Foamed Geopolymer for Wastewater Treatment: An Efficient Solution for
Heavy Metal Zn(ll) lons Removal

Saeed Masoumi, Ziyan Zhao, Ailar Hajimohammadi*

School of Civil and Environmental Engineering, UNSW

*Corresponding author: ailar.hm@unsw.edu.au

Abstract: Developing a cost-effective and efficient approach to the removal of heavy metal ions in
wastewater treatment is vital due to the growing discharge of industrial wastes that contain heavy
metals and the systematic toxicant nature of these wastes. In this paper, we examine the application
of metakaolin-based geopolymer foam materials in removing Zn(ll) ions. Various concentrations of
foaming agents and surfactants and their impact on the morphological aspects of the geopolymer
foam are investigated. The structural motifs of the geopolymer foams are correlated to their capability
in heavy metal removal. The effect of solution pH and contact time duration on the adsorption capacity
of geopolymer foam adsorbents with various concentrations of hydrogen peroxide and a surfactant is
explored. An increase of about 50% in adsorption capacity is observed from pH=5 to pH=7, while the
improvement remains limited from pH=7 to pH=9 for 90 minutes of contact time. Furthermore, a
significant improvement of approximately twofold is observed in the heavy metal removal of
metakaolin geopolymer foam adsorbent from wastewater compared to the reference metakaolin
geopolymer without foam in neutral pH. Similarly, in comparison to other minerals and biosorbents
adsorbents, metakaolin geopolymer foams perform better, which marks the potential of highly porous
geopolymer adsorbent to become the primary choice in heavy metal removal from wastewater.
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1. Introduction

The tremendous industrial growth over the last few decades led to the production of wastes containing
heavy metals pollutants that can enter into the underground water and subsequently soil.! Heavy metals
are metallic elements with relatively high atomic weights (63.5-200.6) and specific gravity (greater than
5).2 Even at low concentrations, heavy metals are toxic and harmful to humans as well as other
species.3* Such environmental pollution is significant at the industrial source points such as mining and
metal-based industrial productions.5 There is a growing concern over the consequences of discharging
wastes containing heavy metals and research in this area is active to offer efficient and cost-effective
solutions for heavy metal ions removal.®

There are various techniques reported in the literature for removing heavy metals from wastewater.
Chemical precipitation’, ion exchange8, Adsorption®, membrane filtration'9, Electrochemical treatment, "
and bioremediation.’> Each method has pros and cons, and among them, adsorption is seen as an
effectual and economical way to remove heavy metal ions in wastewater treatment.® There are various
adsorbents used in this method. Activated carbon is one of the common adsorbents'® and contains high
surface area due to the porous structure and is usually available in the form of pellets or powders.
Activated carbon is found to be effective as an adsorbent in removing Cd (Il) and Pb (l1)."* Although
effective, activated carbon is an expensive option due to the limited resources.s. Also, it will react with
oxygen at moderate temperatures over 300 ‘C, which affects its functionallity.’® Due to the limitations of
activated carbon adsorbents, researchers are looking for cheaper and more available alternatives.
Biosorbents are another potential class of adsorbents. Fungi and yeasts, as biosorbents, can easily
grow and become biomass and operate either genetically or morphologically in ions removal.'” Another
example is Algae, natural biomass which can reproduce ubiquitously in coastal areas and is attracting
attention for becoming new adsorbents for heavy metal ions removal due to the low-cost application
with high efficiency in adsorption. Biosorbents are low-cost and act swiftly and have a great potential to
be used in large scales; however, they are still in the early stages of development, and further research
is required to ensure their effectiveness and easy application.'®



