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A B S T R A C T

The physical properties of volcanic ashes (pumice and scoria) differ based on the locations and historical con-
ditions of the volcanic eruptions, affecting their utilization in applications. In this study, the effectiveness of nano
volcanic ash from Al Jabal Al Abyad in eliminating cadmium from aqueous solutions was investigated. Volcanic
ash powder was initially milled using a high-energy ball mill to obtain particles with sizes of approximately 500
and 100 nm that were used as adsorbents. The mineralogical and physicochemical properties of the volcanic ash
powder were determined using X-ray fluorescence spectroscopy, X-ray diffraction, Raman spectroscopy, and
Barrett–Joyner–Halenda analysis. Then, the characteristics of cadmium adsorption (from an aqueous solution) on
the volcanic ash powder and nano volcanic ash were determined using atomic absorption spectrophotometry by
varying the solution pH, contact time, and initial metal (Cd) ion concentration. Isothermal adsorption and kinetic
models were used to determine the analytical potential of the nano volcanic ash. Based on isothermal adsorption
analysis, the adsorption capacity increased from 31 to 166 mg/g at pH 6. The adsorption capacity of volcanic ash
was much more efficient than that of other natural absorbents owing to its chemical composition, the production
of nanoparticles from powdered volcanic ash, and the increase surface area of the adsorbent from 0.293 m2/g to
20.8735 m2/g. The results showed that the adsorption process occurred mainly via monolayer adsorption on the
homogeneous adsorbent surface, indicating the validity of the Langmuir adsorption isotherm model. The kinetic
model showed that the adsorption of Cd on nano volcanic ash followed the pseudo-second-order kinetic model.
The adsorption capacity results indicated that nano volcanic ash from Al Jabal Al Abyad is an applicable candidate
and economical adsorbent for removing heavy metals such as cadmium from industrial wastewaters.
1. Introduction

In recent years, there has been increasing concern regarding the
escalating pollution owing to the emission of heavy metals from
municipal and industrial wastewater into the environment [1, 2, 3, 4, 5,
6, 7, 8, 9]. Heavy metals such as cadmium, zinc, mercury, and chromium,
which are generally found in industrial wastewater, can pose environ-
ment and health hazards [10], leading to diseases such as cancer, car-
diovascular disease, and central nervous system dysfunction, even at low
concentrations, owing to their bioaccumulation in animal and vegetal
populations that constitute aquatic ecosystems, as well as their
non-biodegradability [10, 11]. The removal of heavy metals from
wastewater is very important for protecting the environment and human
health. Thus, several traditional techniques have been used to eliminate
these metals from industrial wastewater, including solvent extraction,
chemical precipitation, phytoextraction, electrodialysis, ion exchange,
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membrane filtration, and adsorption [5]. Most of these techniques are
not applicable for removing low concentrations of metal ions owing to
their high operational cost. Therefore, new low-cost local adsorbents
with high adsorption capacity are required for heavy metal removal.
Recently, various economical adsorbents that do not require
pre-treatment have been efficiently used to eliminate heavy metals from
wastewater and aqueous solutions [5, 12, 13, 14, 15, 16, 17, 18, 19].
However, the potential for adsorption depends on many parameters such
as the pH, adsorbent dosage, type of heavy metal, surface area, temper-
ature, and contact time. The capacity of previously studied natural ad-
sorbents (such as zeolites, rice husk ash, kaolinite, volcanic ash (pumice
or scoria), and perlite) for cadmium removal from aqueous media is
presented in Table 1. The data show that natural volcanic materials, such
as pumice and nano-pumice, have a maximum adsorption capacity (Qm)
of ~26 and 200 mg/g, respectively, for the removal of heavy metals [6].
Pumice is a type of volcanic ash with high porosity and a large specific
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Table 1. Adsorption capacity of different adsorbents from previous studies for
removal of cadmium from aqueous solution.

Adsorbent Maximum adsorption capacity (mg/g) References

Pumice 26 [6]

Nano-Pumice 200

Kaolinite 9.9 [15]

Montmorillonite 32.7

Bentonite 9.3

Montmorillonite 6.784 [14]

Montmorillonite 0.72 [16]

Kaolinite 0.32

Zeolite 21.24 [13]

Pumice 8.5

Diatomite 16.08 [17]

Perlite 0.64 [18]

Rice husk ash 3.02 [19]
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surface area of ~2.5–8 m2/g, with a pH of approximately 7; it is less
expensive than other adsorbents [6, 12, 20]. Pumice has been used as a
scouring, scrubbing, and polishing material, as well as a construction and
pharmaceutical material [21]. Recently, it has been used in water and
wastewater purification.

