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Abstract—Ferrochrome slag (FeCr-GP) and gold mine tailings (GMT-GP) based geopolymers were synthesized and
used as adsorbents of heavy metals in aqueous solutions. Batchwise adsorption experiments were used to determine the
effect of solid loading (S/L), temperature and time on the adsorption of Cu, Ni and Mn. X-ray diffraction studies
showed that GMT-GP was amorphous with calcium aluminium silicate hydrate as the geopolymerization product lead-
ing to an increased surface area while GMT-GP had a significant reduction in the intensity of crystalline peaks as com-
pared to the precursor. FeCr-GP could adsorb above 99% of the metal ions (Cu®*, Ni** and Mn*) in solution with an
initial metal concentration of 400 ppm at 298, while GMT-GP could only adsorb at least 98% of the metal with an ini-
tial metal concentration of 200 ppm. The adsorption was accompanied by a pH rise from 2.3 to 4.5 and 4.8 for GMT-
GP and FeCr-GP, respectively. The maximum adsorption capacity of FeCr-GP was double that of GMT-GP. FeCr-GP
could be desorbed using HCI and reverse osmosis water and could be used for a further three cycles without signifi-
cant loss in adsorbing ability, while desorption of GMT-GP resulted a reduction in adsorption capability.
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INTRODUCTION

Water is a necessary component of life. The current and frequent
droughts in Southern Africa [1] necessitate the need for research in
the recycling of wastewater. One of the major contaminants of water
is the discharge of industrial effluent into streams. The surface water
is then contaminated with heavy metals, surfactants, dyes and radio-
nudlides [2,3]. Water pollution is known to cause a number of mala-
dies and heavy metals have been shown to be carcinogenic [4].

There are several methods for the removal of metals from waste
water. The most common and cheap method is adsorption [5]. Var-
ious adsorbents can be used, which include activated carbon, clays
and fly ash [6]. In recent times, geopolymers have received atten-
tion as alternative adsorbents for water purification [7]. Geopoly-
mers are solid/amorphous materials which are synthesized from
alkali activation of an aluminosilicate material [8]. Geopolymers
have been shown to possess high chemical resistance, high ther-
mal stability and high durability. They are eco-friendly in that they
can be synthesized at low temperature (<100 °C) [9]. The negative
charges on tetrahedral frameworks of geopolymers are usually bal-
anced by alkali or alkaline earth cations such as Na" or K" depend-
ing on the alkali solution used [3]. The cations can then be ex-
changed with metals in solution, thus resulting in the metal removal
potential of geopolymers. The other removal mechanism that has
been postulated includes physisorption in the absence of ion ex-
change [8]. Physisorption is the preferred mechanism as it offers
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adsorbent regeneration potential [10]. The use of geopolymers
from industrial waste is critical for sustainable development. Waste
based geopolymers are thus important in that they are secondary
resources which can be used to meet a global resource scarcity. The
use of waste based geopolymers allows for valorization of pollut-
ants, thus satisfying the dictates of industrial ecology.

A number of geopolymers have been used as adsorbents, includ-
ing bentonite/Fe;O, geopolymer with over 92% removal efficiency
of Cu, Pb, Cd and Hg [7], a rice husk/ash, palm ol fly ash, metaka-
olin and slag composite geopolymer with over 85% removal effi-
ciency of methylene blue dye [8], a metakaolin based magnetic
geopolymer for the removal of green and procion red [11]. The pro-
posed removal mechanism is thought to be ion exchange [12], al-
though precipitation is also possible due to high pH of some geo-
polymers.

Geopolymers can be synthesized from precursors that contain
Si and AL It is well known that gold mine tailings (GMT) and fer-
rochrome (FeCr) slag contain considerable amount of Si and Al and
can be utilized as precursors for the synthesis of geopolymers [13,
14]. Stabilization of FeCr slag and GMT via geopolymerization is
important in that it reduces the metal leachability of these materi-
als into the environment [13,14].

The overwhelming precursors for geopolymer adsorbents used
in wastewater treatment include blast furnace slag, fly ash, metaka-
olin and rice husk ash [15-17]. In recent times, attention has also
focussed on other wastes as precursors, and these include pyrophyl-
lite mine waste and dolochar ash [18,19]. The resulting geopoly-
mers have been shown to adsorb over 98% of Co, Cd, Ni and Pb
in solution. Furthermore, in the review by Luukkonen et al. [16],
less than 25% of the research focussed on the regeneration of the
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adsorbents; regeneration and reusability are critical in the sustain-
able use of a resource. In this research the use of gold mine tailings
and ferrochrome slag based geopolymers as adsorbents was inves-
tigated. The use of the two industrial wastes is an endeavour to
satisty the demands of a circular economy where resources are
kept within the economic cycle as much as possible. The two geo-
polymers are compared to each others performance to verify the
effect of precursor/geopolymer type on the removal efficiency. Fur-
thermore, the regeneration coupled with reusability was investigated
to satisfy the demands of sustainability. To the best of our knowl-
edge, there has been no recorded ferrochrome slag based geopoly-
mer used as an adsorbent in literature; thus, this geopolymer may
be a first. Gold mine tailings based geopolymers have been refer-
enced once in literature [20], for the removal of Pb*', and thus this
paper seeks to add more heavy metals which can be removed using
gold mine tailings based geopolymers. Though geopolymers have
been shown to be promising adsorbents, more research is needed
over the whole range of possible precursors [16]. This research paper
therefore seeks to introduce a new material (ferrochrome slag and
gold mine based geopolymer) as a possible adsorbent for heavy met-
als in wastewater.

