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ABSTRACT: The possibility of using volcanic ash soils (VAS) or Andisols as a low-cost and natural adsorbent
is investigated in this study for the removal of Cr (V1) from synthetic wastewater. Andisols can be used as adsorbent
because they are characterized by the presence of non-crystalline secondary minerals such as allophane and imogolite
that show variable charge characteristics and have the ability to retain cations and anions. The adsorption of Cr on
to two VAS from Mt. Isarog and Mandalagan (B-Horizon), Philippines, was carried out at ambient temperature
using batch adsorption studies. The effects of different parameters such as amount of adsorbent, contact time, initial
Cr concentration and pH of the solution were investigated. The results showed that the VAS from Isarog is more
effective in the removal of Cr than in Mandalagan. The maximum removal efficiency of the Isarog soil for a Cr
concentration of 10 mg/L reached 89% with a dose of 20 g/L at a moderately acidic pH of 3. The Mandalagan soil on
the other hand could remove only 65% at the same pH conditions and parameters. The difference in the removal of
the two soils may be attributed to their physico-chemical properties in which the Isarog soil has higher clay content,
porosity and lower bulk density. Isarog soil has fine particles with higher surface area and more active non-
crystalline minerals and thus has higher removal efficiency than Mandalagan soil. Based on the results, the use of
VAS from lIsarog appears to be economical and an alternative to commercially available adsorbents for the removal

of Cr from contaminated wastewater.
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INTRODUCTION

The removal of Cr from contaminated wastewater is
necessary because of its high toxicity to living
organisms. It is both a mutagen and carcinogen at low
sub-ppm levels (Stewart, et al., 2003). It is highly soluble
in aquatic environment and can be readily adsorbed
by living organisms. Once it accumulates in living
organisms beyond the allowable concentration, it can
cause severe health problems (Kurniawan, 2002).
Prolonged exposure to even small concentrations can
cause lung cancer, liver and kidney damage and
reproductive problems (Terry, 2004). The cationic
trivalent chromium on the other hand is an important
mineral supplement and it is less mobile compared to
Cr (Stepniewska, et al., 2004). Several technologies
have been developed for the removal of chromium in
aqueous solutions over the years. The most significant
of these techniques include chemical precipitation,
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filtration, reverse osmosis, ion exchange by resin, and
membrane systems. The major drawbacks from these
technologies include incomplete removal, high reagent
and energy requirement, generation of toxic sludge,
and high operational cost (Esmaili, et al., 2003). In recent
years, adsorption has been shown to be an alternative
method for removing dissolved metal ions from liquid
waste. In order to minimize the cost, extensive research
using low-cost adsorbents including various kinds of
soils and clay materials has been carried out in several
investigations (Potgeiter, et al., 2005, Okada, et al.,
2005). Cationic heavy metal retention in soils is due to
its strong adsorption onto the negatively charged soil
surfaces, the ability to form complex molecules with
organics found in the soil and the formation of oxides,
hydroxides and other insoluble minerals in soil (Stewart,
et al., 2003). Several kinds of crystalline clay minerals
such as zeolites, kaolinite and montmorillonite also
appear to be suitable for the removal of heavy metal