Another low-cost adsorbent class is the use of industrial by-products. Wang et al. .'® performed
hydrothermal treatment of fly ash using NaOH solutions to synthesis zeolite, an aluminosilicate
microporous solid adsorbent. The treated fly-ash is used in the adsorption of heavy metals such as Cu
(I1) and Ni (Il). The removal efficiency, depending on the initial concentration ranges between 30% to
90%. Fly-ash has a remarkable heavy metal adsorption capacity.'® Alkali-activated geopolymer binders,
as environmental-friendly construction materials that can be used as an alternative to ordinary Portland
cement (OPC)2°2!, are also used in heavy metal ions removal. The geopolymer’s production is cheap
and versatile in their mixing design and includes minerals and industrial by-products such as
pozzolana,?? natural aluminosilicate minerals,2® fly ash,?* ground granulated blast-furnace slag
(GGBS),2®> metakaolin,2627 and the blend of these materials?®. Geopolymer binders represent
outstanding properties as a structural material due to their early compressive strength gains,2429.30 fire
resistance,?>3!" and low permeability®2. They possess a wide distribution of mesopores in the range of
4-50 nm?33 which makes them an excellent candidate in adsorption of heavy metals. Their application in
addressing the heavy metal ions adsorption can have a positive impact on both environment and
societies and research in this area is shaping a bright future for wastewater treatments. In general,
activated pozzolanic materials are more efficient in heavy metal ions removal compared to their
inactivated consition.343% Al-Harahsheh et al. .38 refined the particle size of fly-ash and used the
synthesized fly ash geopolymer particles of less than 200 um for removal of Cu (Il). The effect of various
parameters such as pH, adsorbent dosage, contact time and the temperature is studied. They showed
that Cu (ll) adsorption follows second order kinetics. Also, an increase in pH from 4 to 6 caused more
adsorption. For the case of fly ash geopolymer binders, leaching is the problem that needs to be
considered.3” Maleki et al.38 used bentonite clay to prepare a geopolymer samples and mixed them with
iron oxide nanoparticles to create magnetic geopolymer that can show very high removal efficiency in
the case of heavy metal ions such as Cu(ll), Pb(ll), Ni(ll), Cd(Il), and Hg(ll) from wastewater.

Metakaolin-based geopolymer in the form of powder,? spherically shaped porous adsorbent,*® and
membranes*! are used effectively to remove divalent metallic ions such as Pb(ll), Cu(ll), and Ni(Il).
Comparing the results in the literature, it is suggested that geopolymers in the form of powders and
porous spherical adsorbents are more efficient in heavy metal removals due to higher surface areas,
and subsequently more available sites for cation adsorption.*? Lopez et al.*® examined the capability of
metakaolin-based geopolymers with various Si/Al ratios in Cs(l) and Pb(ll) removal. They found out
geopolymer samples with a Si/Al = 2 ratio are the optimum mixture for the heavy metal ions removal.
Kara et al. .** studied the particulate metakaolin based geopolymers application in Zn(ll) and Ni(ll) ions
removal. Through a comprehensive study, they reported the optimum removal for pH values of 6.39 for
Zn(ll) and 7.25 for Ni(ll) ions. Adsorption equilibrium reached after 40 minutes and 50 minutes for Zn(Il)
and Ni(ll), respectively. Their results show the adsorbent capacity of 74.53 and 42.61 (mg/g) respectively
for Zn(Il) and Ni(ll) removal.

Owing to the availability of more functional groups at the surface of adsorbents, the higher surface area

is favourable in the adsorption process. Geopolymer foams are considered an ideal class of materials
in this regard, especially given their low-cost and convenient usage. Voids in geopolymer foams can be
introduced either by mechanical foaming (physical mixture with the foam)*5 or chemical foaming (voids
as a result of an internal chemical reaction)*. Geopolymer foams have attracted a lot of attention for
their application in thermal insulation and structural performance*’-%2 and their extension to the heavy
metal ions removal is plausible since they can keep their structural and mechanical characteristics intact
during the adsorption process.5® Ge et al.*® studied the porous metakaolin based geopolymer spheres
for two cases where the foaming agents are introduced to the materials and without foaming agents.
Their FTIR analysis confirmed that the nanostructure of geopolymer foam remains similar to that of
geopolymer without foam. It is demonstrated that metakaolin-based geopolymer foam spheres are more
efficient than metakaolin-based geopolymer adsorbent in Cu(ll) removal at PH = 5. Bai et al.#” used
hydrogen peroxide foaming agent and Tween 80 surfactant to create high-porosity MK geopolymer
foams and monitored their efficiency in wasterwater treatment and thermal insulation. They reported a
removal efficiency of 86.7% for the sample with 10% hydrogen peroxide and 3.75% Tween 80
surfactant. When grounded to a powder form, a minor improvement of 4% to the removal efficiency.

MK geopolymer foam spheres offer a new low-cost and efficient adsorbent, and therefore further
characterisation of their adsorption mechanism is crucial in their large-scale application. Despite
geopolymer foam’s high potential use case in wasterwater treatment, there are very few scientific studies
undertaken to probe its adsorption. In fact, through foaming, one can control the morphology and pore
structure features of adsorbent which are at the heart of mass transfer kinetics. To empower this notion,
in this paper, we monitor the porous structure of chemically foamed MK geopolymer upon adding various
concentrations of H,O, foaming agent and several amounts of Tween 80 surfactant. Then geopolymer
foam application in removal of Zn(ll) ions as a source of eminent health problems5+55 is discussed. We
correlate the structural motifs and pore size distribution of the monolithic geopolymer foam sphere



adsorbent to its capability in heavy metal ions removal over several contact time intervals and various
pH of the solution. Results are compared to the geopolymer samples tested in this work and others from
the literature.

