Please cite the Published Version

Joseph, Ifeoma V, Tosheva, Lubomira and Doyle, Aidan M © (2020) Simultaneous removal of
Cd(l1), Co(ll), Cu(ll), Pb(ll), and Zn(ll) ions from aqueous solutions via adsorption on fau-type
zeolites prepared from coal fly ash. Journal of Environmental Chemical Engineering, 8 (4). ISSN
2213-3437

DOI: https://doi.org/10.1016/j.jece.2020.103895
Publisher: Elsevier BV

Version: Accepted Version

Downloaded from: https://e-space.mmu.ac.uk/625525/

Usage rights: © In Copyright

Additional Information: This is an Author Accepted Manuscript of a paper accepted for publica-
tion in Journal of Environmental Chemical Engineering published by and copyright Elsevier.

Enquiries:

If you have questions about this document, contact openresearch@mmu.ac.uk. Please in-
clude the URL of the record in e-space. If you believe that your, or a third party’s rights have
been compromised through this document please see our Take Down policy (available from
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines)



https://orcid.org/0000-0002-5800-0412
https://doi.org/10.1016/j.jece.2020.103895
https://e-space.mmu.ac.uk/625525/
https://rightsstatements.org/page/InC/1.0/?language=en
mailto:openresearch@mmu.ac.uk
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines

SIMULTANEOUS REMOVAL OF Cd(Il), Co(Il), Cu(ll), Pb(Il), AND Zn(I) IONS FROM
AQUEOUS SOLUTIONS VIA ADSORPTION ON FAU-TYPE ZEOLITES PREPARED FROM

COAL FLY ASH

Ifeoma V. Joseph*, Lubomira Tosheva, Aidan M. Doyle

Department of Natural Sciences, Manchester Metropolitan University, Chester Street, Manchester M1

5GD, United Kingdom

*Corresponding author: i.joseph@mmu.ac.uk

ABSTRACT

This study reports the potential for the simultaneous removal of Cd(II), Co(II), Cu(II), Pb(II), and Zn(II)
ions from aqueous solutions by FAU-type zeolites prepared from coal fly ash. The zeolite synthesis
route was via alkaline fusion followed by the addition of deionised water and hydrothermal treatment
using fly ash to water mass ratios of 4, 10, 15, and 20. XRD, XRF, SEM and N, adsorption
measurements were used to characterize the prepared zeolites. Adsorption experiments were carried out
for variations in concentration, time, and adsorbent loading. The adsorption process followed pseudo
second-order kinetics and Langmuir adsorption isotherm; intra particle diffusion model fitting indicated
that diffusion within the pores affected the rate controlling steps and mass transfer across boundary
layers for the adsorbate — adsorbent system. The efficacy of FAU — type zeolite for the quinary-metal

ions adsorption studied decreased in the order Pb(II) > Cu(Il) > Cd(II) > Zn(II) > Co(II).
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1. INTRODUCTION

The release, accidental or premeditated, of toxic metals to the environment as a result of
industrialization continues to be a cause for global concern due to the impact on the environment and
the health of living organisms [1]. For instance, trace amounts of metals like copper, iron, and zinc are

essential for metabolism in all living organisms; excess amounts of these essential metals are capable



of overwhelming the homeostatic mechanism, i.e. the ability to regulate complex metabolic equilibria,
of an organism [2,3]. The toxicity of cadmium, cobalt, copper, lead, and zinc vary. While some are
lethal even in small concentrations, others are lethal from bioaccumulation; toxic effects range from

disruption of the nervous system to carcinogenic potentials [4—6].

Adsorption is one of the effective means of the removal of these toxic metals in solutions via the use of
adsorbents [5—7]. As far back as 1884, when Venable collected rudimentary data on zinc contamination
[8], advances have been made in the detection, quantification, and removal of toxic metals from
drinking water. Among a plethora of inorganic waste materials for purifying water contaminated with
toxic metals, coal fly ash and zeolites prepared from coal fly ash have been widely used [9—14]. There
is an appreciable amount of literature available on the preparation of synthetic zeolites from coal fly

ash [12-18].