S. Babel, E. M. Opiso

cations. Such efficiency of claysisa result of their
chemical and mechanical stability, high surface area,
permanent negative charge and a variety of surface
and structural properties(Krishna, et al., 2000). From
the experimental studieson Cr by Fendorf, (1994), it
was concluded that Cr isappreciably retained in soil
colloids with net positive charge dueto its anionic
nature and is adsorbed by a variety of soil phases
with hydroxyl groups on their surfaces such asthose
present in kaoliniteand montmorillonite (Bradl, 2004).
Competitive ion displacement studies in soil have
also shown that Cr is retained much more strongly
than anions such as Cl- and SO, and that its
retention strength approaches that of phosphate
(Fendorf, 1994). Moreover, anions, particularly PO,
and AsO, are specifically adsorbed in soil mainly on
variabl e charge mineral s (pH-dependent charge) such
as allophane and imogolite. Soils like Andisols
(volcanic ash soil) are dominated in its colloidal
fraction by these variable charge soil mineralsthat
could adsorb up to more than 1000 mmol/kg of PO,
and AsO, depending upon the amount of these
mineralsasreported in the study of Violante, et al.,
(2002). Andisols can also adsorb large amounts of
other anions such as sulfate, molybdate and fluoride
(Zevenbergen, et al., 1996). Hence, research on the
application of volcanic ash soil asan alternative low
cost adsorbent for theremoval of Cr in contaminated
wastewater is very important. In this paper, the
possibility of using volcanic ash soils (VAS) to
remove Cr from agueous solution was investigated
using batch adsorption studies. The properties of
VA S and surface functional groupswere also studied
in order to understand the adsorption mechanism
and efficiencies of the two soils. The effect of
various factors such as initial pH and amount of
adsorbent on the removal efficiency of VAS were
also studied. Thedata on adsorption isothermswere
also presented using Langmuir and Freundlich
models to describe the adsorption kinetics. The
major research wascarried out in the Environmental
Technology Laboratory of Sirindhorn International
Institute of Technology, Thammasat University,
Pathumthani, Thailand. Some of the analysis was
donein the Faculty of Science Laboratory, Thammasat
University. The soil sampleswere collected from Mt.
I sarog, Camarines Sur and Mt. Mandalagan, Negros
Occidental in the Philippines. The research of this
paper was carried out from March to October 2006.
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MATERIALSAND METHODS
Preparation and characterization of adsorbents
The two kinds of volcanic ash soil (VAS) used in
this study were abtained from the Philippines at the
foot slopes of Mt. Isarog, Camarines Sur and Mt.
Mandalagan, Negros Occidental. The soil sampleswere
taken inthe B-horizon and werekept in thefie d-moist
dtate to prevent possible irreversible changes upon
drying. The soil samples were air-dried before the
experiment and were crushed to pass a 2 mm sieve.
Only the clay fraction passng lessthan the2 mm sieve
was used as adsorbent for the study. The physical and
chemical properties of the soil samples were also
determined. The soil pH by NaF was determined by
Blackmore method; organic carbon content was
determined by theWalkley and Black method; organic
matter was determined by multiplying Van Bemmelen
Factor to organic carbon, bulk density was obtained
by paraffin clod method, porosity was determined by
water saturation method (Smith, et al, 1976). Clay
mineral ogy and the different surface functional groups
were analysed using XRD-analysis and FTIR
spectroscopy, respectively.

Instrumentation

A CECIL/CE model 1021 series spectrophotometer
was employed to measure the residual metal ion
concentration by colorimetric method. The pH of the
solutions was measured using a pH meter with glass
electrode. A mechanical shaker model Sseriker 11 PNP
was used for shaking thedifferent adsor ption batches.
Thetreated samplewas centrifuged using NUVE model
NF 800. GF/C filter was used to separatethe soil from
thesol ution after centrifugation. An analytical balance
model Metler Toledo (PB 602-S) wasused for weighing
the soil and other chemicals. The clay minerals were
analysed by using aBruker AXSGMBH X-Ray Powder
Diffractometer. The FTIR Elmer-Perkins Systems 2000
model was used to determine the different surface
functional groups responsiblefor the retention of Cr.

Experimental procedure

Stock solution of 500 mg/L of Cr as a source of
synthetic wastewater was prepared by dissolving
0.7071 g of analytical reagent grade of K_Cr,O,in 500
mL deionised water. Threedifferent Cr concentrations
of 5, 10 and 25 mg/L were prepared by diluting
appropriate amounts from the stock solution. The
adsorption studies were conducted using a batch
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technique at ambient temperature. Suitable amounts of
soil ssmplewereplacedin different Erlenmeyer flasks
of 250 mL capacity containing 50 mL of Cr metal
solution of known concentration and pH. The
experiments were carried out at original pH of the
solution except when the effect of pH and contact time
were studied. The pH of the solution was adjusted to
the desired value by adding dilute HCI or NaOH
solutions. The solutionswere shaken at 150 rpm for 3
h except when the effect of contact time was
investigated. At the end of the shaking period, the
suspensions were centrifuged at 4000 rpm for 20
minutes and were then filtered using GF/C. The Cr
concentration of the supernatant in each flask was
analysed by colorimetric method using a
spectrophotometer at 540 nm. The soil used as
adsorbent after the treatment was analysed by IR-
spectroscopy to understand the mechanism of
adsorption of Cr. The contact timewasvaried from 1-
12 h, the dose of adsorbent from 10 to 60 g/L and the
pH from 2-7.

