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The potential of economically low-cost cellulose containing waste materials like silica fume assessed for nickel adsorption from aqueous
solutions. In this study, the potential use of silica fume in the remediation of polluted heavy metal water to remove nickel ions is presented.
The effects of contact time, initial nickel concentration, pH, temperature, adsorbent dosage on the uptake of nickel were studied in batch
process. The experimental investigation results show that activated silica fume has a high level of adsorption capacity for nickel ion. The

isotherms fitted well to the data. Consequently, it is concluded that nickel is considerably adsorbed on silica fume and silica fume can be

INTRODUCTION

The presence of heavy metals in the aquatic ecosystem
causes harmful effects to living organisms and causes
environmental hazards'. Inorganic effluents contaminate
wastewater with toxic metals such as Ni, Cr, Cd, Hg, Pb and
Zn**. These heavy metals are extremely toxic, non-biodegra-
dable and accumulate in the food chain, even in relatively
minute quantities. Thus, industries such as electroplating,
aerospace and metal finishing are among the most hazardous
from a wastewater viewpoint™®,

For the past several years, high levels of heavy metals in
drinking water and foods have been associated with several
acute and chronic illnesses in humans throughout the world”*.
Water pollution is the contamination of water bodies such as
lakes, rivers, oceans and groundwater caused by human acti-
vities, which can be harmful to organisms and plants, present
in water bodies. The presence of heavy metals in streams, lakes
and groundwater reservoirs has been responsible for several
health problems with plants, animals and human beings’.
Heavy metal contamination exists in aqueous waste stream
from many industries such as metal plating, mining, tanneries,
painting, car radiator manufacturing, as well as agricultural
sources where fertilizers and fungicidal spray are intensively
used'*",

Nickel ion is one such heavy metal frequently encountered
in raw wastewater streams from industries, such as non-ferrous

adsorption data was correlated with the Langmuir and Freundlich isotherm models. It was found that the Langmuir and Freundlich |
successfully used for the removal of the nickel ions from the aqueous solutions with heavy metals. :
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metal, mineral processing, paint formulation, electroplating,
porcelain enameling, copper sulfate manufacture and steam-
electric power plants. In humans, higher concentrations of
nickel can cause serious problems, such as dermatitis, allergic
sensitization, lung and nervous system damage'*'®,

There is an increasing trend in searching for new heavy
metal adsorbents among commercially available materials such
as by-products of various industries. The examples of stabilized
industrial solid wastes that were evaluated, as composite adsor-
bents are silica fume, fly ash, red mud, waste from electro-
plating industry and blast furnace slag'**!. One of the most
promising adsorbents was found to be silica fume, a by-product
of silicon material or silicon alloy metal factories. Although
the silica fume is a waste material of industrial applications, it
has become the most valuable by-product among the pozzolanic
materials due to its very active and high pozzolanic property.
Currently, it is widely used in concrete or mortar as an admix-
ture®?. In the geotechnical applications, it improves some
geotechnical properties of compacted fine-grained soils**??.

In this research, we studied the adsorption capacities of
the silica fume waste material for the removal of nickel ions
from wastewater. We wish to determine whether this material
might be cost-effective and are an alternative adsorbent that
could replace the expensive resins now used for wastewater
treatment. The nickel ions were absorbed by silica fume from
polluted river water and NiCl, solution and the results shown
on the adsorption behavior of nickel heavy metal in silica fume.
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EXPERIMENTAL

Silica fume: It is a by-product of the reduction of high-
purity quartz with coal in electric furnaces in the production
of silicon and ferrosilicon alloys. It is also collected as a
byproduct in the production of other silicon alloys such as
ferrochromium, ferromanganese, ferromagnesium and calcium
silicon®. This material has been obtained from Ferro-Chromate
Factory in Antalya, Turkey. The silica fume was thoroughly
washed with distilled water until it became neutral. The
suspension was wet sieved through a 200-mesh screen. A little
amount of the suspension remained on the sieve and was
discarded. The solid fraction was washed five times with
distilled water following the sequence of mixing, settling and
decanting. The last suspension was filtered and the residual
solid was then dried at 105 °C, ground in a mortar and sieved
through a 200-mesh sieve. Its chemical and index properties
are summarized in Tables 1 and 2, respectively.

