrum of the extracted silica (C) showed peaks 
at 3425.10 cm-1 and 1636.63 cm-1 assigned to hydroxyl 
(OH-) in silanol groups and/or adsorbed water molecules 
(Ndung’u et al., 2023). Additionally, absorption bands at 
1083.05 cm-1, 777.33 cm-1 and 452.32 cm-1 correspond 
to the asymmetric, symmetric and bend vibration of Si-
O-Si bonds respectively (Arunmetha et al., 2015).

Biochar characterization

Proximate analysis 

The percentage yield and proximate analysis of CHB was 
determined and results are tabulated in Table 2.
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Table 2: Proximate analysis of the CHB

Analysis wt (%) (Mean ± S.D)

Yield 25.11 ± 0.12
Moisture 7.45 ± 0.00

Volatile matter 74.80 ± 5.93
Ash 1.02 ± 0.27

Fixed carbon 16.73 ± 2.01

The results in Table 2 showed that a high volatile matter 
of 74.80 ± 5.93 % was released during the pyrolytic 
treatment of the raw biomass. This showed that all the 
volatiles trapped within the biomass matrix was eliminated 
forming biochar with a high carbon content (Bushra 
and Remya, 2020). The biochar had a carbon and ash 
content of 16.73 ± 2.01 % and 1.02 ± 0.27 respectively. 
The results indicated that the biochar obtained has a high 
carbon content and negligible ash content.

FT-IR analysis

The FT-IR analysis for both waste coffee husks and the 
char obtained by pyrolysis are shown in Figure 3.

Figure 3: FT-IR spectra of raw coffee husk (RCH) and 
coffee husk biochar (CHB)

The results in FT-IR spectrum of the raw biomass showed 
a strong band at 3467.84 cm-1 which indicated bonded 
hydroxyl (-OH) groups. (Krishna Murthy et al., 2020). 
The peak at 2932.61 cm-1 was attributed to CH2 stretch 
mode in aliphatic groups (Alghamdi and El Mannoubi, 
2021). The absorption peak at 1651.57 cm-1 correspond 
to carbonyl (C=O) groups stretch in carboxylic acid 
and its derivatives (Ndung’u et al., 2021). The peak at 
1549.03 cm-1 could be due to carbon-carbon (C=C) 
stretching vibrations of aromatic hydrocarbons (Mansuri 
et al., 2018). This was confirmed by its bend mode at 
836.35 cm-1. The bands observed in 1212.79 cm-1 and 
1031.93 cm-1 could be ascribed to C-O stretch vibrations 
of carboxylic acid derivatives and alcoholic groups 
(Nthiga et al., 2021). The same peak at 1031.93 cm-1 
together with a peak at 702.34 cm-1 could also be due 
to the stretching vibrations of Si-O-Si functional groups 

(Huljana et al., 2021). The results confirmed the presence 
of silica in the raw biomass materials. 

The methyl peak for the biochar FT-IR spectrum 
disappeared indicating the absence of the aliphatic carbon 
(Chen et al., 2023). The spectrum showed a distinguished 
peak at 1591.49 cm-1 for C=C groups confirming the 
presence of aromatic carbon content (Kabayo et al., 
2019). The FT-IR spectrum didn’t show any other major 
peaks which showed that there was complete pyrolysis of 
coffee husk wastes. 

3.2.3 XRD analysis

The biochar sample was prepared by pyrolytic treatment 
of the raw coffee husks followed by acid leaching and 
XRD results are shown in Figure 4.