The high SiO2 and Al2O3 content of volcanic materials [22], such as
clays and zeolites [23], make them efficient adsorbents. Moreover, their
large surface areas [24] endow them with high adsorption ability. Ma-
terials with large amounts of silica (SiO2) and other metal oxides (e.g.,
Al2O3) can eliminate heavy metals from wastewater [25]. However, the
physical properties, such as the chemical structure, fineness, specific
surface area, and particle size of volcanic ash (pumice and scoria), differ
Table 2. Chemical composition of volcanic ash from XRF analysis.

Oxide SiO2 Al2O3 CaO Fe2O3 K2O M

weight % 71.62 10.87 0.42 3.14 3.62 0

Figure 1. XRD pattern of powdered particles of v
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in samples from different locations based on the historical conditions of
the volcanic eruptions, which can affect their utilization in applications.
The feasibility of using volcanic ash (pumice) from Al Jabal Al Abyad in
Saudi Arabia as an adsorbent has not yet been explored. Therefore, this
work aims at investigating the effectiveness of volcanic ash specimens
from Al Jabal Al Abyad in eliminating cadmium from aqueous solutions.
The chemical composition, surface properties, and crystal structures of
the pumice specimens were investigated using X-ray fluorescence (XRF),
Barrett–Joyner–Halenda analysis, and X-ray diffraction (XRD). The ef-
fects of decreasing the particle size of volcanic ash (pumice) to the nano
size regime on the adsorption capacity is investigated by varying the
cadmium concentration and contact time. The surface characteristics of
the nanosized adsorbents prepared using a high-energy ball mill are also
determined. High-energy milling has many advantages such as
simplicity, low cost, wide-scale applicability, and large-scale production
capability [26, 27]. In this technique, powder particles are subjected to
repetitive compressive loads by placing them between the contacting
surfaces of the balls. Milling induces different effects depending on the
nature of the milled materials [28, 29, 30]. Many coexisting ions are
present with Cd2þ in wastewater; however, this study only focused on the
efficiency of removal of Cd2þ using nano volcanic ash.

2. Materials and methods

2.1. Preparation of nano volcanic ash specimens

The volcanic ash used in this work was obtained from Al Jabal Al
Abyad located in the western region of Saudi Arabia. The raw volcanic
ash was milled in two stages in the mineral processing laboratory of
the Saudi Geological Survey, Jeddah, Saudi Arabia. In the first stage,
the volcanic ash was ground using a crusher unit to obtain a powder
gO MnO Na2O P2O5 TiO2 SO3 LOI

.24 0.07 6.08 0.22 0.15 0.05 2.60

olcanic ash specimen (P0) before ball milling.



Figure 2. FTIR spectra of powdered volcanic ash (P0) and nano volcanic ash (P2) a) before and b) after the adsorption of cadmium.
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with particle sizes less than 5 mm. In the second stage, the ground
volcanic ash was processed using a smoothing machine (Pulverizers
Agate; ROCKLABS, New Zealand) to form a soft powder. The volcanic
ash powder, which was passed through a 200 mesh, was used in high-
energy ball milling to prepare nano volcanic ash powder. The
powdered volcanic ash (P0) was subjected to high-energy ball milling
for different durations at the Center of Excellence in Nanotechnology,
King Fahd University of Petroleum & Minerals, Dharan, Saudi Arabia,
to obtain two samples (P1 and P2) with respective particle sizes of
~500 and 100 nm. Milling was performed in a 1400 cc jar (container/
alumina) at a speed of 3000 rpm, where the ball mill was loaded with
a powder-to-ball ratio of 1:20 (50 g of powder to 1 kg of balls (800 μm
size)) along with ZrO2. All three volcanic ash specimens (P0, P1, and
P2) were utilized as adsorbents in this study; P0 is the powder
3

volcanic ash specimen, and P1 and P2 are the specimens after high-
energy ball milling.