Coal fly ash, powdered particulate matter generated as a combustion by-product in thermal power
stations that utilize pulverised coal, is mainly composed of oxides of silicon and aluminium. Pulverized
coal is fed into dry bottom boilers, most commonly used in thermal power stations, and approximately
80% of all its ash is fly ash conveyed by flue gases [19]. In accordance with ASTM C618, fly ash falls
into two broad classes — C and F [20] . This classification is based on the total amount of oxides of
silicon, aluminium, and iron present. Class C fly ash is obtained from the combustion of geologically
younger sub-bituminous or lignite coal while class F is obtained from much older bituminous or
anthracite coal. According to ASTM C618 classification, the sum of SiO,, Al,Os, and Fe»Os is up to
50% for class C and 70% for class F [20] . The chemical composition of coal fly ash (CFA) varies with
geographical location and the coal source but the commonality is the predominance of SiO, and Al>Os.
The phases in fly ash typically include crystalline structures like mullite, hematite, magnetite, and quartz

[1,16].

Due to the close semblance in terms of composition of CFA to volcanic materials, fly ash can be used
to synthesize zeolites. Zeolites are 3D aluminosilicate frameworks with porous crystalline structures
that have wide ranging usage in the fields of adsorption, catalysis, and ion exchange [18,21-26]. Zeolite

types from CFA include Linde type A zeolite (LTA), FAU-types (zeolite X, Y), zeolite P, and chabazite
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[1,14,27-29]. To synthesize zeolites from CFA, the conventional methods involve the use of alkaline
solutions to dissolve the varied crystalline phases and the subsequent precipitation of zeolite phases via
hydrothermal treatment, whereas unconventional methods include dry or molten salt conversion and
microwave assisted synthesis [29-32]. The hydrothermal method for CFA synthesis typically involves
heating CFA in NaOH solutions at autogenous pressures using a temperature range of 80 — 200 °C and
a time period of 3 to 96 h [21,29,33,34]. With the variations in alkali concentrations, solid to liquid
mass ratio, type of CFA, synthesis temperature and time, the yields of zeolitic materials, including
zeolite A, Na-P1, and hydroxysodalite, were reported to be between 20 — 65 wt % of CFA [33-35] .
An improvement on the hydrothermal method is the inclusion of an alkaline fusion step prior to the
hydrothermal treatment developed by Shigemoto et al. [36] . In this method, CFA is mixed with various
mass ratios of CFA to solid NaOH and the product is fused at temperatures ranging from 400 - 750 °C;
this converts most of the crystalline CFA phases into soluble aluminosilicates, which are then dissolved

in distilled water and subsequently crystallized into zeolites via hydrothermal synthesis [16,33,36-39].

Polluted effluent water, with concentrations above the regulated limit, contains a myriad of metal ions
and, as such, mono or bi adsorption systems are not realistic, hence the need for simultaneous multi-
metals adsorption systems. This paper reports the synthesis of FAU - type zeolites from coal fly ash
(CFA) via fusion - hydrothermal method and the use of the prepared zeolite for the simultaneous

removal of Cu(Il), Cd(II), Pb(II), Co(II), and Zn(II) in a five metals adsorption system.

2. EXPERIMENTAL

2.1 Materials

Fly ash was obtained from the Lethabo Power Station in the Free State region of South Africa. Powdered
sodium hydroxide and nitrate salts of copper, lead, cobalt, cadmium, and zinc were purchased from

Sigma Aldrich (99.999 % trace metal basis).

2.2 Zeolite Synthesis

Coal fly ash (CFA) was mixed with powdered NaOH at a mass ratio of 1:1.2 and the mixture was fused

at 600°C for 3 h [17,37]. After fusion, fused CFA sample was ground in a mortar and a precise amount



placed in a polypropylene reactor with the addition of deionized water at a sample to water mass ratio
of 1:4, 1:10, 1:15, and 1:20. The samples were aged for 24, 48, 68, and 72 h, and then transferred to an
80°C preheated oven for 24 h hydrothermal treatment at autogenous pressure. After hydrothermal
treatment, the samples were filtered, washed several times to ensure the removal of excess NaOH, and
dried overnight at 90°C. The samples obtained were denoted CFZ4 - n, CFZ10 - n, CFZ15 - n, and
CFZ20 - n where the numbers denote precursor water content and n denotes ageing duration (24, 48,
68, and 72 h). A reference FAU zeolite (ZRef-FAU) was prepared as reported by Valtchev and Bozhilov

[17,40] for comparison with the zeolites prepared from CFA.

