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Abstract

Solid-state conversion of fly ash to an amorphous aluminosilicate adsorbent (geopolymer) has been investigated under different conditions and
the synthesised material has been tested for Cu** removal from aqueous solution. It has been found that higher reaction temperature and Na:FA ratio
will make the adsorbents achieving higher removal efficiency. The adsorbent loading and Cu?* initial concentration will also affect the removal
efficiency while the adsorption capacity exhibits similarly at 30-40 °C. The adsorption capacity of the synthesised adsorbent shows much higher
value than fly ash and natural zeolite. The capacity is 0.1, 3.5 and 92 mg/g, for fly ash, natural zeolite, and FA derived adsorbent, respectively. The
kinetic studies indicate that the adsorption can be fitted by the second-order kinetic model. Langmuir and Freundlich isotherms also can fit to the

adsorption isotherm.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metals are nowadays among the most important pollu-
tants in source and treated water, and are becoming a severe pub-
lic health problem. Elevated levels of Cu®* in the environment
can be attributed to a variety of sources, such as industrial efflu-
ents from metal cleaning and plating baths, paper, paperboard
mills, wood-pulp production, tire manufacture, and fertiliser
industries. Excessive intake of copper results in its accumula-
tion in the liver, leading to copper poisoning and gastrointestinal
problems. It is also toxic to aquatic organisms, even at very low
concentration [1].

Since its first introduction for heavy metal removal, acti-
vated carbon has undoubtedly been the most popular and
widely used adsorbent in wastewater treatment applications
throughout the world. However, activated carbon remains an
expensive material due to its cost in production and regener-
ation. Attention has been focused on the various adsorbents,
which have metal-binding capacities and are able to remove

* Corresponding author.
E-mail address: wangshao@vesta.curtin.edu.au (S. Wang).

0304-3894/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2006.06.018

unwanted heavy metals from contaminated water at low cost
[2].

Fly ash is a waste substance from thermal power plants. In
recent years, utilisation of fly ash has gained much attention in
public and industry. Being readily available and inexpensive,
fly ash is considered an economic alternative to conventional
adsorbents such as activated carbon and ion-exchange resins. It
has been reported that fly ash could be effective for removal of
heavy metals, dyes, and organic matters from wastewater [2—4].
However, fly ash still shows lower adsorption capacity unless it
is chemically treated or activated [4,5].

Conversion of fly ash to crystalline zeolite or amorphous
geopolymers has been gaining much attention in the last a
few years. Synthetic and natural zeolites gained a significant
interest among scientist, mainly due to their valuable properties
such as ion exchange capability. The most common method
used for the conversion of fly ash into zeolites or geopolymers
involves a hydrothermal process, whereby the fly ash is mixed
with an alkali solution such as sodium hydroxide at different
conditions of temperature, pressure and reaction time. Recently,
a new process has been developed by introducing an alkaline
fusion stage prior to the conventional zeolite synthesis, usually
known as the fusion method. This significantly improved the
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zeolitisation process and the product is typically conformed by
highly crystalline zeolites from faujasite group [6,7].

On the contrary, geopolymers are a diverse group of ceramic-
like materials formed by a geosynthetic reaction of aluminosil-
icate minerals in the presence of an alkali solution at low tem-
peratures (<100 °C) [8,9]. Geopolymers can best be viewed as
the amorphous equivalent of certain synthetic zeolites. Fly ash-
based geopolymers are growing in commercial potential due to
their reliance on cheap and readily available waste fly ash as
the main feedstock. In the last a few years, geopolymers have
also been used to immobilise and stabilise low-level radioactive
waste of pure or contaminated (mixed waste) forms as well as
heavy metals [10,11].

Recently, several investigators have conducted investigations
on fusion method to extract aluminosilicate from fly ash and
using the supernatant to prepare mesoporous materials [12,13].
However, they did not investigate the properties of the residual
after fly ash extraction. In the present study, we investigated
the fusion solid-state reaction for fly ash conversion at different
conditions and characterised the residual as geopolymer-based
adsorbents and their application in heavy metal removal from
aqueous solution. We will compare the adsorption capacity of
the synthesised adsorbents with fly ash and natural zeolite and
investigate the adsorption kinetics and isotherm for Cu ions.

