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1. Introduction

Fossil fuels make up a large portion of developing nations’ electricity production, with coal having
been projected to still cater for up to 35% of energy needs in Africa by 2025 [1, 2]. Globally, the
consumption of coal for power generation is set to remain at 100 quadrillion Btu by 2050 [1]. Gaseous and
particulate emissions from coal-fired thermoelectric power stations (cTPSs) are a major environmental
concern. For example, on average each kWh of electric energy produced by cTPSs has an environmental
impact in the order of 800 g of emitted carbon dioxide [3]. The coal combustion process generates solid
residues commonly referred to as coal combustion by-products (CCPs) whose principal components are fly
ash (FA), bottom ash (BA) and coal rubble/boiler slag (CR). Whereas FA is collected by electric
precipitators, cyclones, or mechanical filters at the chimney flue of boilers, bottom ash and slag are collected
from the bottom of the furnace. In general, cTPSs consuming 120-million tons of coal per annum for power
generation generate about 25-million tons of ash made up of 60 to 88% FA [3].
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The projected increase in coal consumption in Africa means thermal power stations are therefore
faced with a problem of ash storage and disposal. In current practices, most power stations in Africa dispose
ash in landfills or ash ponds. These disposal methods are not only costly in terms of land and the associated
handling and transportation costs but are also environmentally unfriendly. FA disposed in landfills and ash
ponds have been shown to leach heavy metals into the environment. The projected increase in CCPs
generation will only exacerbate the problem as ash disposal competes with national developmental
programmes requiring land. To minimize these effects, utilization of FA in various processes and industries
has been widely investigated. FA has applications in a number of areas that include; catalysis, construction
and ceramic industries [4—6], soil stabilization, zeolites and geopolymers synthesis [7—10], among other
uses. The conversion of FA to zeolites is one of the most attractive approaches as zeolites have applications
in diverse areas such as catalysis, ion exchange and adsorbent materials [11]. The synthesis of zeolites
require sources of Si and Al, with commercial synthesis usually utilizing silica gel and Al salts in the
presence of NaOH [12, 13]. CCPs, especially fly ash, are rich in silica and alumina which makes them good
source materials for zeolite synthesis [11]. The chemical composition, and hence the properties of coal fly
ash are greatly influenced by the type of the coal (formation and deposition) from which it was generated
as well as the combustion conditions. However, it has been shown that the major constituents of FA are
SiO; and Al,Os, with significant levels of CaO and Fe,Os, with some concentration variations depending
on the class of source coal [14]. High levels of silica and alumina in FA have prompted continuous efforts
on utilization of FA as source materials in zeolites synthesis [ 15—-18]. In 1987, Henmi treated FA with NaOH
and observed a substantial increase in the cation exchange capacity (CEC) that was attributed to formation
of zeolites [19]. Since then, there has been keen interests in alkali activation of FA to produce zeolite [11,
20-22]. Fly ash containing high levels of unburnt carbon can originate from low operating furnace
temperatures due to environmental regulations to mitigate NOx emissions, or boiler inefficiency due to old
technologies and obsolete equipment [23]. High carbon content FA have low applicability due to the
adverse effects of carbon in some applications such as concrete products [24]. There are a number of ways
in which unburnt carbon can be separated/ removed from FA as a way of recovering carbon [23] or making
FA more suitable for specific applications [25-29]. The current procedures in zeolite synthesis using FA as
source materials entails pretreatment of the FA by calcination at high temperatures (800 to 1000 °C) to
remove unburnt carbon [30]. This high energy process may become a cost barrier when the FA is
consistently high in unburnt carbon due to old technologies in use in some developing countries. This work
aims to evaluate the effects of high carbon content in source materials on the synthesis and properties of
synthesized zeolites. The effect of unburnt carbon on CEC as well as on adsorption efficiency of synthesized
zeolites will be assessed. Adsorption efficiency will be tested on the adsorption of Ca®" ions to evaluate the
applicability of the adsorbent on point of use water softening technologies, especially for communities that
rely on borehole water. Adsorption isotherms and kinetics will be modelled by both linear and non-linear
methods. Model fitting procedures will be conducted using both linear and non-linear methods to highlight
the errors associated with linearization of models for curve fitting. The coefficient of determination (),
equation (1), will used to determine the best-fitting model to the experimental data:

(9, -a.)
o Y (a,-a. )

S (40 -4.) + (g, -a.)
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2. Materials and Methods
2.1. Materials

Fly ash precursor materials used in this study were obtained in Harare, Zimbabwe from a thermal
power station firing bituminous coal. Random sampling was employed in obtaining the FA samples which
were stored in air-tight containers. Collected FA samples had 20% unburnt carbon content, herein referred
to as 20-FA. A portion of the FA was calcined in a muffle furnace at 905 °C for 2 hours to remove the
unburnt carbon to achieve 0-FA samples. NaOH and hydrochloric acid (32%) were obtained from J.T.
Baker chemical company. Chemical analysis of precursor materials and zeolite products were performed on
a PANalytical Zetium X-ray Fluorescence (XRF) spectrometer, Netherlands. Metal ion determination was
conducted on a Varian Spectr 20 plus atomic absorption spectrophotometer (AAS), Palo Alto, California,
USA. Powder X-ray diffraction (PXRD) measurements were recorded on a powder D8 Advanced Powder
X-Ray Diffractometer from Bruker Inc. (Karlsruhe, Germany) using Cu Ko, (A =1.54 A) radiation source.

2.2. Zeolites Synthesis

The fusion method was used in this study as it has been shown to give a higher level of zeolitisation
compared to the hydrothermal process [31]. The approach involved separately treating 50 g of the precursor
materials (0-FA and 20-FA) with 250 mL of concentrated HCI under continuous agitation for 1 hour. The
slurry obtained was filtered and the residue washed with deionized (DI) water until a neutral filtrate was
obtained. Following acid treatments, 48 g of the precursor materials were crushed with 40 g of NaOH (ratio
of 1.2:1) to form a homogeneous powder. The targeted ratio of 1.2:1 FA / NaOH has been shown to produce
zeolites with high crystallinity and high CEC values [31-33]. The resulting powder was then fused in a
muffle furnace at 550 °C for an hour followed by further grinding to get a homogeneous powder. 50 g of
the fused samples were mixed with 100 mL of DI water, agitated continuously for 17 hours, and cured in
an oven at 90 °C for six hours. The cured mixtures were filtered and the residue washed until the filtrate
reached a pH of 8, followed by drying at 70 °C [31]. Zeolites obtained from 0-FA and 20-FA are herein
referred to as Z-0 and Z-20 respectively and were stored in air tight containers until further analysis.

2.3. Cation Exchange Capacity Determination

Cation exchange capacities of all zeolite materials produced were determined in duplicates at pH 7.
The ammonium acetate method was used at room temperature and it entailed mixing 5 g of the zeolites with
25 mL of 1 M ammonium acetate solution. The mixtures were then shaken for specified time periods ranging
from 10 minutes to 18 hours to ascertain time for attainment of equilibrium. The reaction was quenched by
centrifugation, supernatant was collected, and the residue was mixed with 75 mL of ethanol, shaken and
centrifuged. The collected supernatants were combined for exchangeable cations determination using AAS.