Adsorption isotherms

In this study, the adsorption isotherms were
determined for the two volcanic ash soils. Soil
suspensions of 5 to 25 g/L in 50 mL of 10 mg/L Cr
solution were shaken at ambient temperature at
optimum pH and contact time. The suspensionswere
centrifuged and theresidual Cr was determined from
the filtered supernatant solution using a
spectrophotometer and theamount of Cr adsorbed was
calculated. The sorption datahave been correl ated with
suitableisotherm. Langmuir and Freundlich isotherm
models were fitted to the adsorption data and their
constants were determined and evaluated. The
conformity of the model with theexperimental datawas
expressed by the correlation coefficient (R?).

Table 1: Physico-chemical properties of studied soils

Properties Mt. Isarog Mt. Mandalagan
Color
A-Horizon Black Brown
B-Horizon Dark Brown Yellow Brown
Texture Loam Sand
Clay (%) 44.2 5
Bulk Density (g/cc) 0.64 0.978
Porosity (%) 75.84 52.74
pH (NaF) 9.5 11.28
Organic C (%) 2.82 247
Organic Matter (%) 485 4.25

RESULTS
Adsorbent characterization

The two vol canic ash soils used as an adsorbent for
Crinthisstudy areclassified as Hydric Melanudand for
Isarog and Vitric Hapludand for Mandal agan based on
the criteria of the International Committee in the
Classification of Andisols ICOMAND) (Otsuka, et al.,
1988). These soils are commonly called Andisols and
are one of the mgjor soil ordersin the soil taxonomy.
Andisolsmainly result from thefast weathering of fine
basaltic, andesitic or trachytic ashes, and recent
pyroclastic deposits through hydrolysis of volcanic
glassand make compl ex compoundswith organicacids.
TheB-horizonstypically arel camy and puffy dueto low
density and to high alophane and water content, and
they till contain a considerable amount of humus (1to
5% organic matter) despitetheir light color. Inthefield,
B-horizonsappear massive, without aggregates, but rich
in microporogity (Perret, et al., 1999). The physico-
chemical properties of the studied volcanic ash soils
which confirmed their typical characteristicsareshown
inTable 1. It can be seen that theaccumul ation of organic
matter in Isarogismore prevalent than in Mandal agan
based on the color difference between the A-horizon of
the two soilsin which the color of the former is black
compared to brown of the latter. The reason for high
humus accumulation is stabilization of humus by
complexation with Al (Nanzyo, 2002). Thetwo soilsaso
differ in their bulk density in which the Isarog soil is
much lighter and much more porous. Moreover, the
higher val ue of the percentage amount of clay in Isarog
may confirm that a higher degree of weathering
processes occurred compared to the other soil. Based
on these observations, it can be said that the volcanic
ash soil from Isarog may contain more amorphous
secondary minerals and non-crystalline mineral humus
complexes in their colloidal fractions as compared to
Mandalagan. The higher value of pH (NaF) which is
greater than 8 of the two VAS, dso indicates that the
sampl escontain large amounts of allophane.