2. Experimental
2.1. Adsorbent materials and chemicals

A raw fly ash (FA) sample was obtained from Muja Power
Station in Western Australia. The chemical compositions of the
fly ash are SiOy (55%), A1,03 (29%), Fe O3 (8.8%), CaO
(1.6%) and MgO (1.0%). This fly ash was sieved under dif-
ferent particle size and the section with particle size less than
45 wm was obtained and used for hydrothermal treatment. For
the fusion method, the coal fly ash was treated with sodium
hydroxide at different ratio and various temperatures for 1 h to
obtain a fused mass, which was cooled to room temperature.
The obtained fused fly ash powder was then mixed with water
in a weight ratio of 1:4 and aged for 1 day at room temperature
with agitation. After that, the slurry was filtrated, washed and
dried at 110 °C overnight. A natural zeolite was obtained from
the Zeolite Australia Ltd.

Cu?* solutions were prepared using Cu(NO3); (AR, AJAX)
in distilled water. A stock solution with concentration at 10~* M
was prepared and the solutions for adsorption tests were prepared
from the stock solution to the various desired concentrations.

2.2. Characterisation of adsorbents

Power XRD patterns were measured by a Rigaku miniflex
diffractometer with Co Ka radiations generated at 30 kV, 15 mA.
Scattering patterns were collected from 1.5° to 80° with a scan
time of 1 min per 2 steps.

Nitrogen adsorption—desorption isotherms were obtained
using NOVA 1200 (USA) at the liquid nitrogen temperature
(=196 °C). Powder samples were degassed to less than 5 mTorr

at 200 °C for 4 h prior to analysis. Surface area calculations were
made using the BET equation. Pore size distributions were cal-
culated from desorption branches of isotherms based on BJH
methods.

2.3. Sorption test

The adsorption of Cu?* was conducted in batch experiments.
Typically, 100ml of solution containing different concentra-
tions of Cu?* were poured into a 250 ml bottle with 0.015 g
adsorbents, otherwise indicated, and set at 100 rpm and different
temperatures (30 and 40 °C) for various time. After adsorption,
solution was filtered and the concentrations of Cu?* in solu-
tion were determined by an Atomic Adsorption Spectrometer
(SpectrAA110, Varian). After preliminary test, the adsorption
equilibrium can be achieved after 50 h and thus 72 h was selected
as equilibrium time in all cases.

The removal efficiency (E) and amount of Cu?* adsorbed on
solids were defined as

Co—Cy
0
(G —-CV

w
where Cp and Cj are the initial and equilibrium concentration

of Cu?* solution (mg/L), respectively, V the volume (L), and W
is the weight (g) of adsorbent.

E (%) = x 100 (1

Qe @)

3. Results and discussion
3.1. Characterisation of absorbents

The XRD patterns of fly ash, the fusion treated fly ash at
550°C, and natural zeolite are presented in Fig. 1. As shown
that three adsorbents exhibit different crystalline phases. For
fly ash, major chemical phases are quartz and mullite, some
minor phases such as hematite and magnetite are also existed.
For natural zeolite, clinoptilolite is the major component with
minor amounts of mordenite and quartz. For the treated fly ash,
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Fig. 1. XRD patterns of different adsorbents.
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Table 1

Textural properties of fly ash and zeolite samples

Sample SBET (m2/g) \% (cm3/g)
FA 8.4 0.010
FA-100 31.8 0.054
FA-200 36.0 0.091
FA-250 44.1 0.12
FA-350 389 0.097
FA-450 414 0.10
FA-550 56.0 0.14
Zeolite 16.0 0.039

most crystalline phases disappeared and an amorphous phase
occurred, which correspondences to geopolymer.

The BET surface areas and pore volumes of fly ash
and derived adsorbents treated at different temperatures were
obtained from N, adsorption and are given in Table 1. It is seen
that FA has the lowest surface area and pore volume. Natural
zeolite exhibits higher surface area and pore volume than FA.
Solid-state conversion of fly ash produces the materials with
even higher surface area and pore volume. Reaction tempera-
ture shows strong effect on the variation of textural properties.
Higher temperature treatment resulted in higher surface area and
pore volume. The FA-550 can give surface area and pore volume
of 56 m?/g and 0.14 cm?/g, respectively.

The pore size distributions of fly ash, natural zeolite and FA-
550 are presented in Fig. 2. As shown that fly ash is nonporous
material while natural zeolite and FA-550 present porous struc-
ture. Only one sharp peak occurs in the range of 30-50 A on
natural zeolite while FA-550 shows a sharp peak at 30-50 A,
similar to natural zeolite, and a broad peak at 50-100 A, which
makes the FA-550 having larger pores for adsorption.

