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Abstract

Potassium silicate solutions obtained were used as a source for MCM41. The
preparation of MCM41 was affected by the gelation pH. A pH of 7 produced the
purest MCM41 with an external surface area of 98,000 m?> m3. The MCM41 could
be used as an adsorbent for heavy metals in AMD. A 4% m/v solid loading of
MCM41 could remove 95.5, 97.3 and 99.6% of Ni, Cu and Fe respectively. The
adsorption process was found to fit the Langmuir isotherm and pseudo second
order kinetics. The Gibbs free energy of adsorption for all metals was below
-20 kJ/mol for all metals. The enthalpy for Fe, Cu and Ni removal were 19.97,
21.40 and 16.44 kJ/mol respectively and thus endothermic. The entropy for the
removal of Fe, Cu and Ni were found t075.6, 76.2 and 56.5 J/mol respectively
showing the strong affinity of MCM41 for the metals. The process was also
thermodynamically spontaneous with the spontaneity increasing with an increase
in temperature.
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1 Introduction

In South Africa low-grade brown coal is used for electricity generation and fly ash
(FA) remains as a waste product [1]. FA is pollutant since it is contaminated by a
lot of heavy metals including arsenic, lead, mercury, cadmium only to name a few
[2]. Extraction of silica from FA has been studied and is an attractive alternative
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in FA waste management which might lead to the full utilisation of FA [3, 4]. The
silicate solutions can also be used to produce silica xerogels and MCM41 [3, 4].
The production of MCM41 as an adsorbent for heavy metals therefore provides an
alternative to use a waste material to treat another waste stream. Acid mine
drainage is acidic water laden with a high sulphate and metal content. AMD results
when water is exposed to air in the presence of pyritic rock left by mining
activities. Currently AMD is one of the major concerns in South Africa [5]. This
paper therefore deals with the parameters affecting preparation of MCM41 from
potassium silicate solution. The effect of gelation pH and ageing time are
discussed. The use of prepared MCM41 as an adsorbent for heavy metals in acid
mine drainage (AMD) is also discussed. The adsorption isotherm, kinetics and
thermodynamic parameters of the heavy metals adsorption using MCM41 was also
investigated.

2 Experimental

Batch preparation of MCM41 was done using cetyltri-methyl ammonium bromide
(CTAB) and ethyl acetate (CH3;COOC,Hs). Batch adsorption experiments were
also done.

2.1 Materials

Potassium silicate solution was obtained from leaching of FA. HCI,
Ci6H33(CH3)sNBr (cetyltri-methyl ammonium bromide), CH;COOC,;Hs, KOH
and HNO; were supplied by supplied by Rochelle Chemicals South Africa.

2.2 Equipment

A Rigaku ZSX Primus II XRF was used for oxide content determination of
MCM41. Mineralogical analysis was done using a Rigaku Ultima IV
difractometer. Metal analysis was achieved using an Atomic Absorption
Spectrometer (AAS) (Thermo scientific ICE 3000 Series).

2.3 Preparation of MCM41

Sulica was extracted from FA using prior experimental work by the authors [6].
The silicate solution was then concentrated by evaporation. The concentrated
solution was then used to prepare MCM41. MCM41 source solution was prepared
at 85°C and under stirring at 200 rpm. 300 ml of the concentrated potassium
silicate solution was mixed with 3 g of CTAB to obtain an aqueous solution. Then,
under stirring at 500 rpm, 9.3 ml of ethyl acetate was rapidly added to the solution.
After stirring the mixture for 10 min, the obtained solution was cooled down to
room temperature (25°C) by natural convection [3]. The solution was named as
MCM41 solution.

50 ml of MCM41 solution was adjusted to a pH of 3, 5, 7, 9 and 11 respectively
by the addition of 5 N H>SOj4 solutions under slow stirring (50 rpm). Precipitation
was observed during pH adjustment. The pH adjusted solution with the
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precipitated MCM41 was aged at room temperature (25°C) for 24 h. The materials
obtained was then washed with deionised water till the washing water was at a pH
of 7 and dried at 100°C for 2 h. The dried material (MCM41 was then analysed
using laser diffraction, XRF and XRD.