2. Materials and methods
2.1 Geopolymer foam adsorbent

The metakaolin (MK) considered for this study is provided by Calix Limited located at Pymble NSW.
Table 1 shows the chemical composition of the MK sample using X-ray Fluorescence (XRF) analysis.
The MK used in this work has 53.1 wt% SiO, and 43.1 wt% Al,O3. Alkali solution to activate the MK is
prepared by mixing Sodium Hydroxide solution (NaOH) and waterglass. NaOH is made ready by adding
tap water to NaOH pellets with 99% purity. Waterglass solution is supplied by PQ Australia with the
mass proportion of Na,0=14.7 wt%, Si0,=29.4 wt%, and H,0=55.9 wt%. To prepare a sample in this
study, 16.1 wt% of NaOH pellets were dissolved in 20.1 wt% of tap water and then mixed with 32.3 wt%
of waterglass. The activator is then added to 31.5 wt% of MK, and the mix is physically stirred for
homogenisation. The final molar ratio of the geopolymer sample is Na,0/Si0,=0.2, Si/Al=3.5, Na/Al=1,
and H,O/Na,0=14.

Table 1: Weight percentage of the elements (with wt > 0.05%) present in the supplied metakaolin

Element A|2O3 S|02 Kzo NaOz FeOQ T|02
wt (%) 43.8 53.1 0.15 0.14 0.73 0.68

To prepare the geopolymer foam, hydrogen peroxide (H,O;) with the concentration of 30% as the
foaming agent is diluted to the certain concentrations required for each sample. The total amount of
H,O, is 3 wt% in the geopolymer sample. Tween 80 surfactant by concentration of 10% at various
amounts are also added to the geopolymer samples. These additives are then mixed with the
geopolymer in a beaker and stirred until the mix becomes slurry. After the foam stabilises, the beaker is
sealed and kept at the room temperature for one day and then put in the oven at 60 C for seven days
and demoulded afterwards. The density of samples is calculated by measuring the weight of samples
and volume of the cylindrical containers. Samples are then cut into 15 pieces of spherical shapes (See
Fig. 1) with approximately 1 centimetre diameter and 0.2 grams masses.

In addition to the reference geopolymer mix with no foaming agent and surfactant addition, there are
twelve variations in the geopolymer foam based on the three H,O, concentration (10%, 15%, and 20%)
and four surfactant (Tween 80) amounts (0 wt%, 0.2 wt%, 0.4 wt%, 0.6 wt%). For each analysis
conducted in this study, three independent tests were considered, and the average value is reported.
Results with a deviation of more than 10% were excluded from the analysis and tests were repeated.

Fig. 1 The porous structure of MK geopolymer foam adsorbents.
2.2 Pore structure characterisation

For image analysis, spheres were cut in half using a bench saw. High pressure air gun is used to remove
the saw dust on samples. The air pressure is adjusted to be mild on pores. CKX53 inverted microscope
is employed to capture the cross-sectional image of the samples to measure their pore size distribution.

2.2 Preparation of zinc solution



Zinc solutions are prepared by diluting 1000 mg/L ZnS0O4.H20 stock solution to the final concentration
of 200 mg/L. The concentration is measured by inductively coupled plasma - optical emission
spectrometry (ICP-OES) equipment (Agilent 700 series). The presence of zinc isotropes 64-Zn and 66-
Zn are measured using a collision reaction cell with helium flowing at 3.8 mL/min. Calibration is
performed using a seven-point external standard (ICP multi-element standard solution 1V). Periodic
recalibration, as well as correction with respect to an external standard (72-Ge), is accounted for
instrument drift. To ensure the accurate measurements by ICP-OES, zinc solutions are acidified by
making them 2% HNO;.

To adjust the solution PH, 0.1M HNO3; and 0.1M NaOH are used and then solutions are shaken for 60
minutes. 0.1 M HNOj is prepared by diluting 70% HNOj; stock solution having molarity of 15.698M. 0.1M
NaOH is prepared by diluting 2M NaOH.