TABLE-1
CHEMICAL COMPOSITIONS OF
SILICA FUME USED IN THE STUDY
Compound Silica fume (%)

SiO, 85-95
ALO; 1-3
Fe,0; 0.5-1.0
CaO 0.8-1.2
MgO 1-2
TiO, -
Heat loss 0.5-1

TABLE-2

ENGINEERING PROPERTIES OF
SILICA FUME USED IN THE STUDY

Property Silica fume
Specific surface area (m*/g) 20.12
Density (mg/m®) 2-2.5
Grain size
Gravel (> 2000 pm) % =
Sand (2000-75 pum) % -
Silt (2-75 um) % 20
Clay (<2 pm) % 80

Analytical methods: For studying metal adsorption, 1 mL
of sample solution containing preferably 8 x 10°-8 x 10* mmol
(4.7-47 pg) Ni was taken; 1 mL of 1.6 x 10* M dithizone (20-
fold of maximum amount of Ni) followed by 1 mL of distilled
water and 1 mL of concentrated NHj; solution were added to
yield a final volume of 4 mL. For determination of nickel,
1 mL of sample solution containing preferably 8 x 107 to 8 x
10" mmol total metal was taken; 1 mL of 1.6 x 10> M dithizone
followed by 1 mL of distilled water and 1 mL of concentrated
NH; solution were added to yield a 4 mL volume mixture
solution®*. The amount of nickel ions adsorbed was calculated as;

C +C,)V
qe=w (1)

m
where q.(mg/g) is the amount of nickel adsorbed per gram of
the adsorbent at equilibrium, C,(mg/L) is the initial concen-
tration of nickel, C.(mg/L) is the concentrations of nickel at

equilibrium, V(L) is the volume of solution and m(g) is the
weight of sf adsorbent.

Adsorption isotherms: Adsorption isotherms are basic
requirements for the design of an adsorption system. In an
adsorption isotherm study, several equilibrium models have
been developed to describe adsorption isotherm relationships.
The Langmuir and Freundlich models are the world-widely
used models because of their simplicity''.

RESULTS AND DISCUSSION

Effect of contact time: Fig. 1 shows the effect of contact
time on the adsorption process. It can be observed that the
removal of nickel increases with increasing time in the first
0.5 h and thereafter the removal is not significant, indicating
that the minimum contact time necessary for a good heavy
metal removal is 0.5 h. This indicates that the maximum
removal of nickel is achieved within 0.5 h after which concen-
tration of nickel in the solution become constant. This may be
explained by the fact that initially for adsorption large number
of vacant sides was available, which slowed down later due to
exhaustion of remaining surface sites and repulsive force
between solute molecule and bulk phase®®*”. The rapid removal
of the adsorbate has significant practical importance as it will
facilitate smaller reactor volumes ensuring efficiency and
economy'*,
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Fig. 1. Effect of contact time on the removal of nickel

Effect of initial nickel concentration: The effect of initial
nickel concentration on the adsorption experiment is shown
in Fig. 2. The plot showing the effect of initial concentration
on the adsorption of nickel ions indicates that the total nickel
ion adsorbed increases sharply in the beginning and then slowly
towards the end of the run. A perusal of the results clearly
indicates that adsorption of nickel increases from 30 to 200
mg/L and then become constant indicating that the maximum
adsorption occurs at 200 mg/L. This trend is that of the result
of the progressive increase in the electrostatic interaction
between the nickel ions and the adsorbent active sites.
Moreover, this can be explained by the fact that more adsor-
ption sites were being covered as the nickel ions concentration
increases®*’.

Effect of pH: The removal of pollutants from wastewater
by adsorption is highly dependent on the pH of the solution,
which affects the surface charge of the adsorbent and the degree
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Fig. 2. Effect of initial metal ion concentration on the removal of nickel

of ionization and specification of the adsorbate*'**. The effect
of initial pH on the equilibrium uptake of nickel ions was
investigated between pH 2 and pH 10. The plot showing the
effect of pH on the adsorption of nickel is presented in Fig. 3.
It is shown that the absorption amount of nickel increase with
increasing pH and maximum adsorption of nickel ions are
obtained at pH 5 which is the initial pH of the solution. The
adsorption increased from 12.1 mg/g at pH 2 to 66.7 mg/g at
pH 5 and then started to decrease. An increase in pH shows a
slight increase in adsorption in which the surface of the
adsorbent is negatively charged and the adsorbate species are
still positively charged. As the adsorbent surface is negatively
charged as well, the increasing electrostatic attraction between
positive adsorbate species and adsorbent particles would lead
to increase adsorption of metal ions. The decrease in removal
of metal ions at lower pH is apparently due to the higher
concentration of H* ions present in the reaction mixture. The
decrease in adsorption at higher pH is due to the formation of
soluble hydroxyl complexes'™'"***¢, The removal of nickel
from aqueous solution by adsorption is highly dependent on
pH of the media which affects the surface charge of the solid
particles and degree of ionization and speciation of adsorbate*’.
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Fig. 3. Effect of pH on the removal of nickel