2.4. Equilibrium and Kinetic Adsorption Studies

The batch process was employed in calcium ion adsorption studies. Adsorption isotherm studies
were performed using 1.0 g of the zeolite and 50 mL of a 240, 500, 1000, 1500, 2000, and 2500 mg L' Ca*’
ion solution in screw-capped vials at 303 K. The containers were shaken in a reciprocating water bath at
150 rpm for 80 minutes. After shaking, the mixtures were filtered, and the filtrates were measured for
calcium ion concentration using AAS. The amount of Ca*" ions adsorbed was determined and the adsorption
capacity, q. (mg g'), was calculated according to equation 2.
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where Cy is the initial calcium ions concentration (mg L), C, is the equilibrium concentration, W is the
mass of zeolites (g) and V' is the volume of the solution (L). The data collected was used for adsorption
isotherm model fitting using the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms.
Kinetic studies were conducted using 1g of the zeolites and 50 mL of a 2000 ppm Ca*" solution. The contact
time ranged from 10 to 80 minutes. The amount of calcium ions removed was measured after each time
interval. All analyses were performed in duplicate.

3. Results and discussion
3.1. Physicochemical Characterization
3.1.1. Mineralogical Characterization

Chemical analysis results from XRF show that FA’s dominant components are silica (55.76%),
alumina (27.92%), calcium oxide (4.96%) and oxides of iron (3.5%) (hematite (Fe,Os;) and magnetite
(Fe304)) as shown in Table 1 (see Figure 1 for the corresponding XRD traces). The chemical composition
of FA has been shown to depend largely on the type of combusted coal, additives and the combustion
technology [14]. XRF results indicates the acquired FA to be ASTM C 618 class F, consistent with FA
obtained from the combustion of bituminous coal. The total sum of SiO,, Al,O; and Fe,O3 (87.20%)
exceeded 70%, while CaO content (4.96%) did not exceed 20% (Table 1), in agreement with literature data
for class F FA. Acid treatment resulted in little changes in alumina and silica content but a 40% reduction
in iron was observed. Acid treatment has been shown to significantly reduce CaO and Fe,O; while
maintaining SiO; and Al,Os levels [16] leading to increases in the composition of these oxides, especially
Si0,. The acid treatment stage increases FA’s reactivity as well as the acidity of produced zeolite.

Table 1: Chemical composition of calcined FA and zeolites produced from different precursor materials.

SAMPLE Si02 A1203 F6203 NazO KzO CaO MgO P205 MnO | TiO BaO SO3 Cr03 Si/Al
(%) | (%) | (%) | (%) | (%) | (%) | (%) | (%) | () | (N) | (%) | (%) (%)

F.A 55.76 | 27.92 | 3.52 1.36 | 0.40 496 | 1.84 | 031 | 0.075 | 1.16 | 0.011 | 1.24 0.102 | 1.99
Z-0 46.95 | 23.47 | 1.89 13.98 | 0.36 426 | 1.34 | 0.30 | 0.021 | 1.07 | 0.000 | 0.14 0.092 | 2.00
Z7-20 36.14 | 16.57 | 1.09 8.78 | 0.25 1.80 | 0.85 | 0.01 | 0.032 | 1.12 | 0.034 | 1.07 0.033 | 1.81

In addition to FA’s chemical composition (particularly the Si/Al ratio) that has been shown to play
a key role in the type of zeolites produced [16], the synthetic method determines the nature in which the
alkali activator interacts with the FA resulting in differences in the type and hence properties of zeolites
synthesized [34]. The chemical composition shown in Table 1 indicates that the FA has a low Si/Al ratio (<
5) which favors the production of low-silica zeolites, e.g of the faujasite and linde groups [34]. There was
a marked increase in the percentage of Na,O in the zeolite materials, 14 and 9% for Z-0 and Z-20
respectively compared to the precursor material (1%). This sodium enrichment is due to Na" ions from the
NaOH used in the alkaline fusion step that serve to balance the negative charge created during fusion
treatment of zeolite synthesis [35].
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Figure 1: XRD profiles of FA (a) and zeolite products, Z-20 (b) and Z-0 (c).