Figure 4: The XRD pattern of raw coffee husk (RCH) 
and coffee husk biochar (CHB)

The results in Figure 4 showed broad diffraction peaks 
at 21.97o showing that the raw biomass contains lignin, 
hemicellulose, pectin and cellulosic materials which are 
highly amorphous (Mu et al., 2018). This corresponded to 
a diffraction peak for amorphous cellulose (JCPDS-ICDD 
file No. 03-0226). The same peak provides information 
on amorphous silica in the raw coffee husk biomass and 
its biochar (JCPDS-ICDD file No. 001-0424). The XRD 
diffractograms for CHB show diffraction patterns at 2α = 
24.14° and 2α = 44.73° which correspond to the highly 
amorphous and diffuse graphite peaks (JCPDS-ICDD 
file No. 41-1487). This characterized a predominantly 
amorphous carbon structure (Jagdale et al., 2019). There 
was no evidence of any inorganic phases in the XRD 
pattern showing that the prepared biochar sample had 
negligible ash content (Lawrinenko and Laird, 2015). 

SEM analysis

The surface morphology of RCH and CHB was 
performed by Scanning Electron Microscope (SEM) at 
an accelerating voltage of 20.0 kV. The SEM micrographs 
obtained are presented in Figure 5. 
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Figure 5: SEM micrograph for RCH and CHB

From the results in Figure 5, the SEM micrographs 
showed changes in the biochar surface texture and 
morphology before and after pyrolysis. The raw biomass 
surface structure was rigid, regular and less porous. After 
pyrolysis, the biochar surface became rugged and more 
porous. This is due to the rapid decomposition of volatile 
compounds during pyrolysis making the surface rougher 
and irregular (Sahoo et al., 2020). 

EDX analysis

The EDX spectra of raw coffee husk (RCH) and coffee 
husk biochar (CHB) are shown in Figure 6.

  

Figure 6: EDX spectra of RCH and CHB

From the results in Figure 6, the composition of RCH 
was 43.0 % (C), 36.3 % (O), 11.5 % (Si), 6.5 % (K), 
1.7 % (Ca) and 1.1 % (Fe). The EDX spectrum showed 

the presence of carbon (C) and oxygen (O) as the main 
components of raw coffee husk. The elemental oxygen 
could also be as attributed to surface oxides of silica and 
metallic elements. The elemental composition of CHB 
was 70.1 % (C), 16.7 % (Si), 12.5 % (O) and 0.7 % 
(Cl). The final biochar showed a higher carbon and silica 
content with negligible ash contents comparatively to 
the raw biomass material. This showed that pyrolytic 
treatment followed by acid washing of the biochars 
not only decreased the inorganic ash contents from 
the biochar (Chang et al., 2019) but also increased the 
carbon content. The chloride contents were detected in 
the final biochar material. This could be due to residue 
acid after the materials were washed with distilled water 
(Abdulhameed et al., 2018).

3.3 Characterization of silicon nitride (Si3N4)
3.3.1 FT-IR analysis 

The FT-IR analysis of Si3N4 were recorded at a range of 
4000 - 400 cm-1 and the results are presented in Figure 7.

Figure 7: FT-IR spectrum of Si3N4 

The FT-IR spectrum of the Si3N4 showed a broad peak 
at 3430.46 cm-1 corresponding to stretching vibrations 
of N-H and -OH of silanol (Si-OH) groups (Kobayashi, 
2016). The peak at 1662.85 cm-1 could be due to OH- 
bending vibration of silanol functional groups (Ramdani 
et al., 2014). The absorbance peaks at 1549.23 cm-1are 
indicative of the N-H bending modes (Shi et al., 2014). 
The peaks at 1123.40 cm-1 could be ascribed to Si-O-C 
stretching vibration (Liang et al., 2020). The bands 
at 906.72 cm-1 was ascribed to the Si-N-Si stretching 
vibrations (Jhansirani et al., 2016). The peak at 627.54 
cm-1 may correspond to a Si-Si stretching mode (Cui et 
al., 2015). The absorption peak observed at 443.67 cm-1 
was for Si-N stretching vibration in α-silicon nitride 
phase (Huang et al., 2013). 