2.2. Preparation of cadmium solutions

Cadmium solutions and standardswere prepared using 3CdSO4⋅8H2O.
The required amount of Cd(II) salt was solubilized in doubly-distilled
water to obtain a 1000 mg/L standard stock solution. Various working
standards (25–300 mg/L) were obtained using diluting the stock solution
with distilled water; the concentration was measured using an atomic
adsorption spectrophotometer. The three volcanic ash specimens (P0, P1,
andP2) (100mgeach)weremixedwith 50mLof Cd2þ solutions of various
concentrations (50, 100, 200, and300mg/L) at pH6 for 60min to reachan
equilibrium. The isothermal adsorption and kinetics were studied using



Figure 3. Desorption isotherms of the three volcanic ash powder specimens.
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variousmodels. The spent Cd-coated pumicewas separated fromwater by
using a filter paper, and it was subsequently treated for reuse in other
applications.
Table 3. Surface parameters and particle size of the volcanic ash specimens.

Surface parameters

Surface area (S) BJH adsorption cumulative surface area (m2/g)

t-plot external surface area (m2/g)

Pore volume (Vp) Pore volume (cm3/g)

Pore size (dav) Average pore diameter (nm)

Nanoparticle size Average particle size (nm)
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2.3. X-ray fluorescence spectroscopy, X-ray diffraction, and FTIR analysis

The chemical composition, as well as the major and minor oxides, of
the powder volcanic ash specimenwere analyzed using X-ray fluorescence
spectroscopy (XRF) (SPECTRO–EXPOS) [31, 32]. A 1 g sample of volcanic
ash powder was placed in the platinum crucible and mixed with 8 g of
lithiumborate, transferred to the fusion system and kept for approximately
20 min, and converted to a glass disk. X-ray diffraction (XRD, Bruker D8
Advance (Bruker, USA)) with Cu-Kα radiation (Kα ¼ 1.54 Å) in the 2θ
range of 5–75� was used to determine the phase of the minerals in the
volcanic ash specimens [31, 32]. The powder (P0) and nano volcanic ash
(P1 and P2) specimens were characterized by Fourier-transform infrared
(FTIR) using a Nicolet iS50 FTIR system with a diamond-attenuated total
reflection accessory (Thermo Scientific, Massachusetts, USA). The FTIR
analysis was performed at room temperature in the range of 4000–400
cm�1 to identify the functional groups and adsorbent properties. Focus
was placed on the cadmium adsorption ability of the nano volcanic ash
samples as a cationic model compound [6, 33, 34, 35].

2.4. Determination of particle size and surface characteristics

The particle sizes of all volcanic ash specimens were measured using a
particle size analyzer, at 25 �C. The surface properties of the volcanic ash
and nano volcanic ash specimens were determined using the Bar-
rett–Joyner–Halenda (BJH) method [31]. The specific surface area, pore
volume, and pore size of the powdered volcanic ash and nano volcanic
ash specimens were determined from N2 adsorption–desorption iso-
therms at 77 K using a Micromeritics ASAP 2020 instrument. For accu-
rate measurements, the samples were initially degassed under vacuum
for approximately 6 h to remove surficial water and other contaminants.
Approximately 0.6 g of volcanic ash was placed in a glass tube, degassed,
and analyzed using the relevant instrument. The data from this experi-
ment are presented in the form of an isothermal adsorption curve, which
delineates the relationship between the quantity of gas adsorbed and the
relative pressure.

3. Results and discussion

3.1. XRD, XRF, and FTIR determinations

The XRF data for the volcanic ash specimens are presented in Table 2.
The volcanic ash powder consisted mainly of silica (SiO2) and alumina
(Al2O3), along with small amounts of calcia (CaO), iron oxide (Fe2O3),
potassium oxide (K2O), magnesium (MgO), manganese monoxide (MnO),
sodium oxide (Na2O), phosphorus pentoxide (P2O5), titanium dioxide
(TiO2), sulfate (SO3), and a small proportion of loss on ignition (L.O.I.) that
remained in the samples owing to volatile matter from the lower layers of
earth. The chemical composition is attributed to the historical conditions
of the volcanic eruptions [21, 31, 32, 36]. The high content of SiO2 and
Al2O3 on volcanic materials make them efficient adsorbents [22, 23].

Volcanic ash is classified as pumice and scoria depending on the silica
content. The specimen containedmore than 50% silicon oxide, indicating
that it was pumice [21, 31, 32, 36].