The XRD profiles shown in Figure 1 indicate the major mineral phases in FA to be mullite
(AlgS12013), quartz (SiO;), hematite (Fe,O3) and magnetite (Fe;O4). The results are consistent with XRF
analysis confirming alumina, silica, and iron as the major components of the fly ash and zeolites samples,
in agreement with other FA produced from subbituminous coal [36, 37]. Figure 1also shows that both Z-0
and Z-20 are mixtures of Na-Y, Na-A, and hydroxysodalite (Na;Al3Si30,,0H) zeolites, with Z-0 also
having significant amounts of Na-X zeolite. A higher degree of supersaturation has been shown to favor the
formation of zeolite X, a metastable phase, that later recrystallizes to form the more stable hydroxysodalite
(HS) zeolite. In our case, zeolite X partially transformed to the HS phase resulting in the coexistence of the
two phases. Zeolites A and X have been reported to co-crystallize as two phases at 90 °C [34], while under
certain conditions hydroxysodalite can be formed in addition to zeolites A and X. Single phases can,
however, be formed by careful control of reaction conditions [38]. The effect of acid pretreatment of FA is
observed from the absence of calcite from the treated FA and the synthesized zeolites.

3.1.2. Cationic Exchange Capacity

Exchange reactions using NH, " ions as the exchange ions showed that exchangeable ions present in
appreciable quantities in both Z-0 and Z-20 were Na', Ca*", Mg”" and K" ions. The CEC of zeolites depend
on the porosity and exchangeable cations within the zeolite structure. The CEC results of the prepared
zeolites were calculated to be 560.2 and 444.2 meq/100g for Z-0 and Z-20 respectively. Hydroxysodalite
has been shown to have a low CEC, hence affected the overall value for all the products [38]. The low CEC
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of Z-20 stems from unburnt carbon depositing on particles’ surfaces. This influences the effectiveness of
the reaction between NaOH and FA during the fusion stage, which is critical in the synthesis of high CEC
zeolites [39]. The obtained results are consistent with literature data reporting that CEC values depend
strongly on the type of zeolites, with zeolite X having higher CEC than zeolite A [31]. Z-0 has a greater
proportion of zeolite X compared to Z-20 and hence the observed higher CEC of the former. Sodium ions
release profile shown in Figure S1 (supplementary materials) highlights clearly differences in the release
rates of the two materials. Release from Z-0 was faster than Z-20 with equilibrium being attained after 30
minutes in Z-0 compared to around 60 minutes for Z-20. The slower rate of releasing Na" may be a result
of carbon particles surrounding the zeolite particles hence creating mass transfer resistance.
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Figure S1: Time-dependent release of sodium ions from Z-0 (closed triangles) and Z-20 (closed circles).

3.2. Calcium Immobilisation
3.2.1. Effect of Dosage

The effects of adsorbent dosage on calcium ion adsorption by zeolites produced from both precursors
are presented in Figure 2. Pollutant uptake from solution by adsorbents increases with the increase in
adsorbent concentration due to the increase in the number of active sites available for adsorption. However,
the enhancement effect is limited by an optimum value after which the uptake becomes constant (Figure
2a). At loadings below the optimum value, the adsorbent surfaces are easily saturated by the pollutant metal
ions resulting in a low uptake of the ions from solution [40].
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Figure 2: Effect of adsorbent dosage on Ca* ions adsorption by Z-0 (closed diamonds) and Z-20 (closed circles);
(a) % removal (b) adsorption capacity, q.. (T =303 K, Cy = 240 ppm, t = 150 minutes)

Incremental removal of Ca** ions becomes small towards equilibrium as the surfaces get saturated. Results
from Figure 2a indicates optimum loadings for Z-0 and Z-20 to be 1.0 and 1.5 g respectively, all at 100%
removal. However, removal efficiency as determined by adsorption capacity (mg g™') may vary as a function
of the adsorbent loading, and the appearance of the graph generally depends on the adsorbent and the
adsorbate (Figure 2b). Increasing adsorbent dose reduces the adsorption capacity due to overlapping of
exchangeable sites, an effect of overcrowding adsorbent particles [30, 39]. Removal efficiencies shown in
Figure 2b decrease continuously from the adsorbent loading of 0.1 to 1.5 g where 100% removal of Ca*"
ions was observed. Removal efficiency of Z-0 is higher than that of Z-20 at all loading levels except at 1.5
g where there is 100% removal for both adsorbents. Absorbent loading of 1.0 g was adopted for further
studies.