2.4 Effect of MCM41 solid loading on adsorption of heavy metals

1-5 g of MCM41 prepared at the pH of 7 was added to a separate 100 ml solutions
of AMD. The solutions were agitated at 200 rpm using a thermostatic shaker
maintained at 25°C for 2 h. After 2 h the agitation was stopped and the solution
pH was measured. The solutions were then filtered using vacuum filtration. The
filtrate was then acid digested before metal analysis using AAS.

2.5 Effect of residence time on the adsorption of heavy metals

4 solutions of 100 ml AMD mixed with 4 g each of MCM41 were prepared. The
solutions were agitated at 200 rpm using a thermostatic shaker maintained at 25°C
for 30, 60, 90 and 120 min respectively. At the end of each agitation time the
solution pH was measured. The solutions were then filtered using vacuum
filtration. The filtrate was then acid digested before metal analysis using the AAS.
The above procedure was repeated at 35°C and 45°C to see the effect of
temperature on the adsorption of heavy metals.

2.6 Metal analysis

Sample digestion was achieved by quantitatively transferring 100 ml of AMD
sample to a 250 ml volumetric flask. The sample was then acidified with 2 ml of
1:1 HNOs: H2O and 1 ml of 1:1 HCI:H>O. The volumetric solution was then
covered by a slightly raised watch glass and placed on a hot plate to provide
evaporation at not more than 80°C. The volume of the sample was then reduced
to about 20 ml by evaporation. After cooling, 20 ml of the digested sample was
quantitatively transferred to a 50 ml volumetric flask and made up to volume with
Reverse Osmosis (RO) water. The sample was then ready for AAS analysis. The
calibration standards were prepared by appropriate dilution of the 100 ppm stock
solutions of each respective metal analysed.

3 Results and discussion

3.1 Effect of gelation pH on XRF analysis

Table 1 shows the XRF analysis of MCM41 which was precipitated at various pH.

More alumina was incorporated into MCM41 as the pH increased. This was
because at lower pH the alumina remained in solution. The increase in alumina
has been thought to be due to the lower polycondensation degree of the silicate
species which leads to higher incorporation of the alumina species [6].
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Table 1:  XRF analysis of MCM41.
Constituent Different pH levels
3 5 7 9 11
ALO; 5.40 10.60 2.50 20.40 20.38
Si0; 10.80 40.20 80.60 68.78 50.25
P»0s 0.01 0.99 0.12 0.03 0.01
SO; 48.26 30.65 1.25 4.25 20.65
Cl 0.01 0.02 0.02 0.02 0.01
K05 35.48 17.50 15.44 6.50 8.65
Fe,0; 0.03 0.04 0.06 0.02 0.04

3.2 Effect of gelation pH on surface area of MC M41

The external surface area was calculated from the PSD generated by laser
diffraction by first transforming the volume distribution to a number density
distribution and then using the method of moments to calculate the second moment
(m2-equivalent to external surface area) [7]. Figure 1 shows the number
distribution and Table 2 shows the variation of external surface area with gelation
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There was an increase in particle size with an increase in pH. It has been shown
that silica precipitation starts at pH less than 10 [8] and therefore primary particles
increase in size and decrease in number as a result of the Oswald ripening process
as shown in Figure 1. This is further supported by the decrease in external surface
area (as shown in Table 2).

Table 2:  Variation of external surface area with pH.

pH 3 5 7 9 1
External
surface area 3099 110 98 26 0.72

(x10° m?>m™)

The increase in particle size resulted in reduction in external surface area. The
MCM41 produced at pH 7 was then chosen for adsorption experiments as it had
the highest purity of silica (Table 1) and a reasonably large external surface area.

3.3 Analysis of AMD

Table 3 shows the heavy metal content of the AMD. Fe, Ni and Cu were of
particular interest.

Table 3: Characterisation of AMD.

Parameter Concentration (ppm)
Fe 500
Ni 50
Cu 50
pH 2.67

The AMD metal concentrations were above the statutory limits for water
discharge in South Africa.

3.4 Effect of MCM41 solid loading on adsorption of heavy metals

Figure 2 shows the variation in metal removal with solid loading.