MATERIALS AND METHODS

1. Materials

Synthetic water was used as an effluent. The use of synthetic water
is generally accepted as a first step in the determination of the effec-
tiveness of the proposed geopolymer adsorbent [16]. Appropriate
amounts of MnSO,-H,O, NiSO,-5H,0 and CuSO,-5H,0 were added
to reverse osmosis (RO) water to make a 1,000 ppm stock solu-
tion. All adsorption experiments were carried out with a heavy metal
solution at a pH of 2.3 to mimic acid mine drainage obtained in
South Africa [6]. FeCr was obtained from a ferrochrome smelter
in South Africa. The major elements by weight were 47% Si,
10.9% Al, 14.7% Cr and 9.9% Fe. GMT was obtained from a mine
tailings dam in the West Rand area of South Africa. The major
GMT elements were 65% Si, 7.0% Al, 7% Fe and 5.2% Mg.
2. Methodology
2-1. Synthesis of Geopolymer

The GMT geopolymer (GMT-GP) was synthesized using the
author’s previous optimization work on the synthesis of GMT geo-
polymers [13]. The oven dry GMT was mixed with an alkaline
solution (10 M KOH with a potassium aluminate to KOH ratio of
2) using a liquid to solid ratio (L/S) of 0.26. The resultant paste
was poured into a 100x100x100 mm mould. The filled mould
was hand shaken for 3 min to remove any air bubbles in the paste.
The cast was cured at 100 °C for 120 h. At the end of the curing
period the geopolymer was milled to less than 75 pm and washed
with RO water till the washings were at a pH of 7. The now neu-
tral geopolymer was then oven dried for 24 h at 105 °C and subse-
quently crushed to less than 75 pim before adsorption experiments.

The FeCr slag geopolymer (FeCr-GP) was synthesized using the
author’s previous optimization work on the synthesis of FeCr slag
geopolymers [14]. Oven dry FeCr slag was mixed with an alkaline
solution (10 M KOH with a ratio of potassium aluminate (KA) to
KOH of 1.25. The liquid to solid ratio (L/S) was 0.26. The resultant

paste was poured into a 100x100x100 mm mould. The filled mould
was hand shaken for 3 min to remove any air bubbles in the paste.
The cast was cured for 28 d at room temperature. At the end of
the curing period the geopolymer was crushed to less than 75 pum
and washed with RO water till the washing were at a pH of 7. The
now neutral geopolymer was oven dried for 24h at 105°C and
subsequently crushed to less than 75 um before adsorption experi-
ments. The two geopolymers (GMT-GP and FeCr-GP) were cho-
sen because they had the best durability; highest unconfined com-
pressive strength (structural integrity), lowest metal leachability and
highest resistance to alternate wet and dry cycles [13,14].
3. Adsorption Experiments

All adsorption experiments were carried out in a thermostatic
batch vessel in triplicate.
3-1. Effect of Solid Loading

0.1 to 1.4 g of FeCr-GP was added, respectively, to 100 ml of syn-
thetic wastewater containing 100 ppm Cu, 100 ppm Ni and 100
ppm Mn at a pH of 2.3 to reflect the average composition of acid
mine drainage in South Africa [6]. The mixture was agitated at
250 revolutions per minute (rpm) at 25 °C for 2 hrs. At the end of
2 h the mixture was filtered using a filter paper and the filtrate was
subsequently assayed for heavy metals. The pH at the end of the
agitation period was also measured. The above method was repeated
with FeCr (control), GMT-GP and GMT (control). The amount
of metal adsorbed per mass of adsorbent (q,) was calculated using
Eq. (1)

\4
qt:Co_CtXr_n (1)

where C, is the concentration of metal (ppm) before adsorption,
C, is the concentration of the metal after a t min of adsorption
(ppm), V is the volume of synthetic wastewater in liters and m is
the mass of the adsorbent in g.
3-2. Effect of Initial Concentration

0.7 g (optimum solid loading from 3.1) of FeCr-GP was added to
heavy metal solutions with the metal concentration varying from
100 ppm to 600 ppm. The resulting mixtures were agitated at 250
rpm and at 25 °C for 2 hrs. At the end of 2 h, the mixtures were fil-
tered using a filter paper and the filtrates were subsequently assayed
for heavy metals. The same procedure was repeated with 1.0 g (opti-
mum solid loading from 3.1) of GMT-GP.
3-3. Effect of Contact Time and Temperature

FeCr-GP was added to 100 ml of synthetic wastewater (concen-
tration at 400 ppm Cu, Ni and Mn) using a solid loading (SL), which
gave the best removal efficiency from the effect of solid loading
experiments. The mixtures were agitated at 250 rpm and at 25°C
for 30, 60, 90, 120, 150, 180, 210 and 240 mins, respectively. At the
end of the respective agitation times, the mixtures were filtered using
a filter paper and the filtrates were subsequently assayed for heavy
metals. The above method was repeated with GMT-GP using syn-
thetic water with metal concentration of 200 ppm Cu, Ni and Mn.
The procedure was also repeated at 35°C and 45 °C to test the
effect of temperature on the adsorption of the heavy metals onto
the respective geopolymers.
3-4. Desorption Studies

The metal loaded geopolymers were desorbed using reverse
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osmosis water, HCl and H,SO, to test for possible regeneration of
the geopolymer adsorbent. The acid desorbed geopolymers were
washed with RO water till the washings were at near neutral pH.
The desorption efficiency was chosen as a criterion for the deter-
mination of the desorbing solution. After desorption each geo-
polymer was re used as an adsorbent to a fresh 100 ml of synthetic
wastewater.
3-5. Statistical Analysis

All error bars were at 95% of the confidence interval, and ANOVA
was used to calculate statistical variance.
4. Assaying Methods