3.2.1. Kinetic Study

The time-dependent removal of calcium ions shown in Figure 3 indicates that there is an initial fast
rate of Ca>" ions removal from solution for both adsorbent materials. A large number of available adsorption
sites and high Ca®" ion concentration in the bulk solution leads to a large driving force for adsorption (qe-
qu) resulting in high adsorption rates during the early time regime (first 20 minutes). As the Ca*" ion
concentration in the bulk solution decrease, q; increases and the driving force for the adsorption process and
hence the reaction rate decrease until a quasi-equilibrium state is attained. Steady-state conditions were
assumed, and a quasi-equilibrium state considered when adsorption capacity was almost constant, less than
1% difference in adsorption capacities in consecutive measurements (50 and 60 minutes). To better
understand the time dependency of the adsorption process, kinetic studies involving the Lagergren [41],
pseudo second order [42], and the Weber-Morris kinetic models were conducted and the results are
summarized in Table 2 (linear fitting) and Table 3 (non-linear fitting). The Lagergren equation is also
referred to as the pseudo first order (PFO) model to distinguish kinetic equations based on the adsorption
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capacity of a solid from those based on the concentration of a solution [43]. The general non-linear equation
(3) can be linearized into the widely used linear form (4).

g,=q.(1-*) 3)

k
log(g, -g,)=1o -—1—t 4
g(q, —q,) =log(q,) 2303 4)

where q. and q; (mg g™) are the adsorption capacities at equilibrium and at time # respectively, k; (min™) is
the pseudo first order rate constant. The pseudo second order (PSO) rate equation was first applied in heavy
metal adsorption by Ho et al. who successfully used it in the competitive removal of heavy metals by a
biosorbent [42]. The modified model has found widespread usage and has general equations shown in
equations 5 (non-linear) and 6 (linear).

k,q’t
g =—2deL (5)
1+k,q,t
t 1 t
- — (0)
q; que qe

where k; is the pseudo-second-order rate constant (g mg ' min '). The intraparticle diffusion model, also
known as the Weber-Morris model can be represented as:

q, =kq" +C 7
with kiq being the intraparticle diffusion rate constant.
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Figure 3: Time-dependent adsorption of Ca** ions onto Z-0 (closed triangles) and Z-20 (closed circles): T= 303 K, C, = 2000
ppm, pH =7

o

Kinetic analysis results from linear regression analysis showed pseudo second order reaction model to be
the best model in describing Ca*" jons adsorption onto both Z-0 and Z-20 adsorbents (Figure 4 and Table
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2). The kinetic analysis was achieved by considering the coefficient of determination (R?) values for all
models as well as adsorption capacities for PFO and PSO kinetic models. The PSO model has the highest
R” values, 0.9847 and 0.9869 for Z-0 and Z-20 data respectively, and predicted q. values were the closest
to experimental values (Table 2). Linearized pseudo first order and Weber-Morris models showed poor fits
to the experimental data. This shows that they are not applicable in describing the adsorption of Ca*" ions
onto the prepared zeolites, thus no further considerations of these models were undertaken. Rate constants
obtained from the pseudo second order model are not significantly different, (5«1.;)x10*and (6+1.)x10™

gmg g for Z-0 and Z-20 respectively.
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Figure 4: Linear fitting of Z-0 (closed triangles) and Z-20 (closed circles) to linear kinetic models, (a) pseudo-first-order model
(b) pseudo-second-order model and (c) Webber-Morris model.