2.3 Adsorption properties

Adsorbents are added to the centrifuge tubes with zinc solutions, and tubes are shaken respectively for
30, 60, and 90 minutes at the speed of 150 rpm to allow sufficient exposure between the solution and
the adsorbent. Afterwards, 5 ml of the treated solution is sampled through filtration and diluted by 2%
HNO; to 10 ml for ICP-OES measurements. Filtration before ICP test is a necessary step to make sure
only dissolved portion of the Zn(ll) is taken into account. Removal efficiency (R.E.) and adsorption
capacity (q) of the adsorbent are computed as:

RE.(%) =S =C% 1100 1)

0
V
q=(C,-C, )ﬁ 2)

Where C, and C; are concentration at the beginning and time t, respectively, V is the volume of the
solution and M is the mass of adsorbent.

3. Results and discussions
3.1. The effect of porosity

The porosity of the adsorbent plays an important role in the adsorption capacity. Here, the effects of
adding H,O, and Tween 80 on the porosity of the geopolymer foam and subsequently adsorption
capacity is studied independently. The porosity has been measured relative to the reference MK
geopolymer samples as follow:

9 =— 3)

Where Vy and Vr are the volume of the voids added to the geopolymer samples due to adding the
foaming additives and total volume of the geopolymer foam samples, respectively. The bulk density of
geopolymer foam samples is determined by measuring the weight to corresponding volume ratio of the
samples (p1) and compared with the reference geopolymer sample (p,). The relative porosity is then

calculated as¢@. =100x(1—-p, / p,). Fig. 2 illustrates the correlation between relative porosity and

adding the combinations of H,O, and Tween 80. It is apparent from the figure that the initial addition of
10% H,0, to the MK geopolymer has a substantial impact on the pore formation by imposing further
25.75% pore volume to the sample. Once the initial pores are introduced to the geopolymer, step-by-
step, either H,O, or Tween80 is introduced to the mix. For geopolymer foam without Tween80, adding
5% more H,0, (15% total) results in the overall porosity of 37.94% which is approximately 12% more
pores compared to 10% geopolymer foam. Introducing further 5% H.O, (20% total) makes the overall
porosity 39.14%, which is only 1.2% more pores compared to the 15% geopolymer foam. This suggests
the presence of a limit in which adding H,O, is efficient in boosting the porosity. On the other hand, for
each constant H,O, concentration, adding 0.2 wt% Tween 80 impose a considerable pore volume to the
system. Taking 15% H,O, concentration as an example, the change in porosity upon adding 0.2 wt%,
0.4 wt%, and 0.6 wt% compared to 0 wt% Tween80 geopolymer foam is approximately 15%, 16%, and
21% respectively and presents the initial sharp increase that is followed by a moderate increase, similar
to the H,O, addition. This observation is consistent with the results reported in the literature.*”
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Fig. 2: Porosity adjustment by adding H>O, and Tween 80. A dramatic change in the porosity level is
observed upon initially introducing H,O, or Tween 80, followed by a moderate increase in the porosity
upon adding further foaming additives.

Fig. 3a-c depicts the correlation between the adsorption capacity of the adsorbent for 10%, 15%, and
20% H,0, concentrations MK geopolymer foams, respectively. For each graph, the H,O, concentration
is kept constant while Tween 80 is added. Results are reported for pH=7 and 90 minutes contact time.
Collectively, it is apparent that adsorption capacity has a direct correlation with the porosity. The
increase in the porosity leads to a better adsorption capacity; however, the correlation is not proportional.
For instance, in Fig. 3b & c, the sharp jump in the porosity from adding 0.2 wt% Tween 80 causes a
similar jump in the adsorption capacity while the same does not hold true in Fig. 3a. It is also worth
noting that removal efficiency becomes less sensitive to adding extra foaming additives at higher
concentrations. We attribute these non-proportional correlation to the pore structure of the geopolymer
foam samples which will be discussed in the next section.

Table 2 quantitatively illustrates R.E. for different porosities and apparent densities associated with
adding H,O, and Tween 80. The R.E. improves from 56.48% for MK geopolymer to 88.97% for MK
geopolymer foam samples with 10% H,O, and 0.6 wt% Tween 80. This increase portrays the striking
influence of imposing pores through foaming on the R.E. This is mainly due to the increase in the surface
area and consequently more accessible adsorption sites to adsorb heavy metal ions.% Overall, the R.E.
trend follows that of adsorption capacity and similar discussions provided previously is applicable for it.
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Fig. 3 Adsorption capacity of MK geopolymer foams for a) 10%, b) 15%, and c¢) 20% H202
concentrations. Porosity is mapped on the figures for a more comprehensive observation. While the
adsorption capacity is directly correlated to the porosity, the correlation is not proportional.