The atomic absorption spectrometer (Thermo scientific ICE
3000 series) was used for the determination of heavy metals. X-ray
fluorescence (XRF) (Rigaku ZSX primus II) was used for the deter-
mination of the elemental composition of the precursors. The pre-
cursors were ground to less than 75 um and made into a pellet using
a pneumatic compressor. The resulting pellet was then dried at
50 °C for 12 h and immediately afterwards run on the XRF machine
using Si as a standard. The X-ray diffraction (Ultima IV Rigaku
XRD) using a reference internal ratio (RIR) method was used for
the mineralogical determination for the precursors and geopoly-
mers. A ground sample (<75 pm) was placed on the XRD sample
holder and the machine was run from 0° to 90° 26 angle. The ob-
tained bonds of the precursors and geopolymers were determined
using Fourier transform infra-red spectrometry (FTIR) (Thermo-
scientific Nicolet IS10). A ground sample was placed in the FTIR
sample holder and run on a KBR line. Laser diffraction (Malvern
Mastersizer 2000) was used to determine particle size distribution
(PSD) of the geopolymers with water as a dispersion medium.
5. Adsorption Isotherms and Kinetics

The most commonly used isotherms for heavy metal adsorp-
tion are Freundlich and Langmuir isotherms. The Freundlich iso-
therm is usually used for nonlinear adsorption, but is also used for
multilayer adsorption on heterogeneous surfaces [21]. The linear
form of the Freundlich isotherm is:

lnqtzanF-kilnCt @

where C, (ppm) is the concentration of the concerned metal ion
after t mins of adsorption, Kj is the Freundlich constant related to
adsorption intensity and q; is the amount of metal adsorbed per
amount of adsorbent. The Langmuir isotherm represents mono-
layer adsorption [22] with a number of assumptions that include
that the adsorption sites are equally distributed, resulting in con-
stant adsorption energy and the interaction between adsorbate mole-
cules is negligible [23]. The linearized form of the Langmuir isotherm
is:

+— 3

where C, (ppm) is the concentration of the metal ion of concern
after t mins of adsorption, q,, (mg/g) is the maximum adsorption
capacity of the adsorbent, b (L/g) is a constant related to enthalpy
of adsorption.

The most utilized kinetic models for adsorption are the Lager-
gren pseudo-first-order model and the pseudo-second-order model.
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Fig. 1. XRD diffractogram of FeCr slag and FeCr-GP (M=Magnesio-
chromite, F=Fosterite, Fy=Fayalite, C=Chromite, E=enstatite,
CASH=Calcium aluminate silicate hydrate, CSH=Calcium
Silicate Hydrate).

Their linearized forms are shown in Egs. (4) and (5), respectively.

K
log(q,~q)=logq, ~ 55t 4
L kl w1 5)
qt qu qe

where g, is the adsorption capacity at equilibrium, k; and k, are
constants. The pseudo-first-order is suitable for the first 20-30 min
of adsorption [24]. The pseudo-second-order model usually gives
the best estimation of adsorption capacity at equilibrium due to its
small sensitivity to random experimental errors [25].

RESULTS AND DISCUSSION

1. Characterization of Geopolymers

Fig. 1 shows the XRD diffractogram of FeCr and its geopolymer
represented as FeCr-GP.

The reduction in the intensity of the quartz peak for the FeCr-GP
as compared to FeCr (Fig. 1) was due to the participation of quartz
in the dissolution reactions [26]. The shift in the quartz peak from
about 24° to about 34° was evidence of the restructuring of the
mineralogy of the precursor. The geopolymer had an elevated
baseline from 15° to 32°, which was evidence of the introduction
of an amorphous structure into the geopolymer. The major differ-
ence between FeCr and FeCr-GP was that the geopolymer con-
tained calcium aluminate silicate hydrate (CASH) in addition to
calcium silicate hydrate (CSH) which were not present in the pre-
cursor.

There was no major difference between GMT and GMT-GP
except for the reduction in intensity of crystalline peaks (Fig. 2).
This may be due to dissolution of these minerals in the highly alka-
line medium used for making the geopolymer paste. The GMT-
GP diffractogram was similar to that of the precursor, showing that
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Fig. 2. XRD diffractogram of GMT and GMT-GP (S=quartz, P=
pyrite, H=haematite).
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Fig. 3. FTIR spectrum of GMT, GMT-GP, FeCr and FeCr-GP.

the geopolymerization was not complete. Though there was absence
of amorphous phases, geopolymerization should have taken place
as not all geopolymers showed an amorphous structure [26,27].
The main band for GMT was centered around 1,004 cm ™, which
is typical of TO4 (T is aluminum or silicon) (Fig. 3). Geopolymer-
ization of GMT led to the shifting of this band to a lower wave-
number (970.06 cm™") for GMT-GP, which showed reduction in
crystallinity. The Si-O bands were resolved as the band at 784 cm™
[28]. For FeCr, alumina was resolved as the band at 687.17 cm™
[29]. The bands at 3,379 and 1,461 cm ™' were assigned to the OH
group [30]. The bands around 683 and 783 cm™' were resolved as
metal oxides and spinels of magnesiochromite [31]. The band
around 1,050 cm™ was resolved as of Si-O [32,33]. The band around
1,010cm ™" for FeCr shifted lower wavenumbers for FeCr-GP, which
could be interpreted as an increase in the amorphous nature of the
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Fig. 4. Volume particle size distribution of geopolymers.
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Fig. 5. Number particle size distribution of geopolymers.

geopolymer. Laser diffraction was used to determine particle size
distribution (PSD) of the geopolymers. The volume PSD was then
transformed to a number density distribution with subsequent cal-
culation of the second moment (m2), which is equivalent to the
external surface area of the sample [34]. A significant volume (7%)
of GMT-GP was dominated by particles whose mean size was 100
um as compared to 5.2% for the FeCr-GP (Fig. 4). Using the num-
ber distribution (Fig. 5), FeCr-GP had a larger number of smaller
particles as compared to GMT-GP, which resulted in a higher exter-
nal surface area for FeCr-GP (Table 1).