3.2. Cu®* adsorption studies

3.2.1. Comparison of adsorption with different adsorbents
Fig. 3 gives a comparison of adsorption capacity of three

adsorbents, fly ash, natural zeolite and FA-550. As shown that

fly ash produces little adsorption capacity for Cu>* and natural
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Fig. 2. Pore size distribution of various adsorbents.
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Fig. 3. Adsorption capacity of Cu?* on various adsorbents. Adsorption condi-
tions: adsorbent weight =0.20 g, [Cu®*]y =50 ppm, T=30°C, pH 6.2.

zeolite also gives low adsorption capacity of 3.4 mg/g while the
FA-550 exhibits much high adsorption around 90 mg/g. This
variation in adsorption capacity is as the same as the surface area
and pore volume, suggesting that pore structure is important for
adsorption. Solid-state fusion conversion of fly ash to amorphous
geopolymer produces larger pore structure favourable to Cu*
adsorption.

Several investigators have employed fly ash for Cu?* adsorp-
tion and found that fly ash showed varying capacity depending
on the sources. Table 2 presents the results. As seen that fly ash
usually exhibits low adsorption capacity and our work is quite
similar to the previous reports. The extreme high adsorption on
fly ash reported by Apak et al. is probably due the high content
of CaO (42%) in the fly ash sample, leading Cu* precipitation
on fly ash surface [14].

3.2.2. Effect of the fusion temperature

Fig. 4 presents the variation of removal efficiency at equi-
librium on fly ash derived adsorbents synthesised at different
temperatures. One can see that the Cu®* removal efficiency gen-
erally increases with the increasing fusion temperature up to
350 °C and then the removal efficiency will keep constant. The
surface area and pore volume of treated fly ash shows that the
higher temperature will produce solids with more porous struc-
ture, resulting in higher surface area and pore volume, which
will promote the adsorption of Cu®*.

Table 2

Comparison of Cu adsorption on fly ash and its derivatives

Adsorbent Adsorption (mg/g) References
Fly ash 1.39 [15]

Fly ash + wollastonite 1.18 [15]

Fly ash 1.7-8.1 [16]

Fly ash (I) 0.34-1.35 [17]

Fly ash (II) 0.09-1.25 [17]

Fly ash 0.63-0.81 [18]

Fly ash 207.3 [14]

Fly ash-washed 205.8 [14]

Fly ash-acid 198.5 [14]

Fly ash 0.1 This work
Natural zeolite 34 This work
FA derived geopolymer 90 This work
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Fig. 4. Effect of treated temperature on Cu?* removal efficiency. Adsorption
conditions: adsorbent weight=0.15 g, [Cu**]o =201 ppm, T=30°C, pH 6.2.

3.2.3. Effect of fly ash: NaOH ratio

Fig. 5 shows the effect of ratio Na:FA on the Cu”* removal
efficiency at equilibrium. As shown that higher ratio of Na:FA
will result in high removal efficiency. However, the improvement
is not significant, suggested that the concentration of NaOH is
not an important factor. The removal efficiency can only change
from 65% to 75% when the ratio is increased from 0.8 to 1.6.

3.2.4. Dynamic adsorption and kinetics

The dynamic Cu?* removal on FA derived zeolite (FA-550)
with the contact time is illustrated in Fig. 6. As seen that the
adsorption of Cu®* increases with the contact time and reaches
equilibrium at about 30 h. The first-order rate expression given
by Lagergren [19] and the pseudo second-order rate model [20]
can be used for the description of the kinetics of Cu>* adsorption
on FA-550, listed as below:
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Fig. 5. Effect of Na:FA ratio on Cu®* removal efficiency. Adsorption conditions:
adsorbent weight=0.15 g, [Cu**]g =201 ppm, T=30°C, pH 6.2.
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Fig. 6. Dynamic adsorption of Cu>* on FA-550 and kinetic modelling. Adsorp-
tion conditions: adsorbent weight=0.15g, [Cu®**]o=201ppm, T=30°C, pH
6.2.
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where k1, k;, are the pseudo-first-order and pseudo-second-order
rate constant, respectively, g, the amount of solute sorbed (mg/g)
at equilibrium and ¢ is the amount of solute on the surface of
the sorbent (mg/g) at any time 7. Eq. (3) can be transformed to
the following formula:

gr = ge(1 —e™1) Q)

Fig. 6 presents the model simulation to the experimental data
and the kinetic parameters are given in Table 3. One can see
that both models fit well to the experiment with good correla-
tion coefficients. The equilibrium capacity for the second-order
kinetic model is higher than that obtained from the first-order
kinetics.