Table 2 Values of apparent density, porosity, and removal efficiency (R.E.) for various concentrations
of H,O, and Tween 80 in MK geopolymer foam adsorbents. The values for R.E. are reported for pH =7
and 90 minutes contact time.

0, 0, 0,

Sample H,0; (%) Tween 80 (wt%) Py (glcm?d) ¢r (%) R.E. (%)
GP 0 0 1.76 £0.05 0.00 56.48
GF-11 10 0 1.31+£0.2 25.75 60.40
GF-12 10 0.2 1.07£0.04 39.19 63.95
GF-13 10 0.4 1.04 £0.01 40.94 78.25
GF-14 10 0.6 0.85+0.12 51.52 78.17
GF-21 15 0 1.09+0.01 37.94 62.11
GF-22 15 0.2 0.83+0.12 52.69 84.82
GF-23 15 0.4 0.82+0.09 53.31 82.33
GF-24 15 0.6 0.74 £0.02  58.29 85.78
GF-31 20 0 1.07£0.03 39.14 56.7
GF-32 20 0.2 0.74 £0.02 58.12 84.93
GF-33 20 0.4 0.72+0.01 59.03 88.48
GF-34 20 0.6 0.68+0.02 61.16 88.97

3.2 The effect of the pore size distribution

While porosity measurement provides insight on the structural impact of adding H,O, and Tween 80, it
is a global parameter which does not consider the pore structure. One of the major parameters in
analysing the adsorption mechanism is the pore structure and connectivity. Image analysis of the
microstructure of the samples allows the quantitative study of the pore size distribution at across-section
of adsorbents. In this paper, the microstructure of geopolymer foam samples was characterised using
an electron microscope (Olympus, CKX53) and analysed by Fiji image software. It should be clarified
that in the imaging technique used here the micro size pore could only be detected and smaller pores
are not taken into account. Also, the analysis is considered on a cross-sectional surface of the foam
sample, and therefore it doesn’'t consider the third dimension features of the pores. Despite these
limitations, the pore distribution from this method can provide better insight into the pore structure of the
MK geopolymer foam samples. Fig. 4 displays the pore structure at the cross-section of MK geopolymer
foam samples without foam, 20 % H,O, concentrations, and 20% H,O, with 0.6 wt% Tween 80. As it is
apparent from the pictures, upon adding H,O,, the number of larger pores increases while adding Tween
80 will not only increase the number of pores, but also it makes them smaller too. To explore this
characteristic of foaming additives, frequency of pores with size ranges between 0-0.4, 0.04-0.4, 0.4-1,
and 1-2 mm is illustrated in Fig. 5. It is interesting to note that the population of small pores (0-0.4 mm
range) show a significant growth when a surfactant is added. On the other hand, the population of large
pores (1-2 mm) decreases when a surfactant is added, especially when the contribution is compared to
the total population of pores detected at all pore size ranges. Adding more surfactant increases the
number of smaller pores. Consistent with these results, it is shown that H,O, contributes to a more
population of macro-pores and results in the coalescence of the pores, thus enlarging their size. At this
point, adding surfactant stabilises the pore structure and helps in preventing pore collapse.®” Taking into
account the effect of foaming agent and surfactant on the pore structure of the adsorbent, we attribute
the non-proportional correlation of the adsorption capacity and porosity to the size distribution of the
pores. When H,0,is added, number of isolated large pores and subsequently porosity increases. These
isolated pores have a minor impact on the adsorption.®® This explains why adding H,O, did not change
the adsorption capacity in Fig. 3. Adding surfactant reduces the size of the pores while making their
population larger. There is a more probability in the better ionic transport through the smaller micro
pores.®® For when H,0, concentration is 15% and 20 % (Fig. 3b & c), adding Tween 80 boosts the
porosity beyond 50% while enlarging the number of small pores. In terms of pore connectivity, given an
over 50% porosity and large number of smaller pores, one can expect higher interconnectivity of small
pores and therefore more ionic transportation. This can explain the big jump in the adsorption for
samples in Fig. 3b & ¢ when 0.2 wt% Tween 80 is added compared to the minor jump in Fig. 3a. This
observation provides insight on optimising the cost and removal efficiency of the geopolymer foams by
manipulating the pore structure of the adsorbent.



Without foaming 20% H,0, 20% H,0, + 0.6wt% Tween 80

Fig. 4 Electron microscope probe of the pore structure in reference geopolymer sample, upon addition
of 20% H,0, geopolymer foam and adding further 0.6 wt% Tween 80 as the surfactant. Adding foaming
agent and surfactant has a drastic impact on the pore structure and increases the overall porosity.
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Fig. 5 Pore size distribution of MK geopolymer foam sample with 20% H,O, concentration.