The general mechanism of geopolymerization reaction is thought
to occur through three stages: dissolution-coagulation, coagulation-
condensation, and condensation-polymerization [35]. The first
stage starts with the breakage of Si-O-T bonds, where T is either Si
or Al, due to the attack by the hydroxyl ion from the alkali solu-
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Table 1. External surface area of Geopolymers
GMT-GP
3.39%10°

FeCr-GP
5.29x%10°

Sample

External surface area (m® m™)

tion leading to formation of silanol (-T-OH) and sialate (-Si-O-)
species. The coagulation-condensation stage is dominated by the
accumulation of ionic species leading to polycondensation and
coagulated structures. The last stage is condensation-polymeriza-
tion stage where there is product. FeCr contains a considerable
amount of Ca. It has been reported that Ca is involved in the acti-
vation of the geopolymer gel formation, leading to increase in
strength development [36]. CaO and MgO have higher dissolu-
tion rates compared to ALO; and SiO,, resulting in the formation
of CASH [37] (Fig. 1). The incorporation of aluminate changes
the Si/Al ratio, resulting in the disruption of the Si-O-Si networks
by incorporation of Al, resulting in absorbance in the lower wave-
numbers [37] (Fig. 3). Gold mine tailings with low Ca content,
geopolymer formation is thought to be a condensation reaction
between AlO”,_ and the SiO*,_ [38].
2. Effect of Solid Loading

The use of GMT and FeCr as adsorbents resulted in the leach-
ing of metals than adsorption, which is why they were not included
in Fig. 6. The removal efficiency of the respective geopolymers
increased with solid loading due to increase in available sites for
adsorption as the mass of the adsorbent was increased. There was
no significant increase in metal removal from 0.7 to 1% m/v solid
loading (S/L) for FeCr-GP as the ANOVA calculation yielded p

120 4 (
a)
100 ) ES
_ 80 - = = g
g E E £
2 E £ £
g 60 =i E £ = mCu
« E £ = = i
® s E = = ENi
40 - E E H £
S = E £ @Mn
o | =/l = el =
01 02 03 04 05 06 07 08 09 1
Solid loading (%m/v)
120
(b)
100 - f
i
_ 80
©
:
s 60 - '= mCu
v E ani
X Ei
40 E
£ mMn
20 =
0 E N . =N ,

01 02 03 04 05 06 07 08 09 10 12 14
Solid loading (%m/v)

Fig. 6. Effect of solid loading on the metal removal efficiency using
FeCr-GP (a) and GMT-GP (b). Agitation at 250 rpm, time at
2h, temperature at 25 °C and 100 ppm Cu, Ni and Mn, re-
spectively.
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value of 0.996 (p>0.05) (Fig. 6(a)). The same trend was observed
for GMT-GP but within the S/L range of 1.0 to 1.4% m/v. The cal-
culated ANOVA p value was 0.774 (p>0.05). The insignificant in-
crease in metal removal could be due to metal exhaustion for FeCr-
GP and GMT-GP as more than 99.6% of metals were removed.
3. Effect of Initial Concentration

There was no significant reduction in metal removal for FeCr-
GP up to an initial metal concentration of 400 ppm. This may have
been due to enough available sites for adsorption. At an initial con-
centration of 500 ppm there was a 25%, 27% and 28% reduction in
metal removal for Cu, Ni and Mn, respectively (Fig. 7(a)), which
may have been due to adsorption site exhaustion or adsorbent sat-
uration. The GMT-GP experienced significant metal removal
reduction at an initial metal concentration of 300 ppm (Fig. 7(b)).
The higher adsorption capability of FeCr-GP can be attributed to
the presence of CASH and CSH in its structure which are not
present in GMT-GP (Fig. 1 and 2). CASH and CSH are associated
with the amorphous structure of geopolymers which would then
mean a larger surface area for metal adsorption (Table 1).
4. Effect of Time and Temperature on Adsorption

There was an increase in metal removal with time for both geo-
polymers (Fig. 8).The increase may be attributed to the increase of
pH (Fig. 9), as it has been shown that pH plays a major role in ad-
sorption, as there was a direct correlation between Fig. 8 and 9 [6].
The pH rise was small, suggesting that the solution was well buff-
ered due to geopolymer washing after geopolymerization, which
removed excess alkalinity. The metal uptake was quite fast in the
first 30 minutes with equilibrium reached after 60 minutes. The
equilibrium may be due to metal ion depletion in the solution or
the exhaustion of adsorption sites. The attainment of equilibrium
after 60 minutes agrees with Panda et al. [18]. The order of removal

mCu

%Removal

ENi
I Mn

mCu

ENi

% Removal

mMn

100 200 300 400

Initial Concentration (ppm)

Fig. 7. Effect of initial metal concentration on the metal removal
efficiency using FeCr-GP at 0.7% S/L (a) and GMT-GP at
1% S/L (b). Agitation at 250 rpm and temperature at 25 °C
for 2 h.
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Fig. 8. Effect of adsorption time on the metal removal efficiency
using FeCr-GP at 0.7% S/L and initial metal concentration
of 400 ppm (a) and GMT-GP at 1% S/L and initial metal con-
centration at 200 ppm (b). Agitation at 250 rpm and tem-
perature at 25 °C.