XRD analysis

The XRD analysis of Si3N4 was performed at an applied 
current of 40 mA, accelerating voltage of 45 kV and the 
step size of 0.02. The diffractogram obtained is presented 
in Figure 8.
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Figure 8: XRD spectrum of Si3N4 

The XRD diffractogram (Figure 8) showed that Si3N4 
was the main phase dominated by α-Si3N4 as major phase 
(JCPDS-ICDD file No. 41-0360) and α- Si3N4 (JCPDS-
ICDD file No. 33-1160) as minor phase. The profile 
Rietveld analysis showed the relative amount of α-Si3N4 
and α-Si3N4 phases in the Si3N4 composite was 68.97 
% and 31.03 % respectively. The high yield content of 
α-Si3N4 phase could be due to the use of high purity 
amorphous raw materials for carbothermal reduction 
and nitridation at low temperatures (Ji et al., 2014). The 
broad peak patterns in all the XRD spectra signified that 
the Si3N4 was predominantly amorphous (Biesuz et al., 
2019). 

EDX analysis

The elemental composition of Si3N4 composite was 
determined using Energy Dispersive X-Ray (EDX) 
spectrometer. The spectrum is shown in Figure 9. 

Figure 9: EDX spectrum of Si3N4

The results from EDX analysis showed that the elemental 
percentage composition of Si3N4 was 49.5 % and 17.7 
% for silicon and nitrogen respectively. Minor peaks for 
copper observed could be due to contamination from 
the copper grid sample holder (Huang et al., 2013). The 
oxygen content could be due to the silica residues and 

minor metal oxide components (Abdulhameed et al., 
2018) of biochar samples after acid leaching and/or Si3N4 
surface oxidation during the analysis (Qadri et al., 2016).  
The chloride contents were detected in the Si3N4 powder. 
This could be due to residue acid (Bariş, 2014) from the 
biochar samples used for synthesis of Si3N4. 

TGA analysis

The Thermogravimetric analysis of Si3N4 was obtained at 
a varied temperature (0 oC - 600 oC), nitrogen gas flow 
rate (50 mL/min) and heating rate (15 oC/min). The TG 
curve is presented in Figure 10.

Figure 10: TG curve for Si3N4 

The TGA curve for Si3N4 represents two weight change 
steps. At the first step from 0 °C to around 150 °C with a 
weight loss of 9.63 % beyond which no thermal effect is 
detected and the weight change is already achieved. This 
could be attributed to the vaporization of adsorbed water 
molecules onto the Si3N4 surfaces after which it remains 
stable (Qiu et al., 2019). The mass profile was then flat 
until 600 oC implying that the Si3N4 material is thermally 
stable even at high temperatures. 

CONCLUSION 

The study prepared Si3N4 powder using silica extracted 
from Bamburi Beach sand (BBS) and biochar from coffee 
husk wastes in an ammonia environment. The XRD, 
XRF and FT-IR results showed that quartz (SiO2), calcite 
(CaCO3), clinochlore ((Mg, Fe)6(Si, Al)4O10(OH)8)) and 
microcline (K (Al, Fe) Si3O8) as the main components 
of Bamburi Beach sand (BBS). The extracted silica 
contained silica as the main component (> 92 %), highly 
amorphous with hydroxyl (-OH) in silanol and siloxane 
(Si-O-Si) as important functional groups. The biochar 
samples obtained contained a porous carbon structure 
with aromatic carbon bonds (C=C) and a negligible ash 
content. The characterization of Si3N4 showed a porous 
composite with α-Si3N4 phase and α- Si3N4 phases. The 
material was thermally stable at varied temperatures with 
important functional groups of Silicon-Nitrogen-Silicon 
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(Si-N-Si), silanol (Si-OH) and Silicon-Nitrogen (Si-N). 
This greener approach is potentially applicable in utilizing 
silica and biochar from coffee husk waste materials as 
novel precursors for the synthesis of Si3N4 powder for 
industrial applications.
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