Clay mineralogy and surface functional groups

The secondary clay minerals of volcanic ash soil,
particularly Andisols are dominated by short-ranged
order minerals(non-crystalline minerals). Among the
most common are allophane and imogolite and they
show variable charged characteristics, high phosphate
retention capacity and high affinity for multi-valent
cations(Nanzyo, 2002).
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These amorphous minera son theother hand cannot
be easily detected by XRD. The XRD-analysisreveded
that most of the peaks observed matched with SO, or
H,S0, and CaS OH. Thesecompoundscan beassoci ated
withtheprimary mineralssuch asquartz and fedspar.In
addition, the peak for COOH was al so observed from
the Isarog soil samples confirming its high organic
matter content.However, the study of Otsuka, et al.,
(1988) of the volcanic ash soil in Mt Isarog and Mt.
Mandal agan tested positive in the allophane test. X-
ray Diffractogram of their claystreated with Mg++, K+
and glycerol also showed broad peaks that
corresponded toimogoalite. Similar findingswere also
observed by FTIR analysis which shows the bands of
SIO,. The spectra of the two soils also showed two
bandsaround 3400 and 1600 which can beattributed to
the existence of surface hydroxyl groupsand adsorbed
moisture. It also showed the bands of the carbonates
groups. This interpretation of the XRD and FTIR
analysisisin good agreement with the physco-chemical
properties described in Table 1 which confirmed that
two VAS are dominated by amorphous mineralsin its
colloidal fraction.

Adsorption Studies
Effect of dose of adsorbent and initial Cr
concentration

The effect of theamount of vol canic ash soil on the
removal of Cr from synthetic wastewater isshown in
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Fig. 1. The results showed that the Cr removal
percentage increases as the dose of the volcanic ash
soil alsoincreases. Similar adsorption behaviour of Cr
was observed by Potgeiter et al., (2005) when using
palygorskiteclay asan adsorbent. Thisincreasing trend
is expected since the number of adsorption sites also
increases. The percentage removal by the Isarog soil
ishigher compared to Mandal agan by around 20% at
the same dose and Cr concentration. The maximum
removal efficiency of the two soils for 10 mg/L of Cr
and soil dose of 60g/L reached 93% for Isarog as
compared to 71% for Mandalagan. The differencein
theadsorption performance of thetwo soilsisexpected
because of the difference in their properties. These
results may prove that the Isarog soils contain much
more amorphous soil minerals which have higher
capacity to bind Cr compared to Mandalagan. The
dightincreasein theremoval efficiency astheamount
of adsorbent increases from 40 to 60 g/L indicatesthat
the saturation point is nearly reached. On the other
hand, experiments donewith 5 mg/L Cr concentration
resulted in adight increasein removal (76 %) for the
same dose of adsorbent (60 g/L) for Mandal agan soil.
It was al sofound that for the I sarog soil, the maximum
removal efficiency at the same dose of soil decreases
by 10% at ahigher Cr concentration of 25 mg/L to 83%.
Although the percentageremoval decreased, the metal
uptake per unit weight of the adsorbent (mg/g)
increased.

Dose of soil (g/L)

—e— lsarog

—m— Mandalagan

Fg. 1 Effect of the dose of adsorbent
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Fig. 2: Effect of the initial pH of the solution
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Fg. 3: Effect of contact time

Effect of pH

The pH of the solution is an important parameter
that dictates the adsorption behavior of metal ionsin
aqueous systems. The pH doesnot only determine the
speciation of metal ions in the solution but also
determines the surface charge of the colloids in the
soils. These charges vary based on the point of zero
net charge (PZNC). The PZNC of Andisols has an
important impact onitssoil exchange properties. When
the pH valueislessthan the PZNC, the variablecharge
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sites develop a net positive charge and conversaly,
they have a net negative charge when pH value is
greater than PZNC (Madeiraet al., 2004). Due to its
anionic character, Cr isfavourably adsorbed at lower
pH values. Hence, the effect of pH as shown in Figure
2 revealed that the maximum adsorption occurred at
moderately acidic pH of 3 for thetwo soil samples. For
thelsarog soil, theremoval of 10 mg/L Cr usng 20 g/L
of soil increased from 78.3t0 88.9 % with anincrease
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of pH from 2 to 3 and decreased gradually as the pH
of the solution increased. Theremoval efficiency of
Mandalagan soil however showed a very dlight
decrease from 65.8 to 65.2 % from pH 2 to 3 and
decreased gradually to 38.3 % as the pH increased
at the same conditions and parameters. It also
showed an increasefrom 38.3t0 51.4 % from pH 5to
6 and a decrease thereafter. Similar behaviour of
Isarog soil was observed by the study of Singh, et
al., (2005) using rice bran which also shows an
increase of adsorption from pH 1.4 to 2 before it
decreased gradually as the pH increases. This
sorption edge whereby adsorption increases rapidly
over arelatively narrow pH range, is usually assumed
to be the result of both variations in the surface
charge and shift in solution ionic species (Harter, et
al., 2001). It can be explained also on the basis of
the nature of adsorbent used that contain several
metal oxides. These oxides, when mixed up with
adsorbate solution undergo surface hydroxylation
that ultimately gives a positively or negatively
charged surface as aresult of subsequent acid-base
dissociation (Singh, et al., 2005). Moreover, the two
forms of pH dependent hexavalent chromium are
Cr, 0%, and CrO*, in which the former predominates
at pH below 6 (Potgeiter et al., 2005). Thus, it isevident
that VA Sadsorbs more effectively the Cr,0>, formof Cr.