for both geopolymers was Cu>Ni>Mn. There was no significant
change in metal removal from 120 mins for both geopolymers.
There was a slight increase in adsorption capacity from 25 to
35°C, and thereafter the increase in temperature resulted in a sta-
tistically insignificant rise in adsorption capacity (Table 2). The in-

Table 2. Variation in adsorption capacity with temperature

6
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83 —4— FeCr-GP
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Fig. 9. Variation in pH with adsorption time FeCr-GP at 0.7% S/L
and GMT-GP at 1% solid loading, agitation at 250 rpm and
temperature at 25 °C.

crease in adsorption with temperature is thought to be evidence of
chemisorption [18]; however, in this study the insignificant increase
would therefore support physisorption, which is also supported by
the thermodynamic data (Tables 3 and 4). The insignificant increase
may be because at 25 °C more than 98% of the metal ions could
be adsorbed by both geopolymers.
5. Isotherms

The data for the variation in concentration at various tempera-
tures was fitted into the two adsorption isotherms. The linearized
Langmuir and Freundlich Isotherms are shown in Egs. (3) and
(2), respectively

G L & ()
9 9uxb q,
Inq,=InK;+InC, 2

The first criterion for choosing either model was based on the
correlation coefficient (R?) of the data. The data for Freundlich
isotherm is not shown, as the R* was below 0.65. The adsorption
of Cu, Ni and Mn onto FeCr-GP and GMT-GB, respectively, could

Temperature FeCr-GP adsorption capacity q, (mg g ') GMT-GP adsorption capacity q, (mg g")
Qe Cu Ni Mn Cu Ni Mn
25 56.88 56.36 55.42 28.35 28.20 27.67
35 57.01 56.69 56.32 28.42 28.28 27.94
45 57.07 56.69 56.69 28.48 28.38 28.13

Table 3. Langmuir isotherm and thermodynamic parameters of FeCr-GP (initial concentration at 400 ppm Cu, Ni and Mn)

Cu Ni Mn
298.15 308.15 318.15 298.15 308.15 318.15 298.15 308.15 318.15
Qm (mg/ g) 51.81 55.56 55.87 42.02 46.73 49.75 34.50 38.31 42.73
B (L/g) 351 30.00 59.67 1.002 1.14439 2.05102 0.16872 1 1.0
AG (kJ/mole) -3.11 -8.71 —-10.82 —0.05 -0.35 —-1.90 —-8.92 -9.34 -9.93
AS (J/mole) 385.17 94.76 50.78
AH (KJ/mole) 111.11 2845 6.25
R’ 0.9996 0.9997 0.9998 0.9988 0.9993 0.9997 0.9871 0.9925 0.9987
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Table 4. Langmuir isotherm and thermodynamic parameters of GMT-GP (initial concentration at 200 ppm Cu, Ni and Mn)

Cu Ni Mn
298.15 308.15 318.15 298.15 308.15 318.15 298.15 308.15 318.15
q. (mg/g) 22.624 25.773 27.027 20.121 22222 25.189 1541 20.96 2421
B (L/g) 1.540 6.159 19.474 1.076 1.355 4.616 1.25 2.64 3.96
AG (kJ/mole) -1.07 —4.66 -7.85 -0.18 -0.78 -4.05 —0.56 -2.49 -3.64
AS (J/mole) 339.15 193.22 153.82
AH (kJ/mole) 99.98 57.87 45.17
R’ 0.9973 0.9994 0.9999 0.9933 0.9976 0.9994 0.996 0.9958 0.9998
be modelled well using the Langmuir Isotherm (Table 3 and Table log(q,~ q,)=logq, - k, ¢ @)
4), which showed that these geopolymers had numerous and vari- o ‘2303
ant types of binding active sites [10]. Although the Langmuir iso-
. . . t 1 1
therm is for homogeneous surfaces, it has been used to describe -y :l_t ®)
t 2Me e

the adsorption onto geopolymer adsorbents [2,3,8]. This may
mean that though the geopolymers are heterogeneous, the adsorp-
tion sites may relatively be evenly distributed to allow for approxi-
mation of homogeneity. There was an increase the q,, negative
value of AG® and R’ for the two geopolymers as temperature was
raised from 25 °C to 45 °C. This indicated a more favorable adsorp-
tion of Ni, Cu and Mn onto the geopolymers. The positive entropy
values (AS°) for both geopolymers showed that there was a posi-
tive attraction between metal ions in solution and the surfaces of
the geopolymers. The enthalpy of adsorption (AH’) was positive,
showing that the process was endothermic; this was another rea-
son for the increase in q,, with temperature. Note that the entropy,
Q. and R’ values of FeCr-GP were higher than those of GMT-GP
(Tables 3 and 4). This would then explain why the FeCr-GP satu-
ration was at 400 ppm concentration of heavy metals while the
saturation for GMT-GP was 200 ppm (Fig. 7). The sorption mech-
anism was typical of physisorption as the AG’ values both geo-
polymers were below —20 kJ/mol [39]. This was a good indication
that the adsorption was reversible and therefore could allow for
desorption and regeneration of the adsorbent, which then satis-
fied sustainability issues.
6. Kinetics

The adsorption data was plotted using pseudo-first and second-
order kinetics. These are represented by Egs. (4) and (5), respec-
tively:

5.0
4.5 y =0.0173x+ 0.3409
4.0 R?=0.996
3.5
3.0
25
2.0
15
1.0
0.5

0.0
0 50 100 150 200 250 300

t (min)

]

y=0.0172x+0.106
R%=0.9989

y=0.0174x+ 0.0411 ¢Cu
- -
R2=0.9999 ENi

t/qt

Fig. 10. Pseudo-second-order plot for FeCr-GP at 25 °C.