2.3 Characterization

Crystallographic data were obtained with a Panalytical X Pert Diffractometer (XRD) using Cu Ka
radiation at a scan step size of 0.013130° over a 20 range from 4° - 50°. Chemical analysis was
performed with a Rigaku NEX-CG X-ray Fluorescence (XRF) spectrometer. Scanning Electron
Microscopy (SEM) images were obtained with a Carl Zeiss Supra 40VP SEM while a semi-quantitative
elemental analysis was done using an EDAX Inc. Apollo 40SDD Energy Dispersive X-ray
Spectroscopy (EDAX) detector. A Micromeritics ASAP 2020 was used to measure nitrogen adsorption
isotherms at -196 °C; samples were degassed at 300 °C for 3 h prior to analysis. Surface areas were
calculated using the Brunauer-Emmett-Teller (BET) model and external surface areas and micropore

volumes were determined by the t-plot method.

2.4 Batch Adsorption Experiments

Appropriate amounts of metal salts were used to prepare a stock solution of 1000 mg/L in each metal
making a total of 5000 mg/L of 5 metals. Subsequent dilutions were made to obtain concentration ranges
of 100-500 mg/L. Adsorption experiments were carried out in triplicates at room temperature with
sample volume of 20 mL and an appropriate amount of adsorbent in a 120 mL polypropylene bottle
under mechanical shaking using a Gerhardt Laboshake for 90 min; in the case of kinetics experiments,
the duration was 0-180 min. Prior to the adsorption runs, the effect of the polypropylene bottles was

checked by carrying out the experiments without the addition of adsorbent to know if the bottles



adsorbed metals. 200 mg/L initial concentration was used for optimal time and adsorbent loading tests.
To determine the optimal time, aliquots of the solutions with the adsorbent (CFZ10-68) in 120 mL
polypropylene bottles were taken at 10, 15, 30, 45, 60, 90, 120, 150, and 180 min. The adsorbent amount
was varied for 5, 10, and 15 g/L to determine the effect of adsorbent loading. Isotherm parameters were
determined at concentrations of 100, 150, 200, 250, 300, 350, 400, 450, and 500 mg/L. At the end of
the adsorption experiments, the samples were centrifuged at 3800 rpm for 4 min and analysed with

Thermo Scientific ICP-OES (iCAP 6000 series).

Analysis of the data obtained from ICP-OES was done for data fitting to adsorption isotherms and
kinetics models. The efficiency, percentage of heavy metals removed, was obtained as shown in

equation (1):
Removal ef ficiency (%) = (%) 100 (1)

Where C; and Cyare the initial and final (equilibrium) concentrations respectively (mg/L).

Equation (2) shows the sorption amount, g., representing the amount of heavy metals adsorbed on the

adsorbent.

qe (mg/g) = LoDy )

where V is the volume of the solution in L and m is the mass of adsorbent (g), respectively, while C. is

the equilibrium concentration in mg/L.

Adsorption isotherms include Langmuir, Freundlich, and Dubinin — Radushkevich. A linear form of

the Langmuir adsorption model can be written as shown in equation (3):

Co 1 Ce
de (K1 )(dmax) dmax

3)

K is the Langmuir constant (L/mg) while ¢ is the maximum metal ion adsorbed (mg/g).

Adsorption kinetics governing the sorption process determine the rate of adsorption. It is also an

indicator of chemisorption (adsorption via chemical reaction between the adsorbate and adsorbent



surfaces involving valence forces) or physiosorption (adsorption controlled by van der Waals Forces)
[1,41]. These kinetic models include first, pseudo first, second, or pseudo second-order shown in
equations (4) to (6); ki, kero, k2, and keso are the rate constants for first, pseudo first, second, and pseudo
second-order respectively; ¢ is the time. C; and C; are concentrations at the initial time and time ¢, while

q: and q. are the amount of heavy metals adsorbed at time ¢ and equilibrium respectively.