3.2 The effect of pH of the solution

The pH of the aqueous solution is an important factor in metal ions removal process as it directly affects
their solubility.®® The functional groups on the surface of MK geopolymer possess negatively charged
agents which favour Zn (ll) attraction. However, depending on the pH value, the presence of H* and OH-
groups influence the adsorption process.59-¢0 Here, the adsorption capacity of the MK geopolymer foam
adsorbents in removing Zn (ll) ions is examined at three pH levels of 5, 7, and 9 representatives of
acidic, neutral, and alkaline environments, respectively. Results are reported for 60 minutes of exposure
time.

At pH = 5, H* has a dominant presence in the solution and trigger a competition with Zn (Il) cations for
adsorption to the adsorbent. Owing to this competition, some of the negatively charged sites on the
surface of the adsorbent are balanced by protons, therefore reducing available sites for Zn (ll)
adsorption. Increasing the pH to 7 balances the presence of H;O* and OH- ions and more of Zn (ll)
divalent cations are attracted to the adsorbent, leading to a considerable increase in the removal
efficiency when compared with pH = 5. Further increasing the pH level outweigh the presence of OH-in
the solution. Due to the presence of hydroxyl groups, the surface charge of adsorbent would be negative
and repulsive electrostatic forces prevents adsorption of hydroxyl groups to the surface and this will help
Zn (I) divalent to create a strong bond with the adsorbent.



Fig. 6 illustrates the impact of pH on the adsorption capacity of MK geopolymer foam and MK
geopolymer adsorbents. Results are compared against the reference MK geopolymer to gain better
insight on the effects of foaming. As it is evident from Fig. 6a, when a surfactant is added, adsorption
capacity improves consistently for each pH level. It is noteworthy that from pH=5 to pH=7, independent
of the Tween 80 contents, there is a sharp rise in the figures. On the other hand, from pH=7 to pH=9,
this rise is less pronounced. Looking at Fig. 6b & c, a similar trend is observable with more intense jumps
in adsorption capacity from pH=5 to pH=7 when 0.2 wt% Tween 80 is added. This suggests that
increasing the concentration of H,O, can further highlight the influence of adding more Tween 80. This
trend can be partly explained in terms of the porosity and pore structure as in surfactant will stabilise the
effect of foaming agent and leads to coalescence of pores hence presenting more potential sites for
ions’ adsorption. Also, there are two aspects of the experiments that can contribute to the limited
increase in adsorption capacity from pH=7 to pH=9. First, 0.1 M NaOH is used to adjust the pH to 9 in
the solution. While the target concentration of Zn (lIl) is 200 mg/l, the reaction between NaOH and zinc
sulfate heptahydrate causes precipitation of zinc as follow:5’

ZnS0O4+ 2 NaOH — Zn (OH),| +Na,SO,

Upon adding further NaOH, some of the precipitated Zn (OH), would dissolve into the solution and
produce tetrahydroxozincate (II) sodium:

Zn (OH), + 2 NaOH — Na, [Zn(OH),]

Overall, these reactions create precipitations that reduce Zn (ll) concentration of the target solution. It is
shown that for lower metal concentration, the metal ions uptake reduces.3® This partly explains why the
increase in the adsorption is limited from pH=7 to pH=9.

On the other hand, the point of zero charge (PZC) is important in interpreting the removal efficiency.
PZC is defined as the point where the functional groups at the surface of the particle do not contribute
to the solution’s pH, i.e. the point where the net surface charge is neutral. When plotting initial pH (pH;)
versus final pH (pHs) of the solution in an adsorption test, PZC can be determined by designating the
intersection between pH curve and pHi=pH:;. PZC for MK geopolymer adsorbents is reported to be
approximately 9.62 Assuming this value holds true for the metakaoline geopolymer foam adsorbents
studied in this work, one can explain the limited increase in the removal efficiency from pH =7 to 9. For
pH < pHpzc, the net surface charge is positive, and this will adversely impact removal efficiency. The
removal efficiency for pH values close to pHpzc does not vary significantly®2 due to the weak surface
charges.