April, 2021

where g, is the adsorption capacity at equilibrium, k; and k, are
constants. The data for pseudo-first-order had an R’<0.47 and was
not included in Figs. 10 and 11. The data for the adsorption of Cu,
Ni and Mn onto FeCr-GP and GMT-GP could be modelled well
using pseudo-second-order model. Experimental and calculated g,
were compared and are shown in Table 5. The values of g, were
within 10% of each other, further proving the validity of using the
pseudo-second-order to model the adsorption data.
7. Desorption and Reuse of Regenerated Adsorbent
Sustainability demands require the continued participation of a
resource within the economic cycle in order to preserve and con-

10
9 y=0.0341x+0.2225 gy
8 R2 =0.9996
7 y =0.0334x+0.391
6 R2 = 0.9983

5 ¢Cu
s

4 N

3 y = 0.0334x+ 0.5149 Mn

2 R? =0.9941
1
O 1
0 50 100 150 200 250 300

t (min)

Fig. 11. Pseudo-second-order plot for GMT-GP at 25 °C.

Table 5. Comparison between calculate and experimental q, values

FeCr-GP
Calculated g, (mg g ')  Actualq, (mgg ') Difference
Cu 57.08 57.06 0.02
Ni 58.14 56.36 1.78
Mn 61.34 55.42 5.92
GMT-GP
Cu 29.94 28.34 1.60
Ni 29.33 28.20 1.13
Mn 29.33 27.67 1.66
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Table 6. Variation in metal ion recovery during desorption

FeCr-GP
0.01 M HCl 0.02 M HCl 0.03M HCl 0.01 M H,SO, 0.02 M H,SO, 0.03 M H,SO, RO water
Cu (ppm) 395.45 395.67 395.88 398.78 410.35 411.54 110.34
Ni (ppm) 389.67 391.24 391.34 399.56 404.56 407.45 121.23
Mn (ppm) 385.56 386.98 387.67 387.88 402.45 403.66 128.67
GMT-GP
Cu (ppm) 198.56 198.89 198.78 199.12 211.78 211.89 60.34
Ni (ppm) 190.34 191.67 191.88 197.33 209.66 209.99 80.34
Mn (ppm) 191.34 191.67 191.89 198.34 208.59 205.88 90.67

serve resources in an environment where resource depletion abounds.
One of the pillars of a circular economy is reuse and repair, and as
such the metal loaded adsorbents were desorbed using H,SO,, HCl
and reverse osmosis water.

There was no significant statistical increase in the amount of
desorbed metal ions as the strength of HCI was increased for both
geopolymers (Table 6). There was an increase in metal desorption
with an increase in the acid strength of H,SO,. This was due to
more H' ions in solution that could be exchanged with the metal
ions on the adsorbent. 0.01 M HCI and 0.01 M H,SO, were cho-
sen as desorbing acids. Higher concentrations of H,SO, were not
chosen, as there was more than 100% recovery of metal ions from
both geopolymers. This may have been due to leaching of metal
ions from the geopolymer matrix. RO water could desorb 27.7%,
30.4% and 32.2% of Cu, Ni and Mn respectively from FeCr-GP,
while RO water could desorb 30.3%, 40.3% and 45.6% of Cu, Ni
and Mn, respectively, from GMT-GP. This further supports that
the mode of sorption was physisorption. To choose between
H,SO, and HC], the desorbed geopolymers were reused as adsor-
bents.

There was a statistically significant reduction in metal removal
rate with the use of sulfuric acid as a desorbing agent for FeCr-GP
(p=0.02), while the use of HCl resulted in statistically insignificant
reduction in metal adsorption (p=0.35) (Fig. 12). The major cause

120

Anaflelll .
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N :
Geopolymer type

Fig. 12. Variation in metal removal with the type of desorbed geo-
polymer FeCr-GP at 0.7% solid loading and metal concen-
tration of 400 ppm and GMT-GP at 1% solid loading and
metal concentration of 200 ppm. Agitation at 250 rpm and
temperature at 25 °C.

for this was the destruction of the CASH structure of the FeCr-GP
because H,SO, is a stronger acid, which led to the disappearance
of the CASH peak around 65° as shown in Fig. 13. The HCI de-
sorbed FeCr-GP could be used for three cycles of desorption with-
out any significant loss of adsorbing power (Fig. 12). Desorption
using HCl resulted in at least 17% reduction in metal removal, while
the use of H,SO, resulted in 39% reduction in metal removal effi-
ciency for GMT-GP. The absence of geopolymerization products
from the structure of GMT-GP may have contributed to this decline.
The results show the importance of microstructure in the use of a
geopolymer adsorbent. The geopolymerization products (CASH
and CSH) increase the adsorption capacity of the FeCr-GP (Table
5) as well as the reusability of the geopolymer adsorbent (Fig. 12).
The introduction of the amorphous structure for FeCr-GP (Fig. 1)
allows for an increase in the surface area available for adsorption.
The amorphous structure also allows for pores that can accom-
modate adsorbed metal ions [18]. The negative charge associated
with geopolymers allows for the improved adsorption of cations
and hence the negative charge has a synergistic effect on the cation
adsorption capability [40]. The absence of the amorphous struc-
ture and geopolymerization products in GMT-GP accounts for its
lower adsorption capacity and lower capability to be reused (Fig. 12).

The FeCr-GP and GMT-GP exhibited q,, comparable to those
in literature (Table 7). The advantage, however, of FeCr-GP is its
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Fig. 13. XRD diffractogram of various FeCr-GP.
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Table 7. Comparison with other adsorbents from literature using q,,

Metal ion/ . Solid loading . .