First —order:InC; = LnC; — kqt 4)
Pseudo first — order (Lagergen equation): Log(q. — q1) = Log(q.) — I;’;f)‘; t 5)
- 170 21
Second — order: /Ct /Ci + kyt (6)
- Sty -1 1
Pseudo second — order: /qt pa— t( qe) (7

The intraparticle diffusion model, which accounts for diffusion within the pores of the adsorbents, is

given by equation (8) with 4 denoting the intraparticle diffusion rate constant [42,43]:

qe = kit @®)
3. RESULTS AND DISCUSSIONS

3.1 Characterization of Coal Fly Ash (CFA)

In determining the physicochemical properties of the raw CFA, the XRD pattern, Fig. 1a, shows that
CFA is mainly composed of quartz and mullites. SEM analysis, Fig. 1b, shows the characteristic
spherical shape associated with CFA with a very smooth surface possibly due to the surface layer of
aluminosilicate glass phase [44]. XRF results for the major oxides were SiO, 59.0 mass%, Al2O3 37.50
mass%, CaO 4.86 mass%, Fe,O3 2.61 mass%, TiO, 1.62 mass%, and MgO 1.30 mass%. In accordance
with ASTM C618 standard, this is a class F fly ash [20] . The Si/Al molar ratio of the CFA was 2.66

(mass ratio of 1.57), and the BET surface area was 2.0 m%/g.

3.2 Zeolite Synthesis



Fig. 2 depicts the crystallographic changes that accompanied the transformation of CFA into zeolite.
With alkali fusion, the Si/Al ratio was reduced to 1.52 with the dissolution of aluminosilicate phases
leaving predominantly amorphous phases after ageing. Proceeding with hydrothermal treatment at
80°C, the intermediate amorphous phases reorganized and zeolite nucleation with crystal growth
occurred within the treatment duration. XRD patterns show distinct crystalline features predominantly
composed of FAU-type zeolite as seen in Fig.2 (CFZ10-68) with a peak by peak match in relation to

the reference zeolite (ZRef-FAU).

3.2.1 Effects of Water Content and Ageing Duration

The XRD patterns of samples CFZ4 and CFZ10 with different ageing times and the reference zeolite
(ZRef-FAU) are shown in Fig. 3 while the corresponding SEM images are shown in Fig. 4. With a
water content of 1:4, the end product formed with 24 h of ageing was mainly a mixed phase that includes
FAU (Fig. 3 and Fig. 4a). An extended ageing duration of up to 72 h resulted in a mixture of FAU and
LTA zeolites (Fig. 4 a-d). A higher water content of 1:10 and 24 h ageing resulted in a more defined
FAU zeolite structure (Fig 4e). As shown on Fig. 4f-h, ageing extensions for 48, 68, and 72 h resulted

in clearly defined distinctive octahedral morphology of FAU-type zeolites.

All CFA zeolites had a Si/Al ratio of about 2.5, which is comparable to the Si/Al ratio of the raw CFA
(Table 1). Surface areas, external surface areas and micropore volumes increased with an increase of
ageing time up to 68 h for both CFZ4 and CFZ10 zeolites. Further increase of the ageing time resulted
in a slight reduction of the micropore volume in both type of samples, which could be due to an
increased amount of LTA-type zeolite in the samples as seen in the XRD patterns (Fig. 3). CFZ10
samples showed superior crystallinity and contained lower amount of trace phases compared to CFZ4
samples. The most crystalline sample, CFZ10-68, had a micropore volume of 0.172 cm?/g compared
to 0.304 cm?®/g for the reference material (Table 1), which could be due to the presence of trace materials

such as LTA, which do not adsorb nitrogen.

In a series of experiments, the water content was increased even further using the optimised 68 h of

ageing, in an attempt to increase the phase purity of the FAU-type zeolites. The results shown in Fig. 5



indicate that when a ratio of 15 was used, the FAU phase purity indeed increases. However, further
increase of the ratio to 20 resulted in a disordered material. These results were also confirmed by the
surface area and micropore volume results obtained (Table 2). XRD of the precursor samples prior to
being subjected to hydrothermal treatment were very similar (Fig. 5a) indicating that minor variations
in the chemical composition of the precursor mixture have a significant influence on the zeolite
crystallization during the hydrothermal step. With an increment in water content from 1:4 to 1:20 ratios,
within the same ageing duration of 68 h, the result showed that FAU zeolite was formed up until 1:15
(CFZ4-68, CFZ10-68, and CFZ15-68). Beyond that, the product was predominantly amorphous
(CFZ20-68), as shown on the XRD patterns in Fig. 5b. As shown on Fig. 5a, for all the water additions
of 1:4, 1:10, 1:15, and 1: 20 (CFA4-68, CFA10-68, CFA15-68, and CFA20-68, respectively), the XRD
patterns for the samples prior to hydrothermal treatment (where the samples were filtered and washed
after ageing) showed that the amorphous signatures appeared the same irrespective of the amount of
water added. Hydrothermal treatment re-introduced crystallinity via zeolitization making FAU the
dominant phase from a water ratio of 10 to 15 (CFZ10-68 and CFZ15-68) with a subsequent increase
in Si/Al ratio and surface area shown on Table 2. For the prepared zeolites, Fig. 5b shows the amorphous
structure of CFZ20-68 is similar to its pre-hydrothermal treatment stage as seen on the XRD pattern of
CFA20-68 (Fig.5a) with a surface area of 27 m?/g (Table 2) compared to CFZ15-68, which has a surface

area of 465 m?/g.