From a comparison of the data in Fig. 6, it is noteworthy that adsorption capacity from one sample to
another changes almost proportionally for each pH level. For example, for 20% H,O, samples,
adsorption capacity of geopolymer sample for pH=5 and pH=9 is 13.95 (mg/g) and 24.33 (mg/g) and for
geopolymer foam with 0.75 g Tween is 26.03 (mg/g) and 43.89 (mg/g). The ratio between the
adsorptions is close values of 1.87 and 1.8 for pH=5 and pH=9, respectively. This indicates that a
consistent adsorption mechanism is in play in MK geopolymer foam samples which operates
independently of pH level. Recalling from the discussions about the porosity of the samples, we
postulate that pH and the porosity have a synergistic impact on the adsorption capacity.
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Fig. 6 The effect of pH on the adsorption capacity of the geopolymer adsorbents with various foaming
concentrations. GP in the figures indicates the reference MK geopolymer sample without any foaming
additives.

3.3 The effect of contact time

The contact time between adsorbent and adsorbate is an important parameter in optimising the
adsorption capacity. The availability of the adsorption sites at the surface of the adsorbent is higher at
the initial stages of the adsorption and therefore more rapid ion uptake occurs. As time passes, more of
these sites are occupied and heavy metal ions need to go through a diffusion process to find the next
available site and consequently, adsorption becomes slower. For long contact times, the adsorption
reaches an equilibrium stage where no considerable changes occur after. In this section, adsorption
capacity for three different adsorbent’s exposure times of 30 minutes, 60 minutes, and 90 minutes to
the adsorbates is monitored to probe the effect of contact time on adsorption amount.

Fig. 7 depicts the effect of contact time on the adsorption capacity for different H,O, concentrations at
various Tween 80 contents. The reference geopolymer sample is also shown in each graph for the sake
of comparison. For all three H,O, concentrations, the longer the contact time is, the better the adsorption
capacity becomes. Interesting is that adding Tween 80 has a dramatic effect on the adsorption amount
which is more pronounced for 15% and 20% H,O, concentration samples. For all H,O, concentrations,
the change in the adsorption capacity upon adding Tween 80 after 30 minutes contact time remains
limited. On the other hand, for 90 minutes contact time, the adsorption capacity is very sensitive to the
microstructure attributes of the geopolymer foams due to adding Tween 80. Taking 20% H,O,
concentration as an example (see Fig. 7c), for a 30 minutes contact time, the reference geopolymer
adsorbent has an adsorption capacity of 16.56 (mg//g) while this parameter is 22.43 (mg/g) for the
geopolymer foam adsorbent with 0.6 wt% surfactant and shows 35% improvement. For a similar case
with 90 minutes contact time, the geopolymer adsorption capacity is 28.3 (mg/g) and sees a 69% surge
to 47.85 (mg/qg). It is also worth noting that adsorption capacity becomes almost insensitive to adding
Tween 80 when more than 0.2 wt% is introduced to the system. This marks a limit in which adding
Tween 80 can improve the adsorption. These observations can be explained by considering the
adsorption process into the adsorbent. Adsorption involves accumulation of Zn(ll) divalent ions on the
surface of adsorbent (film diffusion) which takes place at shorter times. Then, internal ion transportation
inside the adsorbent pores (particle diffusion) occurs which takes longer times®® due to the free energy
barriers associated with the irregularity of the pore pathways and strong interparticle interaction at close
distances that needs to be overcome through the thermal fluctuations over time.64-%6 Based on these
factors, for samples with a more porous structure, the adsorption is higher when longer contact time is
provided which also indicate the presence of both film diffusion and particle diffusion in the adsorption
process of Zn(ll) to MK geopolymer foam adsorbent.
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Fig. 7 The effect of contact time on the adsorption capacity of the geopolymer adsorbents with various
foaming concentrations. GP in the figures indicates the reference MK geopolymer sample without any
foaming additives.



Fig. 8 presents a comparison between several types of adsorbents available in the literature and the
reference MK geopolymer and MK geopolymer foam with 10% H,O, concentration and 0.6 wt%
surfactant and in terms of their adsorption capacity and removal efficiency for Zn(ll) ions. The reported
values for the current study in Fig. 8 are for pH=7 and 90 minutes contact time and adsorbent dosage
of 20 (g/L). As it is apparent from Fig. 8a, adsorption capacity reaches a plateau at certain contact time
(equilibration). In the results reported by Katsou et al. .55, zeolite and bentonite, two minerals which
consist of layers of aluminosilicate with negative surface charges®”-68 are used as adsorbents to remove
Zn(ll). The concentration of adsorbate and the minerals’ dosage in their study was 320 mg/L and 10 g/L,
respectively. The adsorption capacity of the combination of zeolite and bentonite minerals improved at
shorter time frames compare to each individual mineral; however, they remain below the MK geopolymer
sample. Kara et al. 44 used an optimisation scheme and performed a particle size filtration of MK
geopolymer. They reported their result for pH = 6.39, which has been determined as an optimum pH for
the adsorption process. They could achieve adsorption capacity of 60 (mg/g) after 40 minutes for the
adsorbent dosage of 2 g/L.