There was an increase in metal removal with an increase in solid loading. This
is due to increase in available adsorption sites. There was no statistical difference
in metal removal at 4 and 5%. Therefore 4% solid loading was chosen for
subsequent experiments. 4% solid loading resulted in 99.8, 97.4 and 95.7% in Fe,
Cu and Ni removal.
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Figure 2:  Variation in metal removal with solid loading.
3.5 Effect of residence time on the removal of metals
Figure 3 shows the variation in metal removal with time.
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Figure 3:  Variation of metal removal with time at 4% solid loading.

There was an increase in metal removal with time. The increase in metal
removal was due to increased contact time between MCM41 with the AMD. There
was no statistical difference in metal removal between 90 and 120 min. This
showed that the equilibrium was reached between 90 and 120 min.

3.6 Adsorption isotherms

The metal removal data was fitted into Langmuir and Freundlich isotherms.
Figures 4 and 5 show the Langmuir and Freundlich plots respectively.
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Figure 5:  Freundlich plot for Fe, Cu and Ni.

The adsorption data of Fe, Ni and Cu onto MCM41 fitted the Langmuir
isotherm than the Freundlich isotherm. This was because the correlation
coefficients for the Langmuir isotherm were 0.9996, 0.9995 and 0.999 for Fe, Cu
and Ni respectively whilst the correlation coefficients for the Freundlich isotherm
were below 0.98 for all metals. The Langmuir isotherm equilibrium constant, Ry,
for all metals was below 1 showing that the Langmuir adsorption was favourable

[9].

3.7 Adsorption kinetics

The metal removal data was plotted into either pseudo first or second order
kinetics. Figures 6 and 7 show the pseudo first or second order kinetics plots

respectively.
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Figure 6:  Pseudo second order plot for Fe, Cu and Ni.
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Figure 7:  Pseudo first order plot for Fe, Cu and Ni.

Metal adsorption onto MCM41 fitted the pseudo second order kinetic more
than the pseudo first order kinetic. This was because the correlation coefficients
for pseudo first order were 0.9999, 0.9923 and 0.9849 for Fe, Cu and Ni whilst the
pseudo first order coefficients were below 0.96. This is further supported by the
calculated adsorption capacity vs the actual adsorption capacity. Table 4 shows
the comparison of the two.

From Table 4 it can be seen that the pseudo second order calculated adsorption
capacities were closer to the actual adsorption capacities as compared to pseudo
first order calculated adsorption capacities. This further validates that the pseudo
second order describes better the adsorption of Fe, u and Ni onto MCM41 which
indicates a chemisorption process.
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Table 4: A comparison of calculated and actual adsorption capacity.

Metal Fe Cu Ni
Pseudo first order adsorption capacity 467 048 0.92
(mg/g) ' ' '
Pseudo second order adsorption 6.46 0.69 0.75
capacity (mg/g) ' ' ’
Actual adsorption capacity (mg/g) 6.24 0.61 0.62

3.8 Effect of temperature on metal adsorption
Figure 8 shows the variation of the adsorption capacity with temperature.
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Figure 8:  Variation of adsorption capacity with temperature.

There was a double increase in adsorption capacities for all metals from 25°C
to 35°C, thereafter the change was statistically insignificant. The increase in
adsorption capacity showed that the process was endothermic which is supported
by the thermodynamic data. Figure 9 shows the Gibbs free energy plot for all the
metals.

A decrease in the negative value AG® for Fe, Ni and with an increase in
temperature showed that the adsorption of these metals onto MCM41 became
more thermodynamically spontaneous at higher temperatures. At 45°C the Gibbs
free energy for the adsorption of Fe, Cu and Ni were 4.1, 2.7 and 1.5 kJ/mol
respectively. The values for enthalpy for Fe, Cu and Ni 19.97, 21.40 and
16.44 respectively showing that the adsorption process was endothermic. The
values for entropy for Fe, Cu and, Ni 75.6, 76.2 and 56.5 J/mol respectively
showing that MCM41 had an affinity for the metal ions in question [11].
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Figure 9:  Gibbs free energy plot for Fe, Cu and Ni.

4 Conclusion

Potassium silicate solutions can be used as a source for MCM41. The preparation
of MCM41 was affected by the gelation pH. A pH of 7 produced the purest
MCM41 with a reasonable surface area. The MCM41 could be used as an
adsorbent for heavy metals in AMD. The adsorption process was endothermic.
The process was also thermodynamically spontaneous with the spontaneity
increasing with an increase in temperature.
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