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Objectives: In this study, the crystalline phase, microstructure, chemical composition, and morphology of
the powder of volcanic ashes from three different places have been investigated.
Methods: The raw materials were initially milled and the particle size was decreased to approximately
74 mm. X-ray diffraction (XRD), chemical analysis (XRF and ICP-OES technique), Fourier transform infra-
red spectroscopy and scanning electron microscopy were used to examine the obtained samples.
Results: It was found that the volcanic ashes exhibit clear variations in mineralogy, chemical composi-
tions, stretching vibrational modes, and morphological structure. All the samples have an amorphous
phase and contain SiO2, Al2O3, CaO, and Fe2O3 as their major constituents. Other oxides such as K2O,
MgO, MnO, Na2O, P2O5, TiO2, and SO3 were found in minor percentages. The morphology of the samples
showed a variety of volcanic mixtures with irregular shapes.
Conclusions: The abundant volcanic ash can be used as a new low-cost natural material in several appli-
cations such as in construction materials, ceramic industry, water purification, geopolymers, and other
advanced technologies.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Significant reserves of volcanic ashes are hosted by Saudi
Arabia, primarily in the western region. They are considered as
pyroclastic materials and their mineralogy as well as chemical
compositions are associated with the magma from which they
erupted. The obtained properties play an important role for the
effective utilization of volcanic ash in various applications. How-
ever, the full potential of volcanic ashes is yet to be employed.
The most important components for application purposes present
in volcanic ash are in the form of scoria and pumice (Alemayehu
and Lennartz, 2010; Best, 2013). These mixtures are rich and natu-
ral aluminosilicate geo-resources. They impart interesting physical
properties and can range in sizes from sub-millimetric particles all
the way up to sizes comparable to rocks (Brown and Calder, 2005).
The various applications of volcanic ashes such as in cement and
concrete, geopolymer, ceramic, adsorbents, and lunar soil stimu-
lants have been addressed in literature (Assaad et al., 2020; Liu
and Taylor, 2011; Zheng et al., 2009; Wang et al., 2017;
Lemougna et al., 2018, 2020). However, in comparison to the fly
ash that has been subjected to extensive research
(Ahmaruzzaman, 2010; Cultrone and Sebastián, 2009; Kumar
et al., 2007; Toniolo and Boccaccini, 2017; Xu and Shi, 2018;
Zhuang et al., 2016), insignificant work has been reported on vol-
canic ashes; this is despite the fact that they exhibit promising
applications and can be easily procured from several unexploited
deposits in many parts of the world (Alemayehu and Lennartz,
2009; Al-Fadala et al., 2017; Lemougna et al., 2011; Zheng et al.,
2009). Due to their porosity, the mixture of scoria and pumice is
easier to develop and thus would be attractive for industrial prod-
ucts (Alemayehu and Lennartz, 2009). The origin of the magma
plays a key role in the composition and characteristics of the vol-
canic ash (Siddique, 2011). Many volcanic ashes exhibit a wide
spectrum of SiO2, Al2O3, CaO, Fe2O3, MgO, K2O, and Na2O as dom-
inant components. Other oxides may also be found in lower
proportions.

Generally, a large percentage of silica is present, as it is one of
the largest oxides in the Earth’s crust. Silica is found between 40

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2020.07.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jksus.2020.07.019
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:swraddadi@uqu.edu.sa
https://doi.org/10.1016/j.jksus.2020.07.019
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com


Fig. 1. Raw (on the bottom) and powder (on the top) volcanic ash of the selected
samples S3 (poor red color), S7 (white color), and S10 (black color).

Fig. 2. XRD pattern of powder volcanic ash S3, S7, and S10.