Effect of contact time

The adsorption behaviour of Cr by VAS in
relation to the effect of contact time was carried
out by varying the equilibrium timefrom 1to 12 h
at a Cr concentration of 10 mg/L, a dose of
adsorbent of 20 g/L and at optimum pH of 3 for the
two soils. The results showed that a one-hour
equilibrium time for the Isarog soil is enough to
remove more than 90 % of Cr indicating that the
reaction is fast and the adsorption sites are well
exposed as compared to Mandal agan soils where
theequilibrium wasreached in 3 h. Not much further
increase in removal efficiency was observed with
timefor Isarog soil (Fig. 3). For Mandal agan soil,
maximum removal observed was 70% after 6 h of
contact time. The higher removal efficiency and
shorter equilibrium time observed for the | sarog soil
as compared to Mandal agan soil can be attributed
toits higher clay content, porosity and lower bulk
density, which supports that the Isarog soil has
fine particles (high surface area) and more
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amorphous soil mineralsleading to higher removal
efficiency. Fig. 3 shows the effect of contact time
on theremoval of Cr by thetwo VAS.

Chromium adsorption by VAS

The adsorption of anions by Andisolsis caused
by chemisorption on ‘active’ Al and Fe occurring
in various forms such as allophane, organometallic
complexes and ferrihydrite (Wada, 1989). The
results of FTIR analysis revealed that the
characteristics of IR bands with regards to the
binding of dichromate ionsin thesoil were reflected
in the shift of the bands of silica and carbonates
functional groups after the adsorption of Cr onthe
adsorbent. Similar results was observed by Singh,
et al., (2005) in which the binding of Cr on torice
bran was coupled with the shift of IR bands of
dichromateions. On the other hand, after treatment,
an increase in the pH of the solution by at least 1.2
pH units was recorded regardless of the amount of
adsorbent. This can be explained by the similar
findings of Zevenbergen et al., (1998) for F
adsorption by Andisol in Kenyain which the noted
increase in pH is a result of F adsorption
accompanied by stoi chiometric release of OH- and
pH buffering by the soil components.

Adsorption isotherm studies

Analysis of the isotherm data is necessary in
order to develop an equation that can accurately
represent the results and could be used for design
purposes (Mahvi, et al., 2004). The data obtained
from the adsorption isotherm studies werefitted to
the Langmuir and Freundlich isotherms. The
Langmuir model, as shown in Eq. (1), assumesthat
the uptake of metal ions occurs on a homogenous
surface by monolayer adsorption without any
interaction between the adsorbed ions and the
energy of adsorption is the same for all surface
sites. The a and b are Langmuir constants which
correspond to the maximum adsorption capacity
(mg/g) of adsorbent and energy of adsorption,
respectively. The parameter C_ corresponds to the
remaining metal ion concentration in the solution
and Qe refers to the amount of metal ions sorbed
per unit weight of adsorbent.

abC

(5

Qe=1+aCe

@



Int. J. Environ. Sci. Tech., 4 (1): 99-107, 2007

3.5 4

3.0 A

2.5

2.0

1/0e

1.5 -
1.0
0.5 +
(@)

0.0 \ \

0.00 0.25 0.50

0.75

1/Ce

0.0

-0.1

-0.2

Log Qe

-0.3
-0.4 1

-0.5
(b)

1.00 1.25 1.50

-0.6 \ ‘
-0.25 0.00 0.25

T T 1

0.50 1.00

Log Ce

® [sarog

= Mandalagan

Fig. 4: (a) Langmuir and (b) Freundlich isotherm plots for Cr remova using VAS

Table 2: Parameters of Freundlich and Langmuir
Isotherm models

Langmuir Constants Freundlich constants

a(mg/g) b(L/mg) R? K R?