3.2.5. Effect of Cu* initial concentration

Fig. 7 presents the effect of Cu?* initial concentration on
the removal efficiency. It is seen that the removal efficiency
will remain high level at lower initial concentration and then
decreases as the initial concentration is further increased from
100 mg/L. The efficiency can change from 90% at 100 mg/L
to 30% at 250mg/L. A lot of investigations have shown that
the removal efficiency of heavy metals is concentration depen-
dent. The removal efficiency shows a decreasing trend with the
increasing initial concentration, which is similar to the results
of this investigation [15,17].

Table 3

Kinetic parameters for Cu>* adsorption on FA-550

Model Experimental ge qe K R?
(mglg) (mg/g)

First-order 80 77 0.13h7! 0.98

Second-order 80 90 1.7x 1073 g/mgh  0.99
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Fig. 7. Effect of Cu®* initial concentration on removal efficiency. Adsorption
conditions: adsorbent weight=0.20g, 7=30°C, pH 6.2.

3.2.6. Effect of adsorbent loading

The dependence of Cu?* sorption on adsorbent dose was also
studied by varying the amount of FA-550 from 0.2 to 2.0 g/L,
while keeping other parameters (pH, agitation speed, and con-
tact time) constant. Fig. 8 presents the Cu>* removal efficiency
for FA-550. As can be seen that removal efficiency of FA-550
generally improved with increasing dose. This is because of
more active sites available for adsorption with high amount of
adsorbent in solution.

3.2.7. Effect of adsorption temperature

Fig. 9 presents the adsorption isotherm of Cu”* adsorption on
FA-550 at different temperatures. As shown that Cu?* adsorp-
tion is increases with the increasing equilibrium concentration.
However, the adsorption capacity is much similar at different
temperatures. From the results, it is seen also that the adsorption
capacity of FA-550 for Cu®* is around 90 mg/g. Agrawal et al.
[1] conducted a comparative adsorption study of copper on vari-
ous industrial solid wastes including sea nodule residue, fly ash,
and red mud. They found that there was no appreciable effect of
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Fig. 8. Effect of adsorbent dose on Cu®* removal efficiency. Adsorption condi-
tions: [Cu®*1g =201 ppm, T=30°C, pH 6.2.
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Fig. 9. Adsorption isotherms of Cu?* on FA-550 at different temperature.

temperature on the metal removal on fly ash and red mud. How-
ever, other investigations showed that Cu?* adsorption on fly ash
increased with increasing temperature from 20 to 40 °C [15].

Two adsorption isotherms, the Langmuir and Freundlich
models, have been used for the fitting of the experiment data.
These two models are listed in following equations:

K C

go = LYmaxCe 6)
1+ KLCe

ge = KeC.'" @)

Fig. 9 shows the fitted curves for two isotherms and the
isotherm parameters are given in Table 4. As seen from Fig. 9
that both isotherms can fit the data well even though the corre-
lation coefficients are not so high. While it seems from the table
that the Langmuir isotherm would be better than the Freundlich
model in data fitting. In addition, the parameters obtained from

Table 4
Isotherm parameters for Cu>* adsorption on FA-550

Temperature Langmuir isotherm Freundlich isotherm

0 2 2
KL gmax (mg/g) R Kr (mg/g)  l/n R

30 0.13 99 0.75 41 0.17  0.67

40 0.10 101 0.87 40 0.17  0.79
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both isotherms are much close for different temperatures, con-
firming that the temperature has little effect on adsorption in this
case.

4. Conclusion

Fly ash and natural zeolite are not good adsorbent for Cu**
removal. Solid-state fusion reaction using NaOH can produce
porous aluminosilicate adsorbent, geopolymer, enhancing the
surface area, pore volume, and adsorption capacity for Cu**
in aqueous solution. The preparation temperature and NaOH
amount will significantly influence the adsorbent capacity for
Cu”* adsorption. In addition, Cu?* initial concentration and
adsorbent dose will also affect the Cu removal efficiency while
the adsorption seems similar at 30—40 °C. Kinetic studies show
that the adsorption process can be better fitted by the second-
order rate model. Langmuir isotherm will exhibit better result in
simulation of the adsorption isotherm.