Fig. 3. Major and minor elements in the powder of all volcanic ashes by XRF
(expressed as wt. % oxides).
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and 52 wt% and 63–75 wt% in scoria and pumice, respectively
(Lemougna et al., 2011; Siddique, 2011; Demirdag and Gunduz,
2008; Hossain, 2005; Leonelli et al., 2007; Kani, et al., 2012;
Ohba and Nakagawa, 2002; Rocher, 1992; Seyfi et al., 2015;
Takeda et al., 2014; Tchakoute et al., 2013). It is found that the vol-
canic ashes contain minerals originating from magma. The miner-
alogical composition of these minerals depends on both, eruption
conditions and the magma configuration. The magma can have a
nearly amorphous phase or completely crystalline structures
(Lemougna et al., 2011, 2014; Nakagawa and Ohba, 2002; Serra
et al., 2015; Zhang et al., 2017). The scoria form has colors ranging
from black to poorly red and the pumice form has colors from black
to white, having a porous or vesicular structure (Paulick and Franz,
1997; Alemayehu and Lennartz, 2009). The desirable application of
the volcanic ash depends on the amount of amorphous phase, min-
eralogy, specific surface area, chemical composition, and particle
size distribution (Koshino, 2001; Langmann et al., 2010; Querol
et al., 2001; Kaid et al., 2009). The nature of Strombolian eruption
resulted in the production of numerous cone-shaped scoria within
the fields of basaltic lava found in the western area of Saudi Arabia.
These fields are known as Harrats. Although volcanic ash deposits
are abundant in these areas, little related work has been done in
Table1
Bulk density obtained by Ultrapycnometer.

Sample S3 S5 S6 S7 S9 S10 S12 S15

Bulk density (g/cc) 3.30 3.10 3.16 2.73 3.02 3.13 3.17 3.061

Table 2
Chemical composition of the different volcanic ashes from previous study and suggested applications for comparison.

Elements SiO2 Al2O3 CaO MgO Fe2O3 Na2O K2O TiO2 P2O5 MnO SO3 Potential
applications

Our samples 44.8–
71.6

10.8–
16.64

0.42–
8.94

3.57–
9.47

3.14–
14.70

3.45–
6.1

0.58–
3.62

0.15–
3.23

0.22–
1.46

0.07–
0.42

0.25–
0.04

–

Leonelli et al., 2007 44–47 14–16 8–10 3–7 10–14 3–4 1–3 2–4 0–0.7 0–0.5 – Ceramics
Serra et al., 2015 70.43 15.03 1.45 0.64 3.52 5.43 2.76 0.5 – – – Ceramics
Kaid et al., 2009 43–72 9–20 1–15. 0.5–7 1–12 0.5–11 0.2–8 – – – – Cement and

Concretes
Lemougna et al., 2014 43–55 15–16 6–11 3–7 8–14 4.1–

5.3
1.5–3 1.8-3.3 0.8–0.9 0.16-

0.2
– Geopolymers

Alemayehu and Lennartz,
2009

47.4-
68.6

8.9-21.6 1.8-
12.4

0.2-3.3 1.8-8.9 3.0-4.1 0.5-5.5 1.7-0.3 – – – Absorbents for Cd

Zheng et al., 2009 49.24 15.8 7.25 8.72 11.47 3.08 1.03 1.91 0.3 0.14 20-40 Lunar soil
simulant



Table 3
Trace elements for different samples collected from Harrat Rahat (S1, S5), Harrat Khaybar (S7, S9), and Harrat Lunayyir (S10, S15) (expressed in ppm by ICP–OES).

Elements S3 S7 S9 S10 S15

Ag <1 <1 <1 <1 <1
As <5.5 <5.5 <5.5 <5.5 <5.5
Ba 75.20 11.81 134.77 208.18 309.29
Be 1.69 24.34 1.33 1.67 2.09
Bi <10 <10 <10 <10 <10
Cd <0.5 <0.5 <0.5 <0.5 <0.5
Ce 34.58 224.32 35.05 55.08 83.28
Co 39.52 <1 36.70 32.27 24.67
Cr 88.93 16.14 237.37 18.27 124.40
Cu 45.85 1.88 54.99 30.26 25.21
Dy 3.83 28.62 3.03 5.14 7.54
Er 7.90 12.19 4.96 7.59 7.72
Eu <1 <1 <1 <1 <1
Ga <1 42.91 <1 <1 <1
Gd 6.00 24.75 4.33 8.13 10.06
Ge <1 <1 <1 <1 <1
Hf 1.82 50.63 2.02 2.94 5.06
Ho <1 5.86 <1 <1 <1
La 17.09 103.98 19.27 26.52 38.09
Li 5.33 108.39 5.81 7.18 11.83
Lu 1.48 2.75 1.15 1.41 1.80
Mo <2 2.42 2.35 2.83 14.59
Nb 17.97 222.97 28.05 32.47 38.01
Nd 20.69 86.29 17.53 27.44 41.27
Ni 58.35 1.74 126.94 19.38 12.67
Pb 6.04 44.69 7.10 7.05 9.08
Pr <5 25.83 <5 5.32 8.64
Rb 27.57 215.51 35.38 35.97 102.51
Sb <10 <10 <10 <10 <10
Sc 21.70 <1 20.34 16.74 14.75
Sm 1.12 22.70 1.81 3.43 7.33
Sn <10 24.55 <10 <10 <10
Sr 484.22 21.47 474.94 469.94 459.03
Ta <1 19.37 <1 <1 <1
Tb <1 6.11 <1 <1 <1
Th <10 37.37 <10 <10 <10
Tm <1 2.02 <1 <1 <1
U <10 12.30 <10 <10 <10
V 260.03 6.04 184.92 177.60 76.03
W <5 <5 <5 <5 <5
Y 23.01 194.39 17.25 31.84 46.02
Yb 3.10 20.60 2.28 4.09 5.28
Zn 94.28 304.96 110.06 106.74 122.09
Zr 209.67 2302.89 186.50 276.95 402.30
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utilizing its properties as a light-weight aggregate, which can be
used in building materials for construction and insulating pur-
poses. Hence, there is a dire need for innovative methods of prepa-
ration of smarter materials for applications in high-tech products
and raw materials for advanced technologies such as packaging,
sensors, additives, catalysis and polymer networks. Consequently,
certain applications of volcanic ash will lead to strategic and eco-
nomic trends.