Effect of temperature: The temperature has a pro-
nounced effect on the adsorption capacity of the adsorbent.
The effect of temperature influencing the adsorption has been
studied in the range of 20-80 °C. The effect of temperature on
the adsorption capacity of silica fume is shown in Fig. 4. It
is observed that the degree of adsorption increases with

increasing temperature and maximum adsorption of nickel ions
are obtained at 25 °C which is the temperature of the solution.
An increase in temperature involves an increased mobility of
the metal ions and a decrease in the retarding forces acting on
the diffusing ions. These result in the enhancement in the
sorptive capacity of the adsorbent*. The temperature depen-
dence of the adsorption process is associated with changes in
several thermodynamic parameters®.
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Fig. 4. Effect of temperature on the removal of nickel

Effect of adsorbent dosage: The effect of silica fume
dosage on the nickel removal was investigated by varying
adsorbents dosage in the range of 30 to 200 mg/L. It was
observed that the nickel removal was 73.5 at 200 mg/L (Fig. 5).
It can be seen that total amount of metal ions removed from
the solutions increases by the amount of adsorbent. This is an
expected result because as the adsorbent concentration
increases, the number of adsorbent particles surrounding the
metal ions or ratio of adsorbent particles to metal ions increases,
therefore, these particles attach more ions to their surfaces™.
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Fig. 5. Effect of silica fume dosage on the removal of nickel

The amount of nickel adsorbed on per unit weight of silica
fume adsorbent decreases with the adsorbent dosage. When
the adsorbent dosage is higher, there is a very fast adsorption
onto the adsorbent surface, which results in a lower adsorbate
concentration in the solution. However, the adsorption sites
on the adsorbent surface remain unsaturated when the adsor-
bate concentration in the solution drops to a lower value. Thus,
the amount of nickel adsorbed onto per unit weight of adsor-
bent gets reduced with the adsorbent dosage increasing''">'"2.
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The experimental results indicated that silica fume
enhanced adsorption capacity. Without the addition of the silica
fume, the leachate nickel concentration was approximately
1.262 and 11,742 mg/mL for polluted river water and NiCl,
solutions, respectively. The addition of silica fume strongly
inhibited the leaching of nickel in both solutions. When the
silica fume was added to the aqueous solutions contaminated
with nickel, the concentration of nickel in the leachate drasti-
cally reduced, whereas the adsorption capacity increased. The
nickel concentration of silica fume treated leachates decreased
from 1,262 to 0,436 and from 11,742 to 4,115 for the polluted
river water and NiCl, solutions, respectively.

The polluted river water treated with silica fume reached
their minimum point values in the nickel concentration. Because
of its fine particles, large surface area and the high SiO, content,
silica fume is a very reactive pozzolan. The nickel ions might
absorb on silica fume because of its high content of silica and
large surface area. The very fine silica fume particles with
large surface area gave adsorbing capacity to the silica fume
and they, at the pH equilibrium in the adsorption experiments,
had a negative charge density in its lattice. This should be
neutralized by metal adsorbed with outer-sphere bonds on the
external surfaces and by the incorporation of metals in the
cages and channels of fine silica fume particle framework if
the hydrated ionic radius of the metals is compatible with the
sizes of silica fume particle cavities® (Fig. 6).
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Fig. 6. Variation of nickel concentration with silica fume on the river water
and NiCl,

Adsorption isotherms: The Langmuir and Freundlich
isotherm models are the simplest and most commonly used
isotherms to represent the adsorption of components from a
liquid phase onto a solid phase. The Langmuir adsorption
isotherm model represents one of the first theoretical treatments
of non-linear sorption and suggests that the uptake occurs on
a homogenous surface by monolayer sorption without
interaction between the adsorbed molecules™. The linear form
of the Langmuir adsorption isotherm is represented as;

Ce = L + ;

a. Qb QxC, @
where C.(mg/L) is the equilibrium concentration of adsorbate
in solution, q.(mg/g) is the amount of nickel adsorbed per gram

of the adsorbent at equilibrium, Q, (mg/g) is the Langmuir
constants related to adsorption capacity and b (L/mg) is adsor-

ption rate. Q, and b (Table-3) were calculated from the slope
and intercept of the Langmuir plot of C. versus C./q. (Fig. 7).