Figure 1 displays the XRD pattern of the volcanic ash powder. Both
amorphous and crystalline phases were present in the volcanic ash. The
Specimen number

P0 P1 P2

0.293 7.9113 20.8735

0.2558 7.3857 17.3267

0.00548 0.032279 0.046495

74.7660 16.1282 8.9100

1117 575 100



Figure 4. Influence of pH on cadmium adsorption in nano volcanic ash specimens.
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volcanic ash (pumice) contained a large quantity of silica in the form of
quartz (SiO2), as well as crystalline minerals such as albite, anorthoclase,
and ilmenite [32].

The FTIR spectra of the powder and nano volcanic ash specimens
before and after adsorption of Cd were analyzed to investigate the
adsorbent properties by focusing on the broad band in the range of
500–900 cm�1 (Figure 2(a), (b)), corresponding to the Si–O stretching
vibration. The peak at approximately 1012 cm�1 is attributed to the
Si–O–Al functional groups [37, 38, 39, 40]. The peaks at 3420 and 1650
cm�1 are attributed to the presence of silanol (O–H) functional groups
and water molecules, respectively [37, 38, 41]. The peaks at 2948–2833
cm�1 are related to the stretching vibration of C–H in methane dissolved
in the glassy phase, whereas the peak at approximately 2360 cm�1 in-
dicates the existence of CO2 molecules [32, 40].

These results indicate that the particle size decreased and the crystal-
linity changed upon grinding. The FTIR spectrumof the powdered volcanic
ash was the same as that of the nano volcanic ash before the adsorption
procedure. Although, the peak intensity for nano volcanic ash decreased in
comparison to that of the volcanic ash powder, which corresponded to
fewer nano volcanic ash particles. The FTIR spectra of the powder and nano
volcanic ash specimens showed the same trend before and after cadmium
adsorption; however, the adsorption of Cd led to an increase in the peak
intensity owing to the interaction of the functional groups and cadmium
ions, as presented in Figure 2(a), (b). The hydroxyl groups [Si (OH)x�n]
and [Al (OH)y�m], in the volcanic ash samples are very important for the
adsorption of Cd2þ ions owing to the tendency of the silicon atoms on the
surface groups to undergo tetrahedral coordination with oxygen, enabling
them to adsorb positively charged metal ions [6].

3.2. Particle size, surface area, and porosity measurements

The particle sizes of the three volcanic ash specimens were determined
using a particle size analysis technique. The surface properties of the ground
volcanic ash were evaluated using the Barrett–Joyner–Halenda (BJH)
analysis of thedesorption isotherm. The experimental isotherms of the three
powder volcanic ash specimens are shown in Figure 3. The particle sizes,
specific surface areas, total pore volumes, and average pore radius of the
adsorbent specimens are listed in Table 3. These properties indirectly
5

affected the adsorption capability of the specimens. Previous studies [6, 41]
have shown that increasing the surface area of the material by decreasing
the size to the nano level can increase the adsorption capacity.

The analysis showed that the particle size of the powder was 1117
nm. Upon ball milling, the particle size of the volcanic ash decreased to
575 and 100 nm. The specific surface area increased from 0.293 m2/g
for the powdered volcanic ash to 20.8735 m2/g for the volcanic ash that
was ball-milled for 7 h. The specific surface area is a very important
factor in determining the efficacy of the materials in several applica-
tions, such as water purification, where increasing the surface area of
the particles increases their adsorption ability. The pore volumes and
average pore diameters of the volcanic ash specimens were in the range
of 0.00548–0.046495 cm3 g�1 and 7.47–8.91 nm, respectively
(Table 3).

3.3. Influence of pH

The solution pH is an important factor influencing adsorption efficacy,
particularly the adsorption capacity. To determine the influence of pH, 0.1
g of nano volcanic ashwas added to 50ml of cadmium solution (100mg/l)
with various initial pH values (3,4, 5,6, 7, and 9) at room temperature (RT)
and agitated at a speed of 500 rpm for 60min. The adsorption capacity can
be determined by applying Eq. (1), where qe refers to the Cd2þ adsorbed by
the volcanic ash (mg/g); Co and Ce are the initial and equilibrium con-
centrations of Cd2þ ions in solution (mg/L), respectively; V is the volume
(L); and M is the weight of the volcanic ash (g).