The aim of this work is to explore the physicochemical proper-
ties of different volcanic ash samples collected from three different
places and suggest their potential applications. To the best of our
knowledge, such a study was never performed before on these
materials. The western region of the Kingdom of Saudi Arabia
has large reserves of natural volcanic ash (pozzolan) covering an
estimated area of 180,000 km2 (Sabtan and Shehata, 2000). The
phase and mineralogical characterization of the ashes was
achieved using X-ray diffraction (XRD), while the functional groups
of chemical contents were obtained by using Fourier transform
infrared spectroscopy (FTIR). Further, the chemical composition
was analyzed using X-ray fluorescence spectrometry (XRF), major
trace element detection and measurements were performed by
employing the inductively coupled plasma (ICP) technique and
morphological analysis was accomplished by scanning electron
microscopy (SEM).
2. Materials and methods

Fifteen samples of volcanic ash were collected from three sepa-
rate areas of Saudi Arabia including: Harrat Rahat (S1, S2, S3, S4,
S5), Harrat Khaybar (S6, S7, S8, S9) and Harrat Lunayyir (S10,
S11, S12, S13, S14, S15). The raw materials of the volcanic ashes
with particle sizes between 0.01 and 0.32 mm and different colors
such as black, poor red, and white are shown in Fig. 1. All the sam-
ples were ground by ball milling to obtain approximately 74 mm
sized homogeneous powders which were then sieved through
200 meshes to remove unwanted particles. Samples were selected
based on their physical appearance and chemical composition to
be further examined by XRD and FTIR. The samples (S3, S7, and
S10) were subjected to further measurements as they vary greatly
in both their appearance and chemical composition, while similar
samples were excluded. The crystalline phase composition and
mineralogy were carried out using XRD (Philips PW 1710
diffract-meter, equipped with Cu K and Ni-filter radiation). The
samples were scanned from 5� to 75�. The sample’s bulk density
was evaluated using Ultrapycnometer 1000. The FTIR characteriza-
tion of the raw and powder samples was done using Nicolet (iS50
FTIR), and recorded over the range of 4000–400 cm�1 at room tem-
perature. The chemical compositions of the ashes were determined
using X-ray fluorescence (XRF) for major and minor elements
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(SPECTRO – EXPOS) and inductively coupled plasma mass
spectrometry (ICP-OES) (Optical Emission Spectrometer –
Optima-8300). In order to measure the sample by XRF, 1 g powder
of volcanic ash was added to a platinum crucible with 8 g of
Lithium Borate (66.67% Li2B4O7, 32.83% LiBO2, 0.5% LiBr) and
mixed homogeneously. It was then transferred to the Fusion
System for 20 min. For trace elements measurements done by ICP-
OES (in ppm), the volcanic ash was crushed with HNO3:165 HClO4:
HF (2.5:2.5:5 ml, v/v), doubly evaporated to incipient dryness with
the addition 166 of HNO3, and finally the volume was made up to
100 ml with 1.0% (v/v) HNO3. The morphological analysis of raw
and powder samples of volcanic ash was performed by scanning
electron microscopy (SEM) (JEOL 7600) with a tungsten filament.
Fig. 4. FTIR spectra of: (a) raw volcanic ash samples S3, S7, and S10, (b) powder
volcanic ash samples S3, S7, and S10, and (c) sample S7 in raw and powdered form.
3. Results and discussion

The density measurement of samples was obtained by the
Ultrapycnometer as shown in Table 1. The samples have bulk den-
sity range of 2.73–3.30 g/cc. Sample S7 has the lowest density
(2.73 g/cc). This can be attributed directly to the molecular weight
of chemical oxides in the XRF results shown in Table 2. The sample
S7 has the lowest content of hematite (MW = 160 g/mol) and the
highest alumina content (MW = 60 g/mol) as compared to other
samples.