Nitrogen adsorption/desorption isotherms of CFZ10-68, CFZ15-68, and ZRef-FAU are shown in Fig.
6a and corresponding BJH (Barrett, Joyner, and Halenda) adsorption pore-size distributions are
included in Fig. 6b. The isotherm of the reference sample displays a typical type I isotherm
characteristic of microporous materials. The micropore volume of this sample (0.303 cm?/g, Table 1)
confirms the fully crystalline zeolite FAU nature of the sample (Fig. 2). The shape of the isotherms of
CFZ10-68 and CFZ15-68 is different in comparison with the reference zeolite. The isotherms contain
a hysteresis loop, however, due to the absence of a plateau at high relative pressures they can be
classified as type IIb isotherms rather than type IV isotherms [45,46]. The type H3 hysteresis loops in

both samples suggest the presence of slit-shaped pores. The steep increase in the volume of gas adsorbed



at low relative pressures is indicative of microporosity, and corresponding micropore volumes of 0.172
and 0.194 cm®/g, Table 2, were determined, which are lower compared to the micropore volume of the
reference zeolite sample in accordance to XRD results (Fig. 3). The BJH pore-size distributions further

confirm the similar pore structures of CFZ10-68 and CFZ15-68 (Fig. 3b).
3.3. Simultaneous Adsorption
3.3.1 Adsorbent tests: removal efficiency

Fig. 7 shows the use of raw fly ash, CFA, as an adsorbent in simultaneous adsorption experiments for
a concentration range of 5 to 100 mg/L. At the lowest concentration of 5 mg/L, less than 65% of Co
and Cd were removed while Cu and Pb had more than 98% removal. The decline in the removal
efficiency followed a similar gradation for Cd and Co. Below 20 mg/L, the efficiency trend was Cu(I)
> Pb(II) > Zn(II) > Co(I)> Cd(II). Above 20 mg/L, it was Pb(II) > Cu(II) > Cd(II) > Zn(II) > Co(ID).
With a surface area of 2 m?/g and well-defined crystalline phases (Fig. 1a) consisting of aluminosilicates
albeit not in the same ordering as FAU zeolite, adsorption was possible even in the presence of a myriad

of impurities in the untreated fly ash.

Transformation of CFA to FAU zeolite lead to the restructuring of the constituent crystalline phases
and a major enhancement of the adsorption experiment results of the untreated fly ash; even though
CFZ15-68 had the highest surface area of 465 m*/g, CFZ10-68 was used instead in consideration of a
lesser amount of water for synthesis . While the quantity of adsorption on CFA was limited below 100
mg/L, FAU zeolite from fly ash (CFZ10-068) had a removal efficiency of almost 100% at 100 mg/L
(Fig. 8a). A better comparison is with the reference FAU zeolite, ZRef-FAU shown in Fig. 8b. While
CFZ10-68 followed a trend of Pb(Il) > Cu(Il) > Cd(Il) > Zn(II) > Co(Il), ZRef — FAU had a trend of
Pb(Il) > Cd(II) > Cu(Il) > Zn(II) > Co(II) for an initial concentration range of 100 — 500 mg/L at 5 g/L
adsorbent loading for a duration of 90 minutes. The reversing of Cd(Il) and Cu(Il) removal efficiencies
between CFZ10-68 and ZRef-FAU could be due to the presence of amorphous material in the former
as well as differing elemental compositions, for instance the presence of Fe,Os and CaO (2.19 wt% and

3.45 wt%, respectively) in CFZ10-68, which were absent in the reference sample according to XRF.