logioqe = logio (Kr) + (1/n) logo (Ce) 3)

where q. (mg/g) is the amount of nickel adsorbed per gram of
the adsorbent at equilibrium, C. (mg/L) is the equilibrium con-
centration of adsorbate in solution, q. (mg/g) is the amount of
nickel adsorbed per gram of the adsorbent at equilibrium. K
and n are the constants incorporating all factors affecting the
adsorption process (adsorption capacity and intensity)™. Kg
and n values (Table-3) were calculated from the intercept and
slope of the plot (Fig. 8).
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Fig. 7. Langmuir isotherm for the adsorption of nickel
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Fig. 8. Freundlich isotherm for the adsorption of nickel
TABLE 3
VALUES OF ADSORPTION ISOTHERM
PARAMETERS FOR ADSORPTION OF NICKEL
Langmuir constant
Q, (mg/g) 27.78
b (L/mg) 0.0063
R’ 0.9552
Freundlich constant
Kr(mg/g) 2.1420
n (L/mg) 1.3580
R’ 0.9762

In the literature, it is pointed out that the parameters, K¢
and n affect the adsorption isotherm. The larger Kr and n
values, the higher the adsorption capacity. The magnitude of
exponent n gives an indication of the favorability of the
adsorption. The n value is 1.358 L/mg (Table-3) and it is located
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to range 1-2 moderately adsorption characteristic>*>. Based
on the correlation coefficient values, it has been deduced that
Freundlich model better fitted to the experimental data
(Table-3). The high correlation coefficient showed that both
adsorption isotherm models are suitable for describing the
adsorption equilibrium of nickel ions.

Table-4 shows a comparison between the results of this
work and other studies found from literature. The values of
nickel specific uptake found this work were significantly
higher, with two exceptions, than reported elsewhere. The
comparison of adsorption capacities of silica fume used in
this study with those obtained in the literature shows that silica
fume is the most effective for the removal of nickel from
aqueous solutions.

TABLE-4
COMPARISON OF ADSORPTION CAPACITY
OF VARIOUS ADSORBENTS FOR NICKEL

Adsorbent Adsprptlon Reference
capacity (mg/g)

Tea industry waste 11.29 50
Bassage fly ash 2.26 56
Soil shale ash 0.098 57
Coffee 6.47 58
Coarse tea 7.36 58
Zeolite 5.20 58
Iron oxide 98.00 59
Saw dust 0.005 60
Tea factory waste 18.42 61
Fly ash 0.03 62
Baker’s yeast 11.40 63
Sheep manure waste 7.20 64
Sphagnum moss peat 9.18 65
Herbaceous peat 4.84 66
Bentonite 4.00 67
Bone char 100.00 68
Silica fume 27.78 This study

SEM micrographs: Figs. 9a,b show the SEM micrographs
of silica fume sample before and after nickel adsorption. It is
clear that the silica fume has considerable number of
heterogeneous layers of pores. Thus, there is a good possibility
for nickel to be adsorbed®’. It is clear that, silica fume has
considerable numbers of pores where, there is a good possi-
bility for dyes to be trapped and adsorbed into these pores.
Based on analysis of the images taken by SEM before and
after the dye adsorption process, highly heterogeneous pores
within silica fume particles were observed. After adsorption
process, the pores were packed with nickel ion and this finding
revealed the coverage of the modified waste material surface
with molecular cloud of nickel ion”""*,

Conclusion

It is shown that there is an approximate linear relationship
between absorbance and nickel concentration in the aqueous
solutions. The removal of nickel increases with increasing time
in the first 0.5 h and thereafter the removal is not significant.
The effect of initial concentration indicates that the total nickel
ion adsorbed increases sharply in the beginning and then slowly
towards the end of the run. The absorption amount of nickel
increase with increasing pH and maximum adsorption of nickel

Fig. 9. SEM images of native silica fume (a) and nickel loaded silica fume (b)
ions are obtained at pH 5. The degree of adsorption increases
with increasing temperature and maximum adsorption of
nickel ions are obtained at 25 °C. The adsorbent concentration
increases when the number of adsorbent particles surrounding
the metal ions increases. Based on the correlation coefficient
values, it has been deduced that Freundlich model better fitted
to the experimental data. As a result, silica fume is a valuable
material for removal of nickel ions and its use for the removal
of nickel ions from the aqueous solutions can potentially reduce
the remediation costs.
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