The XRD patterns of all samples show an existence of slight
amorphous phase. This result can be referred to the nature of rel-
atively rapid cooling of volcanic lavas. Fig. 2 shows the XRD of
powder samples S3, S7, and S10. After identification of the powder
data file, several minerals were found. In the sample S3, Albite (Na,
Ca) (Si,Al)4O8 and hematite (Fe2O3) are major constituents while
Augite is a minor component. Sample S7 contains mainly Quartz
(SiO2), and minor parts as Albite and Anorthoclase (Na,K)(Si3Al)
O8. For sample S10, the identification shows Albite as a major por-
tion and Anorthite as trace. However, the amorphous feature of sil-
ica present in the spectrum is considered as a main indication for
the ceramic exploitation of volcanic ash as it is effective at low
temperatures.

The chemical composition of all powder samples determined
using XRF is expressed as wt% oxides and presented in Fig. 3.
While, Table 3 gives the ICP-OES data for trace constituents (such
as heavy metals and rare earth elements) of all the powdered sam-
ples. Fig. 3 shows that volcanic ash includes various quantities of
silica (SiO2), alumina (Al2O3), calcium oxide (CaO), and iron oxide
(Fe2O3) as major elements; in addition to other minor oxides illus-
trated in the figure. The sample S7 has the highest percentage of
SiO2, as shown clearly in Fig. 3, and the lowest percentage of
CaO, MgO, and Fe2O3. Based on the content of silica, it is obvious
that the sample S7 is pumice, while other samples are scoria.
Few and varying proportions of loss on ignition (L.O.I) remain in
volcanic ash samples. The difference observed on (L.O.I) and the
chemical composition of volcanic ashes is due to the historical con-
ditions of volcanic eruption and volatile matter from the lower lay-
ers of Earth. Table 2 shows the comparison between the chemical
composition of our volcanic ash sample and other volcanic ashes
from the previous studies and suggested applications. In our sam-
ples, the results obtained showed that volcanic ash contains major
elements including SiO2 and Al2O3 that are around 44.8–71.6% and
10.8–16.64% respectively. The higher content of silica and alumina
showed that volcanic ash could be used essentially for applications
such as geopolymer synthesis. The classification depended on the
amount and the silica to alumina molar ratio of amorphous phase
(Djon Li Ndjock et al., 2017). The Hematite (Fe2O3) in our samples
has potential applications in different areas like magnetic storage
devices, catalysis, and sensors. The volcanic ash can also be used
as an adsorbent by aluminol and silanol as the active adsorption
sites (Kusmiyati et al., 2017). Our samples have quite high con-
tained silica which allows us to use it in replacement of Portland
cement, heat-insulating material, membrane filtration in wastew-
ater and silica polymer network. Also, the amount of (K2O + Na2O +
CaO) > 12 wt% indicates the possibility of their ceramic
exploitation.

As seen in Table 3, the volcanic ash contains trace elements
including toxic substances and rare earth elements. The character-
istics of the trace elements can provide valuable information
related to the geochemistry of volcanic ash and the release of toxic
elements into the environment that may have harmful impacts on
the ecosystem and health. Some of these elements create more fer-
tile soil and are beneficial to agriculture. Rare earth metals could be
used in several areas such as memory storage, batteries, fluores-
cent lighting, and catalytic converters, while other trace elements



Fig. 5. SEM micrographs of raw volcanic ash samples S3 (a–d), S7 (e–h), and S10 (j–m) at different magnification.