Even with five metals with differing physical and chemical properties in competition for the available
adsorption sites, Pb(Il) consistently achieved up to 99% removal at the maximum concentration for
both samples. Up to a concentration of 350 mg/L, CFZ10 — 68 could remove more than 80% and 75%
of Cu(Il) and Cd(II) respectively; Zn(II) was almost 40% removed and Co(Il) with less than 20%
reached a point beyond which removal was not feasible. As the amount of competing ions increased
above 350 mg/L in the solution, any apparent selectivity for Zn(II) and Co(Il) disappeared and Pb(II)
maintained the lead followed by Cu(Il) and Cd(II). Thus, a 500 mg/L solution simultaneously loaded
with Cd(II), Co(Il), Cu(Il), Pb(II), and Zn(II) has a lower selectivity for Co(Il) and Zn(Il) in terms of

competition and occupation of available adsorption sites.

Comparing the prepared fly ash FAU zeolite with the reference sample shown in Fig. 9 a and b, within
10 minutes there was more than 99% removal of Pb(Il) for both adsorbents at 200 mg/L. Cu(Il) and
Cd(II) removal were higher for the fly ash FAU zeolite than the reference zeolite. Just as in Fig. 8a,
there is a wider separation in the adsorption trend curves between the first three preferentially adsorbed
metals (Pb(II), Cu(Il), and Cd(II)) and the least adsorbed metals - Co(II) and Zn(II). With the exception

of Pb(Il), the gap is fairly consistent with the other four metals in the case of the reference zeolite.

In assessing the efficiency at 200 mg/L and 90 mins duration for three different adsorbent loadings - 5,
10, and 15 g/L shown on Fig. 10, Pb(Il) had an optimal removal at the lowest adsorbent loading of 5
g/L. The more noticeable changes in efficiency were Co(Il) and Zn(II); doubling the initial adsorbent
loading to 10 g/L led to more than a 50% increment in Co(Il) removal and about a 30% increment in
Zn(II). These results are logical since increasing the amount of adsorbents provides extra active sites
for adsorption even in the most competitive and selective environment. Tripling the loading had no
noticeable effect on Zn(Il) since twice the initial loading provided sufficient adsorption active sites
needed for its removal while Co(II) had about an 8% increment from the previous 50%. Table 3 shows
the EDAX elemental analysis of prepared FAU zeolite, CFZ10-68, before and after adsorption for the
three zeolite loadings used in Fig. 11. The semi-quantitative results show that all five metals were
simultaneously removed from solutions. Similar levels of each metal were measured in filtered and

dried zeolite samples independently of the zeolite loading used for adsorption. These levels decreased
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with an increase in the zeolite loading from 5 g/L to 15 g/L due to the increased number of surface sites

available for adsorption.

3.3.2 Kinetics and adsorption isotherm models

Though the data was tested on five kinetic models, only the best two (second-order and pseudo second-
order) are presented on Table 4 for an initial concentration of 200 mg/L; pseudo second-order had the
best fitting followed by second-order. The rate constants (k2, kpso, and kiq) are indicators of how fast
adsorption occurs; the higher the value, the faster the adsorption. From the correlation factor, R?, the
pseudo second-order kinetic model had the best fit for all five heavy metals; this is an indication of
chemosorption in contrast to physiosorption as the driving mechanism for the adsorption [1,41].
Equilibrium sorption capacity values, g., obtained from the pseudo second-order model fitting (Table
4) were comparable to the experimental values at 200 mg/L. The experimental values were 39.965
mg/g, 39.008 mg/g, 38.906 mg/g, 31.615 mg/g, and 16.400 mg/g for Pb(Il), Cd(II), Cu(Il), Zn(II), and
Co(Il) respectively. A model vs experimental ¢. is therefore within a reasonable tolerance. The rate
constant for the pseudo second-order model follows the trend: Pb(II) > Cd(II) > Cu(Il) > Co(II) > Zn(II).
Data fitting using the intraparticle diffusion model yielded a linear correlation (Table 4) with the trend
in diffusion rate as Co(Il) > Zn(II) > Pb(II) > Cd(II) > Cu(Il). Adsorption for a concentration range of
100 mg/L to 500 mg/L. on CFZ10-68 had the best fitting with the Langmuir adsorption isotherm and
the isotherm parameters are shown on Table 5. The model/theoretical values were compared with the
actual experimental values and the difference was within £2% which is reasonable except in the case
of Co(Il) that gave an underestimation of the actual value. For instance, in applying the model to Cu(Il),
the theoretical gmqris 57.803 mg/g, while the actual experimental value obtained was 58.024 mg/g; well
within the tolerance limit. The maximum amount of metals adsorbed on FAU zeolite prepared from
coal fly ash had the trend Pb(Il) > Cu(Il) > Cd(Il) > Zn(II) > Co(Il). Table 6 shows the Langmuir
parameters, gmq and Ky, for the reference material, ZRef-FAU with the trend in maximum adsorption
amounts as follows: Pb(Il) > Cd(II) > Cu(Il) > Zn(II) > Co(II). In comparing the maximum amounts