qe ¼ðCo � CeÞV
M

(1)

Figure 4 shows the cadmium adsorption capacity of the nano volcanic
ash specimens at various pH. The adsorption capacity of the nano vol-
canic ash specimens for the removal of cadmium ions increased as par-
ticle size decreased, irrespective of the pH. Notably, as the pH increased,
the adsorption capacity of the P0, P1, and P2 samples increased from 16
to 37.7 mg/g, 37.5–43 mg/g, and 38.1–46 mg/g, respectively. The op-
timum pH of 6 is close to the natural pH of pumice. Therefore, pH 6 was
selected for further experiments in order to avoid the precipitation of
insoluble Cd2þ hydroxides [6, 18].



Figure 5. Cadmium adsorption on volcanic ash specimens (P0, P1, and P2) as a
function of contact time at pH 6.0 and 25 �C.
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3.4. Influence of contact time on Cd adsorption

The adsorption of Cd on the volcanic ash powder (P0) and the ball-
milled volcanic ash (P1 and P2) specimens at different Cd concentra-
tions (50, 100, 200, and 300 mg/L) as a function of the contact time are
presented in Figure 5(a), (b), and (c). The Cd adsorption capacity of the
volcanic ash specimens increased with increasing contact time, where
equilibrium conditions were reached within 10 min, after which the state
of the system remained constant. This rapid rate of cadmium adsorption
in the early period is due to the availability of a large number of vacant
adsorption sites on the adsorbent surfaces, whereas as the time increased,
the remaining vacancies became occupied [6, 42, 43]. After 60 min, the
initial cadmium concentration increased from 50 mg/L to 300 mg/L. The
amount of cadmium adsorbed by P0, P1, and P2 increased from 18.1 to
6

30, 15. 25 to 80.8, and 19.1 to 101, respectively. In other words, with a
decrease in the particle size of the volcanic ash, the cadmium adsorption
capacity increased owing to the increased surface area of the specimens.
This result is consistent with that reported in a previous study [6].

3.5. Adsorption kinetics

Analysis of the adsorption kinetics is an important approach for
determining the rate of adsorption of the adsorbate from aqueous solu-
tions and understanding the reaction mechanism. The pseudo-first order
and pseudo-second order models were used to determine the rate of
adsorption and to evaluate the kinetics parameters [6, 18]. The kinetics
data for Cd2þ adsorption on nano volcanic ash were investigated using
these models. The pseudo first-order and pseudo second-order equations
can be expressed using Eqs. (2) and (3), respectively.

logðqe � qtÞ¼ log qe �ðk1 =2:303Þ t (2)

t
qt
¼
�
1
vO

�
þ
�
1
qe

�
t (3)

where k1 (1/min) and k2 (mg/g min) are the rate constants of adsorption
for the pseudo first-order and second-order models, respectively; qe (mg/
g) is the quantity of metal ions adsorbed at equilibrium, qt (mg/g) is the
quantity of metal ions on the surface of the adsorbent at time t (min); and
vO ¼ k2qe 2 is the initial adsorption rate (mg/g min). The kinetics pa-
rameters (k1, k2) and adsorption capacity (qe) of nano volcanic ash from
the two models were determined from the slope and intercepts of the
respective plots of log (qe – qt) versus t (Figure 6(a)) and t/qt versus t
(Figure 6(b)). The kinetic parameters and correlation coefficients from
both models are presented in Table 4. The adsorption kinetics fit well to
the pseudo-second-order model (Figure 6(b)). The correlation coefficient
for the pseudo-second-order model was higher than 0.99 for cadmium
adsorption on all volcanic ash samples (P0, P1, and P2). The theoretical
qe values were close to the experimental qexp values. Therefore, the
adsorption of Cd2þ on nano volcanic ash follows the pseudo-second order
kinetic model. The k2 values determined from the pseudo-second order
kinetics model for Cd adsorption on nano volcanic ash decreased with
increasing Cd concentration, indicating that the rate of Cd2þ adsorption
on nano volcanic ash decreased with increasing Cd concentration. The k2
values for cadmium adsorption on P1 and P2 nano volcanic ash were
lower than 200 mg/L, but they were higher than that of P0, which in-
dicates that P1 and P2 adsorbed Cd ions faster than the P0 sample. This
result is in agreement with the result reported in a previous study [6].