Adsorbate Precursor C,(mgL") pH gL qn (mgg) Regeneration Reference
Cu™, Cu**=28.35*

Ni*, Gold mine tailings 200 ppm 2.3 0.7 Ni**=28.20% 001 é\igd ) This study
Mn®* Mn?'=2767%  2NOTD WA

Cu™, Cu**=56.36*

Ni*, Ferrochrome slag 400 ppm 2.3 1 Ni**=56.36* 001 é\igd ) This study
Mn?* Mn?*=55.42% and 15 water

Co*, Co**=7.18

cd™, , Cd**=7.28

NE, Pyrophyllite 10-50 2.2-11.5 2.5 N2 =7 54 None [18]
Pb** Pb**=7.82

Co™, Co**=7.18

Ni*", Cd*'=7.28

cd, Dolochar ash 10-50 2-12 0.5-3.5 N =7 54 None [19]
Pb* Pb*'=7.82

Cu* Ash and zeolite 300 5 40 27.9 None [41]

*Denotes experimental

ability to be desorbed and reused and thereby satisfying the demands
of sustainability. The major difference in the production route be-
tween the current study and the pyrophyllite geopolymer adsorbent
[18] is that the current study used activators (potassium aluminate)
for synthesis of the geopolymer, whereas Panda et al. [18] only used
sodium hydroxide. The curing regime was also different in that
the FeCr-GP was cured at room temperature for 28 days, the GMT-
GP was cured for 120h at 100 °C, while the pyrophyllite geopoly-
mer, the paste was agitated for 2h at 100 °C and then left for strength
development at room temperature for three days. The pyrophyl-
lite geopolymer adsorption could be modelled using Langmuir
and Temkin isotherm models, while the FeCr-GP and GMT-GP
could be modelled using Langmuir isotherm model. Maleki et al.
[40] also used sodium hydroxide with room temperature curing
of the geopolymer, whose adsorption of a dye could be modelled
using the Freundlich isotherm. Panda et al. [19] used sodium hydrox-
ide and sodium silicate to produce a geopolymer from dolochar
ash. The adsorption using this geopolymer could be modelled well
using Langmuir isotherm. Harja et al.[41] used sodium hydroxide
to synthesize a zeolite from coal ash with the adsorption of Cu
modelled using pseudo-second-order kinetics.

CONCLUSION

Metal removal increased with solid loading, temperature and
time for FeCr-GP and GMT-GP. Both geopolymers formed well
buffered slurries with the synthetic water as the pH only increased
from 2.3 to 4.8 within 240 min of adsorption. Metal removal was
higher for FeCr-GP than GMT-GP due to the presence of cal-
cium silicate hydrate (CSH) and calcium aluminate silicate hydrate
(CASH). The adsorption process was endothermic for both geo-
polymers and the sorption process was physisorption. The pres-
ence of geopolymerization products in FeCr-GP allowed the geo-
polymer to have a saturation concentration of 400 ppm, while FeCr-

April, 2021

GP without geopolymerization products had a saturation concen-
tration of 200 ppm. Desorbed geopolymer property was depen-
dent on the desorbing acid. For FeCr-GP H,SO, resulted in the
loss of CSH/CASH, resulting in reduced capacity for adsorption,
whereas 0.1 M HCI did not affect the geopolymer property. GMT-
GP could not be reused after desorption, as it resulted in a 17% and
39% decrease in metal removal efficiency with the use of 0.01 M
HCI and 0.01 M H,SO,, respectively. This study therefore shows
the importance of geopolymerization products in the adsorption
property of a geopolymer adsorbent.
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SYMBOLS

Symbol

b :a constant related to Langmuir enthalpy of adsorption [L/g]

C, :initial metal ion concentration (ppm)

C,  :metal ion concentration after t minutes of adsorption [ppm]

k,  :pseudo first order constant [min™']

k,  :pseudo second order constant [g/min-mg]

K;  :Freundlich constant related to adsorption intensity [L/mg]

n  :Freundlich adsorption intensity

q.  :amount of metal ion adsorbed per mass of adsorbent after
t minutes of adsorption [mg/g]

q. :amount of metal ion adsorbed per mass of adsorbent at equi-

librium of adsorption [mg/g]
q, :maximum adsorption capacity
t : time [mins]
SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Effect of adsorbent dosage FeCr

Ist Run 2nd Run 3rd Run
Adsorbent Cu Ni Mn Cu Ni Mn Cu Ni Mn
0.1 80.54 78.65 90.25 81.23 80.77 89.99 80.33 77.78 90.88
0.2 70.66 60.54 88.25 69.33 59.77 85.76 70.84 60.77 88.12
0.3 20.56 40.45 70.28 19.66 41.23 69.25 20.56 41.01 70.12
04 1.54 12.66 23.76 1.65 12.78 23.67 1.56 12.33 24.77
0.5 0.88 345 10.67 0.87 3.21 11.66 0.9 342 10.16
0.6 0.87 0.65 1.67 0.88 0.66 1.88 0.87 0.67 1.89
0.7 0.8 0.64 0.92 0.8 0.66 0.95 0.8 0.67 0.96
0.8 0.8 0.66 0.93 0.7 0.67 0.95 0.7 0.63 0.96
0.9 0.8 0.63 0.94 0.8 0.67 0.94 0.8 0.63 0.96
1 0.79 0.63 0.92 0.8 0.67 0.94 0.81 0.66 0.96

Effect of adsorbent dosage (GMT)