Results from non-linear curve fitting are shown in Figure 5 and parameters are summarized in Table
3. From Table 3, pseudo first order model has the highest R* value indicating a better fit when compared to
pseudo second order and Weber-Morris models, consistent with graphs in Figure 5 which show that the best
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fitting model to the experimental data is PFO. These results are at variance with linear fitting results (Table
2), which highlight the dangers of using linear regression to fit adsorption data. Table 3 also shows that non-
linear PFO model predicts the qe value more accurately when compared to the linearized form. Accordingly,
results from non-linear curve fitting suggests the correct model to represent the kinetics of the adsorption
process to be the pseudo first order model. This points to a linear dependence of the rate of adsorption on
the driving force for the adsorption process [41, 43].

The large discrepancy between non-linear and linear goodness of fit of the pseudo first order
equation highlights the error associated with the widely used linear curve fitting procedures. In this case,
results from linear curve fitting erroneously indicated the adsorption process as following pseudo second
order kinetics. This error can have great consequences in the optimization and design of adsorption systems
as reaction kinetics play a great role in optimization and design processes. Another important result from
this analysis is the close agreement between PSO results from linear fitting and non-linear fitting (Tables 2
and 3). The close agreements of the values of the rate constants and the predicted q. values indicate that the
linear form of the PSO used in this study, among other forms [45], is accurate in describing the kinetics
process. Thus, the error in linear curve fitting analysis arise from linearization of the pseudo first order
model. The rate constants obtained from PFO model in the non-linear analysis are (5.2 1, )xlO*2 and

(4.8+0.7)x107 min™' for the adsorption onto Z-0 and Z-20 respectively, also not significantly different.
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Figure 5: Non-linear fitting of Ca®" ion adsorption to kinetic models (A) Z-0 and (B) Z-20.
g g p

3.2.3. Adsorption Isotherms

The capacity to gain a deep understanding of the adsorption mechanism enables optimization of the
adsorption system’s parameters which is essential for improving efficiency of the process for effective
designing of adsorption systems. Fitting experimental data to adsorption isotherm models is the most widely
used approach in determining the adsorption mechanism. In this study, common isotherm models viz.
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (Table S1 in the supplementary materials) were
applied to the experimental data. Curve fitting and hence extraction of adsorption parameters has routinely
been done in two ways, non-linear and linear curve fitting. Linear fitting entails linearization of adsorption
isotherms, a procedure that may results in errors in the obtained parameters.

Majoni and Masaya, J. Mater. Environ. Sci., 2020, 11(12), pp. 2034-2051 2043



Table 2: Summary of kinetic parameters for linear fitting of Ca®" adsorption onto Z-0 and Z-20

Pseudo first order model Pseudo second order model Weber-Morris Experimental
Adsorbent R’ qe (mgg") k; (g g min") R"  qe(mgg) R’ q{(mg g")
Z-0 0.8656 237 (5+1.)x10™ 0.9847 &3 0.9428 74
Z7-20 0.8368 202 (6+1.4)x10™ 0.9869 69 0.9485 58

Table 3: Summary of kinetic parameters for non-linear fitting of Ca>" adsorption onto Z-0 and Z-20