Fig. 6. SEM micrographs of powder volcanic ashes of samples S3 (a–d), S7 (e–h), and S10 (j–m) at different magnification.
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could be potentially poisonous and could have negative effects on
the environment (Ruggieri et al., 2012). The volcanic ash contains
very low quantities of hazardous metals like: Silver (Ag), Arsenic
(As), Cadmium (Cd), Chromium (Cr), and Lead (Pb) as shown in
Table 3. We found that the values of As and Cd have lower range
than Merapi volcanic ash were 8.948 and 1.30 mg/kg, respectively
(Salamah and Wahyuni, 2018), the concentration of Molybdenum
(Mo) is lower than Kelud volcanic ash were 31.4–42.7 mg/kg
(Lestiani et al., 2018) and the values for Copper (Cu) were lower
than in volcanic ashes from Copahue, Lonquimay, Llaima and Hud-
son in Chile and Argentina which varied from 41.05 to 108.70 mg/
kg (Ruggieri et al., 2010). Maximum values of Cu, Co, Cr, Ni, and Sc
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were observed in sample S6 while large concentrations of Zn, Mo,
and Pb were observed in Samples 7, 15, and 14 respectively. These
heavy metals are in similar concentrations for natural levels of
heavy metals in soil (Tchounwou et al., 2012).

The FTIR spectra obtained for the raw and powder ash samples
of S3, S7, and S10 are studied by a broad band as depicted in Fig. 4
(a–c). The bands between 500 and 900 cm�1 are attributed to the
ring vibrations of Si–O bonds of the silicate group. The main band
at about 1012 cm�1 is related to the stretching vibration of the Si–
O–Al bond (Djobo et al., 2016; Huang, et al., 2016). The bands
observed at 3420 and 1650 cm�1 correspond to the stretching
and bending vibrations of O–H bonds from the silanol group and
water molecules, respectively (Huang et al., 2016; Tchakouté
et al., 2015). The bands at 2948–2833 cm�1 might be attributed
to the C–H bond vibration of methane dissolved into the glassy
phase, while the absorption band at about 2360 cm�1 indicate
the presence of the CO2 molecule (Fine and Stolper, 1986). The
presence of CO2, water, and methane is common in aluminosilicate
glasses (Huang et al., 2016; Fine and Stolper, 1986). It is clearly
shown in Fig. 5 that the intensity of Si-O bonds increases with
decrease in the size of particles after grinding, in particular in
Fig. 5c for sample S7 which is in agreement with XRD measure-
ments. This result explains that after the grinding process the par-
ticle size decreases and the crystallinity changes.

Figs. 5 and 6 show the SEM analysis of the raw and powder sam-
ples at different magnification, respectively. Fig. 5(a–d) shows the
SEM micrographs of S3 samples with poor red particles, classified
as scoria type. Fig. 5(e–h) shows micrographs of S7 sample that
has white particles, classified as pumice type. Fig. 6(j–m) micro-
graphs of S10 sample that has dark particles, classified as scoria
type. It is possible to notice from Fig. 5 that the microstructure
and morphology of the raw ash samples S3, S7, and S10 were
different. All raw volcanic ash samples have different angular par-
ticles with various particle sizes in the range from nano to micro-
scale size. However, the shapes and sizes of the pumice particles
were different from scoria particles. Moreover, the surface
morphology of the pumice sample was characterized by smooth
surfaces with high porosity more than scoria samples and that
makes the pumice the lowest density. In general, all raw ash sam-
ples have irregular-shape morphology, non-uniform plate shape in
addition to remnants of wall vesicle rupture. In Fig. 6, the SEM of
powder volcanic ash of samples S3, S7 and S10 show a similar mor-
phology of raw volcanic ash with sharp edges indicating that the
grains suffered brittle fractures during the grounding processes.
These results were expected because the volcanic ash samples
are non-crystalline materials that confirmed using XRD analysis.
4. Conclusions

The crystalline phase, microstructure, chemical composition,
and morphology of different powder volcanic ash samples were
extensively investigated. The powder samples of volcanic ash
demonstrated clear variations in mineralogical, elemental compo-
sitions, and morphology. The chemical composition analysis of vol-
canic ashes showed a wide spectrum of elements, with the major
constituents being SiO2, Al2O3, CaO, and Fe2O3; whereas, K2O,
MgO, MnO, Na2O, P2O5, TiO2, and SO3 were the minor constituents.
Further, the trace elements (As, Mo, Cd, Cr, Cu, Mn, and Pb) and
rare earth elements were identified. These results can be used as
a scientific database for achieving new desirable properties. In
the future, the variety in mineralogy and chemical compositions
of volcanic ash samples can open up an avenue for wider industrial
applications. Moreover, environmental care and safety due to the
presence of small quantities of hazardous trace elements must be
given significant attention.
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