adsorbed, gmar, CFZ10-68 (Table 5 and Fig. 8a) and ZRef-FAU (Table 6 and Fig. 8b) had approximately
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similar amounts for Cu(Il), Pb(I), and Zn(II). There were differences in the amounts of Cd(II) and

Co(II) adsorbed whereby the reference material adsorbed more of these metals.

The ionic radii of the unhydrated metals have a size trend of Pb(Il) > Cu(ll) > Zn(Il) > Cd(II) [47];
for the hydrated ions, the trend would be reversed since there is an inverse proportional relationship
between the radii of unhydrated cations and hydrated cations [48]. This trend is true for the adsorption
of the first two ions (Pb(II) and Cu(II)) but is not necessarily true for the others. Cd(II) has the possibility
of 4 (tetrahedral) and 6 (octahedral) coordination; Co(II) has 4, 6, and 8, Cu(Il) has 4 and 6, Pb(II) has
6 and 8, and Zn(Il) has 4, 6, and 8 coordination. The hydrated ionic sizes with the coordination number
could be responsible for the high selectivity of Pb(II) even at the maximum concentration and the poor

ion exchange capability for Co(II) in the presence of competing hydrated metal ions.

A study by Visa et al. [1] for Cu(Il) and Cd(II) found the maximum adsorption capacity of the binary
system on zeolite from unmodified coal fly ash was 58.1 mg/L and 16.1 mg/L respectively. In another
study by Visa [7] for the simultaneous adsorption of Cd(II), Ni(Il), Cu(II), Zn(II), and Pb(Il) on zeolites
from coal fly ash, with NaP1 as the major composition, the maximum adsorption capacity was found to
be 26.9 mg/L for Cd(II), 20.9 mg/L for Cu(Il), 5.9 mg/L for Ni(Il), 7.9 mg/L for Zn(Il), and 88.3 mg/L
for Pb(II). Cheng et al. [4] did a study for Cu(Il), Ni(II), Pb(II), and Cd(II) simultaneous adsorption on
Linde type F zeolite from coal fly ash gave adsorption capacity of 18.5 mg/L, 9.1 mg/L, 46.5 mg/L, and
21.6 respectively at room temperature. Wang et al. [49] compared the adsorption of a binary system of
Cu(Il) and Zn(II) on Linde type A zeolite and zeolite X from coal fly ash; they found LTA zeolites
have a better maximum adsorption performance than zeolite X — maximum adsorption capacity of 82.7
mg/L for Cu(Il) and 47.4 mg/L for Zn(Il). Using montmorillonite, Gupta et al. [S0] found the
adsorption of Pb(II), Cd(Il), and Ni(Il) on that clay was 31.1 mg/L, 30.7, and 21.1 mg/L respectively.
From the literature data, a combination of Cd(II)/Zn(II)/Ni(1I)/Cu(II)/ that includes Pb(Il) would always
have a higher selectivity towards Pb(II) as confirmed by the study presented here. Our study showed a
higher adsorption capacity for 5 simultaneous loading of Pb(II), Cu(Il), Cd(II), Zn(II) , and Co(II) of

109.9 mg/g, 57.8 mg/g, 53.5 mg/g, 36.8 mg/g, and 12.2 mg/g respectively.

CONCLUSIONS
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Coal fly ash was used to prepare zeolites and, depending on the synthesis conditions, the products were
mainly composed of FAU-type zeolites. The prepared FAU zeolite sample (CFZ10-68) with a BET
surface area of 432 m*/g was tested via adsorption studies for optimal time, concentration effect, and
adsorbent loading in a five metals simultaneous system. The results showed that in the presence of
competing ions, FAU zeolite prepared from coal fly ash can simultaneously remove heavy metals in
aqueous solution. The trend for removal efficacy and adsorption isotherm model fitting was Pb(Il) >
Cu(I) > Cd(IT) > Zn(II) > Co(II). A pseudo second-order (PSO) rate equation had the best fit while the
Langmuir model described the adsorption isotherm. The maximum quantity adsorbed, gmax, was Pb(Il)

at 109.9 mg/g while Co(Il) had the lowest at 12.2 mg/g.
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Table 1. Si/Al ratio and BET results of synthesized zeolites.