References

[1] A. Agrawal, K.K. Sahu, B.D. Pandey, A comparative adsorption study
of copper on various industrial solid wastes, AIChE J. 50 (2004) 2430—
2438.

[2] S. Babel, T.A. Kurniawan, Low-cost adsorbents for heavy metals uptake
from contaminated water: a review, J. Hazard. Mater. 97 (2003) 219-
243.

[3] R.S. Iyer, J.A. Scott, Power station fly ash—a review of value-added uti-
lization outside of the construction industry, Resour. Conserv. Recycl. 31
(2001) 217-228.

[4] S. Wang, Y. Boyjoo, A. Choueib, Z.H. Zhu, Removal of dyes from aqueous
solution using fly ash and red mud, Water Res. 39 (2005) 129-138.

[5] S. Wang, Y. Boyjoo, A. Choueib, A comparative study of dye removal using
fly ash treated by different methods, Chemosphere 60 (2005) 1401-1407.

[6] A. Molina, C. Poole, A comparative study using two methods to produce
zeolites from fly ash, Miner. Eng. 17 (2004) 167-173.

[7] X. Querol, N. Moreno, J.C. Umana, A. Alastuey, E. Hernandez, A. Lopez-
Soler, F. Plana, Synthesis of zeolites from coal fly ash: an overview, Int. J.
Coal Geol. 50 (2002) 413-423.

[8] J. Davidovits, Geopolymers—inorganic polymeric new materials, J.
Therm. Anal. 37 (1991) 1633-1656.

[9] H. Xu,J.S.J. Van Deventer, The geopolymerisation of alumino-silicate min-
erals, Int. J. Miner. Process 59 (2000) 247-266.

[10] J.W. Phair, J.S.J. van Deventer, J.D. Smith, Effect of Al source and alkali
activation on Pb and Cu immobilisation in fly-ash based “geopolymers”,
Appl. Geochem. 19 (2004) 423-434.

[11] J.G.S. Van Jaarsveld, J.S.J. Van Deventer, A. Schwartzman, The poten-
tial use of geopolymeric materials to immobilise toxic metals. Part
II. Material and leaching characteristics, Miner. Eng. 12 (1999) 75—
91.

[12] H.L. Chang, C.M. Chun, I.A. Aksay, W.H. Shih, Conversion of fly ash into
mesoporous aluminosilicate, Ind. Eng. Chem. Res. 38 (1999) 973-977.

[13] P. Kumar, N. Mal, Y. Oumi, K. Yamana, T. Sano, Mesoporous materials
prepared using coal fly ash as the silicon and aluminium source, J. Mater.
Chem. 11 (2001) 3285-3290.

[14] R. Apak, E. Tutem, M. Hugul, J. Hizal, Heavy metal cation retention by
unconventional sorbents (red muds and fly ashes), Water Res. 32 (1998)
430-440.

[15] K.K. Panday, G. Prasad, V.N. Singh, Copper(II) removal from aqueous
solutions by fly ash, Water Res. 19 (1985) 869-873.

[16] J. Ayala, F. Blanco, P. Garcia, P. Rodriguez, J. Sancho, Asturian fly ash as
a heavy metals removal material, Fuel 77 (1998) 1147-1154.

[17] B. Bayat, Comparative study of adsorption properties of Turkish fly ashes.
1. The case of nickel(II), copper(I) and zinc(II), J. Hazard. Mater. 95 (2002)
251-273.

[18] C.-J. Lin, J.-E. Chang, Effect of fly ash characteristics on the removal
of Cu(ll) from aqueous solution, Chemosphere 44 (2001) 1185-
1192.

[19] Y.S. Ho, Citation review of Lagergren kinetic rate equation on adsorption
reactions, Scientometrics 59 (2004) 171-177.

[20] Y.S. Ho, G. McKay, Pseudo-second order model for sorption processes,
Process Biochem. 34 (1999) 451-465.



	Solid-state conversion of fly ash to effective adsorbents for Cu removal from wastewater
	Introduction
	Experimental
	Adsorbent materials and chemicals
	Characterisation of adsorbents
	Sorption test

	Results and discussion
	Characterisation of absorbents
	Cu2+ adsorption studies
	Comparison of adsorption with different adsorbents
	Effect of the fusion temperature
	Effect of fly ash: NaOH ratio
	Dynamic adsorption and kinetics
	Effect of Cu2+ initial concentration
	Effect of adsorbent loading
	Effect of adsorption temperature


	Conclusion
	References