Pseudo first order model Pseudo second order model Weber-Morris Experimental
Adsorbent R q.(mgg’) k;(min™) R* k; qe R* qe(mg g™)
(gg" min™) (mgg)
Z-0 0.9881 64 (5.,+1.)x107 0.9825 (5., +1.5)x10™ 84 0.9431 74
Z-20 0.9944 52 (4.8+1.5)x107 0.9885 (6,=1,4)x10™ 70 0.9642 58
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For example, the Langmuir model can be linearized in four different ways (Table S1), all of which
give different parameters. Linear fits of experimental data for Ca*" ions adsorption to adsorption isotherms
are summarized in Table S2 (supplementary materials). The coefficients of determination shown in Table
S2 indicate the best fit to be Langmuir model linear form I (Langmuir I), R* = 0.9975 and 0.9921 for Ca*"
ions adsorption onto Z-0 and Z-20 respectively. Predicted qm values from Langmuir I are also close to
experimental q. values indicating close fit of this linear form of the model to experimental data. The
Langmuir model is consistent with the adsorption profiles shown in Figure 6 which indicates class (I) type
adsorption, signifying chemical adsorption and monolayer coverage. Previously observed chemisorption of
metal ions onto zeolites supports electrostatic attractions in which calcium ions replace exchangeable
cations within the structures, mainly Na" and K ions [44]. Non-linear fitting of the experimental data to
adsorption isotherms results shown in Figure 7 and Table 4 indicate that the best model in describing the
adsorption process is the Langmuir model. The Langmuir model has coefficient of determination values
closest to 1 and qm values that are close to experimental g, values. Comparing Tables 4 & S2 shows that
only Langmuir model linear form I has parameters close to parameters obtained from non-linear fitting. The
results indicate that the linearization of the Langmuir model may introduce errors and there ought to be
uttermost importance placed in choosing linear forms to apply in linear model fitting procedures. It is
therefore advisable to use non-linear curve fitting to obtain accurate results.

Table S1: Adsorption isotherm models applied in this study

Model Linear Equations Parameters
Langmuir . Ce i 1 Qqm: maximum monolayer capacity, mg g
q KC i) —= + Ky.: Langmuir constant
q, =, —1 mK é 9. 4. 9.K, qe: amount adsorbed per unit weight of adsorbent,
+ -1
L>e mg g
(i1) l = [ 1 L + L C.: solute equilibrium concentration, mg L™
Qe quL Ce qm
1 |q
(i) g, = q,-|—|=
‘ KL Ce
nde _ g _K
(IV) C - LqWI Lqe
e
Freundlich 1 K :adsorption capacity
K.C v log (qe ) =logK, + ; log C, 1/n: represents adsorption intensity
qe = F,
Temkin RT RT B: Temkin constant which is related to the heat of
RTln(K C ) q,=— K, +|—|InC, sorption
q, = b—” b, b, Krp: Temkin isotherm constant, L g”'
T
Dubinin-(lll)a%shkevich In q, = In ( q, ) _ BD 62 . Bp: Dubinin-Radushkevich constant related to
- energy.
g =q e'KDsz rrm i 1 £ 1 €: Polanyi potential
e - Ky E = n + — ; =
C, 2B,
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Table S2. Summary of linear adsorption isotherm fitting parameters

Adsorbent
70 Z7-20
Model R? qm (Mg/g) Parameter Experimental R? Qqm (Mg/g) Parameter Experimental
qe (mgg™) qe (mgg™)
Langmuir
I 0.9975 63 0.023 (Kp) 74 0.9921 54 0.0059 (Kr) 58
I 0.8839 44 0.217 (Ky) 74 0.9322 43 0.0115 (Kp) 58
III 0.6005 50 0.177 (Kp) 74 0.7799 48 0.0094 (Kr) 58
v 0.6005 55 0.106 (Kyp) 74 0.7799 52 0.0073 (Kr) 58
Freundlich 0.9665 N/A 1.832 (Kg) 74 0.9503 N/A  2.5503 (Kg) 58
Temkin 0.9179 N/A 1.530 (Kry) 74 0.9354 N/A  0.008 (Kry) 58
D-R 0.6269 45 1.01x10™° (Bp) 74 0.6230 37 1.59x107*(Bp) 58
70
A Z-0
60 - A A
® 7-20 A
50 - ° °
B 40 -
g’ o
— 30 A
()
(=3 A
20 h )
101 ¢
0 L) I I I )
0 500 1000 1500 2000 2500 3000

Initial Concentration (ppm)