0.864 0.8821 0.398 2.178 0.9693

n

Isarog 0.903

Mandalagan 0.171 1.153 0.9627 0.186 1.519 0.9788

The Freundlich isotherm on the other hand as
shown in Eq. (2) assumes that the uptake of metal
ions occur on a heterogeneous surface by multi-layer
adsorption and the amount of adsorbate adsorbed
increaseswith increasing concentration. TheK  and
n are the constants of the Freundlich isotherm that
correspond to the adsorption capacity and intensity,
respectively. The parameter C_ corresponds to the
remaining concentration of the adsorbate in the
solution and Q. is the amount adsorbed at
equilibrium (Reynolds, et al., 1996).
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The constants of the two i sotherm equations can
be computed from the intercept and slope of the
linearized plot of the experimental:

1

Q e K d C en (2)

The isotherm constants were cal culated from the
dopeand intercept of Fig. 4 aand 4 band are presented
in Table 2. The values of correlation coefficient R?
obtai ned were higher in the Freundlich isotherm than
inthe Langmuir isothermfor | sarog soil which indicates
that the adsorption processiswell represented by the
Freundlich equation. This may confirm the
heterogeneous nature of the VAS surface and is in
agreement with thesimilar findings of Esmaili et al.,
(2003) using VAS from Kerman province, Iran, for Pb
and Zn removal. In contrast, the adsorption process of
Mandalagan soil can be represented both in Langmuir
and Freundlich isotherms.
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It can be seen from the figuresthat the VASfrom
Isarog is a more efficient adsorbent than
Mandal agan to remove Cr from synthetic wastewater.
M oreover, the val ues of n of the Freundlich isotherm
constants between 1 to 10 indicate an effective
adsorption (Potgeiter, et al., 2005). The fractional
value of 1/n between 0 to 1 signifiesthat the surface
of the adsorbent is heterogeneous in nature while
the higher value of K represents an easy uptake of
adsorbate from the solution (Mahvi, et al., 2004).

DISCUSSION AND CONCLUSION

This study showed that volcanic ash soil or
Andisols which are dominated by amorphous soil
minerals such asin Mt. Isarog, could be used asan
effective adsorbent for the removal of Cr from
contaminated wastewater. These natural materialsare
relatively abundant in those countries with many
active volcanoes and can be used as an alternative
tocommercially availabl e adsorbentsfor Cr. The soil
from Mt. Isarog isfound to be more effective than in
Mt. Mandal agan sincetheformer may contain more
active soil mineralsthat can bind the Cr effectively
at optimum conditions. The sorption capacity was
highly dependent on the pH of the solution. The
maximum removal efficiency of Isarog without
changing the pH of the synthetic wastewater
reached 93 % for 10 mg/L Cr at adose of 60 g/L of
soil. An almost equal amount (89%) of removal
was observed at optimum pH of 3 but the dose
was reduced by one-third (20 g/L) for the same Cr
concentration of 10 mg/L. The Mandalagan soil
on the other hand only reached 71 % for a dose of
60 g/L and 65 % at optimum pH, respectively, at
the same conditions and parameters. The
percentage removal efficiency of the VAS
decreases as the pH of the solution increases. The
removal of hexavalent chromium wasrapid and one
hour equilibrating time was enough for Isarog to
reach maximum removal efficiency while that of
Mandalagan is 3 h. An increase in initial metal
concentration also decreased the percentage of
adsorption of the soils but increased the metal
uptake per unit weight of adsorbent. The fitness
of the adsorption data of the Isarog soil into the
Freundlich isotherm confirmed its heterogeneous
nature while the Mandalagan soil can be
represented by both Freundlich and Langmuir
isotherms.
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