3.6. Influence of concentration

The effect of the initial concentration of cadmium on the adsorption
capacity of the volcanic ash specimens is presented in Figure 7. When the
cadmium concentration was increased from 25 to 300 mg/L, the amount
of cadmium adsorbed by the volcanic ash specimen with a size of 1117
nm increased, reaching equilibrium at 30 mg/g, with an initial concen-
tration of 100 mg/L. The quantity of cadmium adsorbed on the volcanic
ash specimens with particle sizes of 557 and 100 nm increased from 8.7
to 80.8 mg/g and from 10.9 to 101 mg/g, respectively. However, the
adsorption capacity declined, as shown in Figure 8. The high cadmium
adsorption percentage achieved with nano volcanic ash at 300 mg/L
indicated higher adsorption capability of the nano volcanic ash speci-
mens (P1 and P2) than that of the powder volcanic ash at elevated cad-
mium concentrations. These obtained results are consistent with those
reported previously [6].

3.7. Adsorption isotherm models

The distribution of metal ions between the liquid phase and adsorbent
can be described using the Langmuir and Freundlich adsorption isotherm



Figure 6. Pseudo (a) first- and (b) second-order adsorption kinetics models of cadmium adsorption on volcanic ash specimens (P0, P1, and P2); initial cadmium
concentration ¼ 100 mg/L; pH ¼ 6.0; 25 �C.

Table 4. Kinetic parameters from pseudo first- and second-order models for Cd2þ adsorption on the volcanic ash specimens at pH 6.0 and 25 �C.

Sample Number Initial concentration (mg/L) qexp (mg/g) Pseudo first-order Pseudo second-order

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g/mg⋅min) R2

P0 50 18 11.66 0.089 0.9774 18.52 0.033 0.9990

100 26.43 16.98 0.089 0.9774 26.29 0.0235 0.9990

200 29.5 19.05 0.089 0.9774 30.3 0.02098 0.9990

300 30 19.50 0.089 0.9774 30.58 0.02096 0.9990

P1 50 15.25 8.39 0.082 0.9587 15.43 0.052 0.9994

100 32.92 18.19 0.082 0.9587 33.28 0.0242 0.9994

200 57.51 31.62 0.082 0.9587 58.82 0.013 0.9994

300 80.8 44.67 0.082 0.9587 81.96 0.009 0.9994

P2 50 19.06 9.12 0.078 0.9334 19.23 0.05 0.9995

100 40.76 19.498 0.078 0.9334 39.23 0.0255 0.9995

200 71.88 34.67 0.078 0.9334 72.46 0.014 0.9995

300 101 47.86 0.078 0.9334 102 0.009 0.9995
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Table 5. Langmuir and Freundlich parameters for the adsorption of cadmium by
volcanic ash specimens at pH 6.0 and 25 �C.

Type of adsorbent Langmuir model Freundlich model

Sample Number QO (mg/g) b (l/g) R2 n KF (l/mg) R2

P0 31.27 0.108 0.9999 0.200 6*10�6 0.9307

P1 156.25 0.016 0.9230 0.797 0.532 0.9919

P2 166.66 0.006 0.9177 0.695 0.121 0.9816

Figure 7. Cadmium adsorption on volcanic a

Figure 8. Amount of cadmium adsorbed on volca
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models, which can be used to evaluate the nature of the adsorption
process. These models were used to interpret the equilibrium isotherm
data. The Langmuir model of the adsorption process is valid when the
adsorption occurs in the homogeneous adsorbent surface using mono-
layer sorption. While, the Freundlich model can be applied for non-ideal
sorption on heterogeneous surfaces and to multilayer sorption. The
Langmuir and Freundlich models can be expressed using Eqs. (4) and (5),
respectively.
sh specimens at different concentrations.

nic ash specimens at different concentrations.
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Ce

qe
¼ Ce

QO
þ 1 bQO (4)
� � �

qe ¼KFC1=n
e (5)

where Ce is the concentration of unadsorbed metal ions in the filtrate
(mg/mL) at adsorption equilibrium and qe is the amount of metal ions
adsorbed by the adsorbate (mg/g). Qo and b are the Langmuir constants
for volcanic ash, which Qo is the maximum cadmium adsorption capacity
(mg/g) and b describes the nature of adsorption and the shape of the
isotherm (L/mg). KF is a constant that refers to the adsorption capacity
and 1/n is an empirical parameter referring to the adsorption intensity,
that varies with the heterogeneity of the material. A linear plot of Ce/qe
against Ce gives a straight line with a slope of 1/Qo and an intercept of 1/
Qo⋅b. The Freundlich parameters KF and n can be determined from the
intercept and slope of the linear plot of log (qe) versus log (Ce). The
Langmuir adsorption isotherm model can also be described using the
equilibrium parameter, RL expressed by Eq. (6).