In interpreting the results, it should be noted that the adsorbent dosage has a dramatic impact on both
adsorbent capacity and removal efficiency values. It is shown that higher adsorbent dosage leads to a
lower adsorption capacity. As outlined in Kara et al.’s study,** the adsorption capacity for their treated
MK reduced from 90 (mg/g) to 30 (mg/g) when adsorbent dosage increased from 0.4 (g/L) to 4 (g/L).
The value of adsorbent dosage in the current study is 20 (g/L). On the other hand, higher adsorption
capacity for pH=9 (see Fig. 6), as well as longer times, is expected since the adsorption has not reached
to its equilibrium stage. Accordingly, at similar conditions, we expect a much higher adsorption capacity
for the MK geopolymer foam sample at the same conditions.

In Fig. 8b, the removal efficiency of samples are compared to biosorbents such as acid-treated coconut
shell carbon (ACSC), chitosan coated coconut shell carbon (CCSC), and chitosan coated acid-treated
coconut shell carbon (CACSC).%° Biosorbents’ results are prepared at pH=6, and 25 mg/L Zn(ll) solution
and 30 g/L adsorbent dosage. The removal efficiency for MK geopolymer foam reaches to 88.97% while
the MK geopolymer is only 56.48%. Among the biosorbents, CACSC shows higher removal efficiency
and its corresponding value is 75% after 90 minutes (the value is calculated from the interpolation).
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Fig. 8 Comparison between a) adsorption capacity b) removal efficiency of various adsorbents over
time. MKGP and MKGF stand for metakaolin based geopolymer and geopolymer foam, respectively.
ACSC, CCSC, and CACSC stand for acid-treated coconut shell carbon, chitosan coated coconut shell
carbon, and chitosan coated acid-treated coconut shell carbon, respectively.

4. Conclusion

In this paper, the application of metakaolin based geopolymer foams in the removal of Zn (ll) ions in
wastewater treatment is examined. Geopolymer foams are produced with various concentration of H,O,
foaming agent and Tween 80 surfactant. The following outcomes are presented:



e Adding H,O; increases the population of macro-pores through the coalescence of pores while
adding Tween 80 surfactant stabilises the pore structure and has a dramatic impact on the pore
size distribution. The presence of surfactant boosts the population of smaller pores.

e As a rule of thumb, for a more porous adsorbent sample, the removal efficiency and adsorption
capacity are higher. However, the correlation is not proportional. The pore size distribution is an
important aspect in ions adsorption via particle diffusion mechanism inside the adsorbents. For
higher levels of H,O, concentration, adding surfactant leads to a surge in the adsorption
capacity. We have observed a limit in which adding H,O, and Tween 80 surfactant are effective.
For the current study, adding foaming agents beyond 15% and surfactant beyond 0.4 wt% has
minor impact on adsorption capacity at various pH and contact times.

e The pH of the solution has a dramatic impact on the adsorption capacity. For the current study,
adsorption is negligible in an acidic environment (pH=5) compared to the neutral pH solution.
While for Alkali environment (pH=9), the adsorption capacity of all MK geopolymer foam
samples improves about 50%, the change compared to the pH=7 is insignificant (less than
20%). We have attributed these observations to the relative population of H* and OH- groups at
various environments as well as the precipitation of Zn(OH), in the alkali environment which
influenced the initial concentration of adsorbate and hence the outcomes. Furthermore, the
trend for the adsorption capacity upon adding foaming additives repeats itself regardless of pH
values, marking the presence of synergistic effects of pH and pore structure on the adsorption.

e Forall samples, the adsorption capacity of MK geopolymer foams picks up after 60 minutes and
further increases after 90 minutes. The Synergistic impact of pore structure and contact time is
also confirmed in the results. The impact of longer time exposures can be explored in the future
studies.

Comparison between the adsorption capacity and removal efficiency of the MK geopolymer foam
adsorbents in the current study and previously reported results for other adsorbents designate
geopolymer foam adsorbents as a promising material for wastewater treatments. The outcomes of
this research pave the path toward optimisation of MK based geopolymer foams as a cost-effective
and efficient adsorbent for removal of heavy metal ions from wastewater.
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