Figure 6: Effect of initial concentration on Ca>" adsorption

While Langmuir I has been shown to be accurate in describing the adsorption system under
investigation, other authors have found different linear forms to correctly represent their data sets [44,45].
The results indicate that if linear model fitting cannot be avoided, then it is recommended that all the
Langmuir linear forms be tested to identify the one that correctly represent the adsorption system under
investigation. Extreme caution need to be exercised though as Sahin and Tapadia’s work highlights the
dangers of reliance on coefficient of determination only as they identified the linear form (linear form IV)
with predicted parameters close to those obtained from non-linear curve fitting had the lowest R* value [45].
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Fig. 7 Experimental data and non-linear fitting of adsorption isotherms for the adsorption of Ca*" onto (a) Z-0 and (b) Z-20

Table 4: Summary of non-linear adsorption isotherm fitting parameters

Langmuir Freundlich Temkin D-R Experimental
Zeolite R* qm (mg/g) Kp Ry R’ R* R* q. (mg/g)
7-0 0.9847 63.7 0.0254 0.78—0.30 0.9439 0.9349 0.8621 74
7-20 0.9707 57.0 0.0048 0.84—0.34 0.9231 0.9264 0.8396 58
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Parameters from Langmuir isotherm show that Z-0 has a Langmuir constant value that is 5 times
greater than that for Z-20 which indicates a much higher affinity for Ca®" ions compared to Z-20. Even
though the Langmuir constant value for C-20 was much less than that of Z-0, the adsorption capacity
for Z-20 (57.0 mg g') was only 20% less than that of Z-0 (63.7 mg '), consistent with cation exchange
capacity results. This indicates that fly ash with high unburnt carbon content can be used to prepare
adsorbents that have high Ca®" ion adsorption efficiency without the need for calcination thereby
reducing production cost. One of the key features of the Langmuir isotherm is the dimensionless
separation factor (Ry) which can be used to assess the adsorption process as unfavorable (Ry > 1), linear
(RL=1), favorable (0 <Ry < 1) or irreversible (R = 0). The separation factor is defined by the following
equation:

Rl

1+K,C,
where Cy (mg L) is the initial adsorbate concentration. Separation factor analysis results (Figure S2
and Table 4) indicates separation factor values between zero and one at all the initial concentrations
employed here, indicating favourable interactions between the zeolites and Ca®” ions. The analysis also
reveal that the reaction was more favourable at higher initial Ca®" ions concentration, and the adsorption
of Ca*" ions onto Z-0 is more favourable than onto Z-20.

®)

0,5
° AZO0
® Z-20
0,4 A
0,3 - °
m_l
024 *
°
°
0,1 - 4 °
°
A
A A N
0 I I 1 1 1
0 500 1000 1500 2000 2500 3000

Initial Concentration (ppm)

Figure S2. R values for adsorption of Ca* onto Z-0 (closed triangles) and Z-20 (closed circles).

Conclusion

Coal fly ash with a high unburnt carbon content was used to successfully synthesize an adsorbent
material that was a mixture of zeolites A, Y and hydroxysodalite. Even though the adsorbent had an
adsorption capacity 20% less than that prepared from calcined fly ash, it had high cationic exchange
capacity and Ca** ions adsorption efficiency. Non-linear and linear model fitting procedures conducted
indicated that it is inappropriate to use the linear form of the Lagergren (pseudo first order kinetic)
expression to assess whether the experimental data follow first order kinetics. Therefore, the use of non-
linear curve fitting is highly recommended when checking the applicability of pseudo first order model
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in describing the adsorption kinetics. Non-linear model fitting of experimental data to kinetic models
and adsorption isotherms revealed that the adsorption process follows first order kinetics and is well
described by the Langmuir adsorption isotherm. The Langmuir separation factor indicated that the
adsorption of Ca>" ions on both adsorbents was favourable. The study showed that an efficient adsorbent
that can be utilized in water softening can be produced from fly ash with high unburnt carbon content
without the need of the energy intensive high temperature calcination process.
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