RL ¼ 1
ð1þ bCoÞ (6)

The adsorption isotherm data strongly support monolayer adsorption
on a homogeneous adsorbent surface, as the main process (see Table 5).
Based on the Langmuir model, the maximum Cd2þ adsorption capacity of
the P0, P1, and P2 samples was 31.27, 156.25, and 166.66 mg/g,
respectively, which presents the potential applicability of P2 for the
removal of Cd2þ ions from aqueous solutions. This result may be due to
the increase in the surface area along with the decrease the particle size
because the ability of adsorption increases with increasing the surface
area of the particles [6]. However, the maximum capacity for Cd2þ

adsorption in this work is larger than the maximum adsorption capacities
of different adsorbents that reported in previous studies [13, 14, 15, 16,
17, 18, 19]. On the other hand, it was reported in earlier studies by
Khorzughy et al. [6] that the maximum capacity for Cd2þ adsorption
using nano-pumice was 200 (mg/g) which is larger than the maximum
adsorption capacity for this study. The Langmuir correlation coefficient
(R2) of 0.99–0.92 for the adsorption of Cd2þ on the volcanic ash samples
of this study, indicates that the Langmuir model effectively describes the
adsorption of Cd2þ. Moreover, the RL value for Cd adsorption onto vol-
canic ash was between 0 and 1. Along with the type of isotherm, these
values support a highly favorable adsorption process according to the
Langmuir model. The n value for Cd adsorption on all volcanic ash
samples was lower than 1, indicating an unfavorable adsorption process
based on the Freundlich model. This result is not consistent with that
reported a previously [6], which showed that the Cd adsorption on
nano-pumice followed the Freundlich model (R2 ¼ 0.9939).

4. Summary

The efficiency of cadmium removal from aqueous solution was
investigated using nano volcanic ash from Al Jabal Al Abyadwith particle
sizes of approximately 500 and 100 nm. Volcanic ash was subjected to
high-energy ball milling to obtain nanosized powder with large specific
surface area and high adsorption efficiency. The adsorption of Cd (from
aqueous solution) on the nano volcanic ash powder was characterized
using atomic absorption spectrophotometry by varying the pH, contact
time, and initial metal (Cd) ion concentration. From all measurements,
the following significant conclusions can be drawn.

i. XRF analysis showed that the volcanic ash (pumice) consisted
mainly of silica and alumina along with small amounts of other
oxide metals. The high content of SiO2 and Al2O3 makes the vol-
canic ash efficient adsorbent.

ii. The XRD pattern of the volcanic ash powder displayed both
amorphous and crystalline phases, which contained a large
9

quantity of silica in the form of quartz as well as crystalline min-
erals such as albite, anorthoclase, and ilmenite.

iii. Surface property measurements revealed that the specific surface
area of volcanic ash increased from 0.293 m2/g for powdered
volcanic ash (P0) to 20.8735 m2/g for the volcanic ash sample
(P2) obtained after 7 h of ball milling.

iv. The results of the adsorption experiments showed that the amount
of Cd adsorbed by volcanic ash increased with increasing pH, and
the optimum pH was 6.0.

v. The cadmium-nano volcanic ash systems attained equilibrium
within 10 min.

vi. Isothermal studies showed that the adsorption of Cd on nano
volcanic ash follows the Langmuir model.

vii. The data obtained from the Cd adsorption kinetic studies best fit
the pseudo-second-order kinetic model.

viii. The maximum capacity of the volcanic ash samples increased as
the particle size decreased to the nano level, where the Cd
adsorption capacity increased from 31 to 166 mg/g for the P0 and
P2 samples, respectively.

ix. The efficient adsorption capacity of volcanic ash nanoparticles
from Al Jabal Al Abyad makes it a promising low-cost and suitable
adsorbent material for removing Cd from industrial wastewater.
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