Sample Si/Al  SA (m%/g) SAecx (M¥g)  Viiero (cm*/g)

CFz4-24 250 83 49 0.017
CFZ4-48 2.53 151 66 0.044
CFZ4-68 2.48 183 63 0.058
CFz4-72 245 205 78 0.065
CFZ10-24  2.46 322 78 0.126
CFZ10-48  2.56 389 81 0.148
CFZ10-68  2.51 432 76 0.172
CFZ10-72  2.54 397 78 0.164
ZRef -FAU 230 626 43 0.304
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Table 2. Si/Al ratio and textural characteristics of CFZ-68

samples prepared with different water content.

Sample  Si/Al SA (m%g) SAcx (M¥g)  Viicro (cm*/g)

CZ4-68  2.48 183 63 0.058
CZ10-68 2.50 432 76 0.172
CZ15-68 2.66 465 88 0.194
CZ20-68 2.54 27 14 0.007
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Table 3. EDAX elemental analysis (wt%) of CFZ10-68 before and after

adsorption experiments at different zeolite loadings (g/L).

Element CFZ10-68  5g/L 10 g/L 15 g/L
Si 21.09 17.49 19.29 14.71
Al 17.28 14.84 17.03 12.24
Cu - 1.99 1.50 1.00
Cd - 1.71 1.19 0.76
Co - 1.92 1.18 0.74
Pb - 1.99 1.30 1.17
Zn - 1.75 133 0.78
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Table 4. Kinetic parameters for CFZ10-68

Metal Second-order Pseudo second-order Intraparticle diffusion
k> R? Qe keso R? kia R?
(L.min/mg) (mg/g) (g.min/mg) (mg.min®3/ g)
Pb(II) 0.100 0.972  40.000 0.893 1.000 0.412 0.971
Cd(I1) 0.002 0.967 40.323 0.007 1.000 0.408 0.972
Cu(II) 0.001 0.997  39.683 0.012 1.000 0.3823 0.921
Zn(1I) 0.000 0.997  34.722 0.002 0.997 0.478 0.986
Co(II) 0.000 0.961 19.531 0.004 0.995 0.852 0.989
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Table 5. Langmuir adsorption isotherm parameters for CFZ10-68

Metal qmax(Mg/g) Ki(L/mg) R?

Pb(II) 109.890 3.250 0.987
Cd(1I) 53.476 1.222 0.999
Cu(ll) 57.803 0.700 1.000
Zn(1l) 36.765 0.324 0.979
Co(Il) 12.240 0.075 0.974
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Table 6. Langmuir adsorption isotherm parameters for ZRef - FAU

Metal qmax(Mg/g) Ki(L/mg) R?

Pb(II) 103.093 4.409 0.990
Cd(1I) 74.074 0.408 0.993
Cu(Il) 57.803 0.221 0.988
Zn(1l) 42.017 0.381 0.991
Co(II) 30.211 0.092 0.996
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Fig. 1. (a) XRD pattern and (b) SEM image of untreated coal fly ash (CFA).
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Fig. 2. XRD patterns showing the crystallography of CFA transformation to CFZ10-68
FAU zeolite for 68 h ageing. ZRef-FAU is the reference material.
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Fig. 4. SEM images of CFZ4-24, CFZ4-48, CFZ4-68, CFZ4-72 (a-d) and CFZ10-24, CFZ10-48,
CFZ10-68, CFZ10-72 (e-h) water content.
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Fig. 5. XRD patterns of samples prepared with different water contents (a) pre hydrothermal

CFA-68 and (b) zeolites CFZ4-68.
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Fig. 6 (a) N adsorption/desorption isotherms (close symbols, adsorption, open symbols, desorption)

and (b) BJH Adsorption pore-size distributions of CFZ10-68, CFZ15-68, and ZRef-FAU
samples.
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Fig. 7. Removal efficiency of untreated (raw) fly ash from 5 — 100 mg/L.
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Fig. 9. Simultaneous removal of heavy metals for 0 — 180 min at 200 mg/L using (a) CZ10-68

and (b) ZRef-FAU.
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