Ist Run 2nd Run 3rd Run
Adsorbent Cu Ni Mn Cu Ni Mn Cu Ni Mn
0.1 86.78 90.67 95.33 88.76 92.67 94.56 86.78 90.41 94.66
0.2 60.33 80.67 89.07 62.67 79.88 90.67 60.78 80.89 89.98
0.3 20.45 60.54 70.77 18.88 55.76 69.08 20.37 54.33 7041
04 12.66 40.55 55.67 11.98 39.88 549 12.63 40.78 55.09
0.5 5.67 20.55 34.55 4.67 22.13 36.88 5.08 22.56 36.88
0.6 1.54 12.56 15.56 1.67 10.65 15.78 1.98 12.89 14.95
0.7 0.85 2.85 8.89 0.88 1.66 10.84 0.89 1.78 1145
0.8 0.84 1.78 2.78 0.85 1.05 3.98 0.9 1.13 412
0.9 0.84 0.85 0.95 0.85 0.9 1.88 0.9 0.88 1.67
1.0 0.83 0.85 0.88 0.85 0.9 0.9 0.9 0.89 0.91
1.2 0.83 0.85 0.88 0.85 0.9 0.9 09 0.87 091

1.4 0.83 0.85 0.88 0.85 0.9 0.9 0.9 0.88 0.9




Saturation

Ist Run 2nd Run 3rd Run
Initial con Cu Ni Mn Cu Ni Mn Cu Ni Mn
100 0.8 0.66 0.96 0.8 0.66 0.96 0.8 0.66 0.96
200 1.2 2.5 6.77 1.12 245 5.78 1.2 2.88 6.88
300 2.3 35 8.98 245 3.88 8.99 2.3 4.02 8.65
400 2.5 5.67 10.89 2.6 5.78 12.67 2.5 523 12.65
500 102.5 110.78 120 101 110.78 123 98.99 115 121
600 202.45 220.56 233.67 210 218.56 238 199.78 212 233
GMT
1st Run 2nd Run 3rd Run
Initial con Cu Ni Mn Cu Ni Mn Cu Ni Mn
100 0.86 0.88 0.896667 0.86 0.88 0.896667 0.86 0.88 0.896667
200 2.89 2.5 6.77 1.12 245 5.78 1.2 2.88 6.88
300 112 145 133 134 132 135 112 142 144
400 255.65 266 288 252 270 12.67 244 266 267
Effect of T FeCr-GP (Cu)
0 30 60 90 120 150 180 210 240
1 Cu 400 35 12.5 5 2.533333 1.87 1.86 1.87 1.87
2 400 38 11.5 6.5 2.5333 1.88 1.88 1.87 1.87
3 400 38 11.8 5 2.53 1.88 1.87 1.87 1.87
0 30 60 90 120 150 180 210 240
Cu 400 10.44 5.65 3.2 1.32 0.98 0.95 0.95 0.95
400 10.33 423 3.6 1.44 0.97 0.96 0.97 0.95
400 10.65 5.25 3.8 1.38 0.98 0.95 0.98 0.96
0 30 60 90 120 150 180 210 240
Cu 400 8.67 1.42 0.97 0.55 0.5 0.53 0.51 0.51
400 8.98 1.34 0.98 0.55 0.55 0.54 0.52 0.54
400 8.12 1.78 0.98 0.56 0.52 0.55 0.54 0.55
Ni
0 30 60 90 120 150 180 210 240
1 Ni 400 101.23 20.65 8.56 5.56 5.23 5.33 5.34 5.67
2 400 101.45 20.34 9.12 5.56 5.36 5.78 5.33 5.34
3 400 100.34 20.87 9.62 5.56 5.34 5.78 5.66 5.34
0 30 60 920 120 150 180 210 240
Ni 400 70.25 15.68 6.32 3.23 3 3.14 3.55 32
400 71.54 15.18 6.91 3.12 3.17 3.98 3.16 34
400 70.76 1591 6.01 3.77 3.23 321 3.55 2.99




0 30 60 90 120 150 180 210 240
Ni 400 50.38 10.33 345 3.12 2.97 3.29 3.22 3.16
400 48.54 10.87 3.66 3.13 3.2 3.17 3.17 3.16
400 48.99 10.59 3.86 3.16 3.12 3.28 3.15 3.17
Mn
0 30 60 90 120 150 180 210 240
Mn 400 150 100.24 60.54 12.07 12.12 12.11 11.89 11.98
400 150.23 100.45 60.67 12.07 12.054 12.19 11.99 12.1
400 148.56 100.66 60.98 12.07 12.13 11.98 12 12.09
0 30 60 920 120 150 180 210 240
Mn 400 135.77 98.34 33.55 8.78 5.77 5.78 5.75 5.46
400 142.78 98.33 33.87 8.19 5.93 5.87 5.89 5.83
400 133.89 97.92 3345 8.15 5.67 5.66 5.44 5.99
0 30 60 920 120 150 180 210 240
Mn 400 98.36 20.45 10.56 3.56 3.12 3.81 3.12 3.19
400 97.13 20.51 10.62 3.89 3.23 3.12 344 3.17
400 98.77 22.56 10.93 3.56 3.88 3.17 3.81 3.18
Effect of T on GMT-GP
Cu
0 30 60 90 120 150 180 210 240
Cu 200 42.37 14.66 7.89 1.736667 1.62 1.64 1.58 1.58
200 42.64 14.88 7.97 1.736667 1.63 1.62 1.57 1.55
200 39.66 14.83 7.12 1.736667 1.64 1.59 1.52 1.56
0 30 60 90 120 150 180 210 240
200 20.56 9.98 3.56 1.12 1.08 1.1 1.03 1
200 20.67 9.78 344 1.13 1.05 1.05 1.04 1.03
200 18.54 9.77 3.88 1.12 1.12 1.04 1.08 1.06
0 30 60 90 120 150 180 210 240
200 10.66 4.34 1.88 0.87 0.65 0.65 0.66 0.66
200 10.34 423 1.67 0.81 0.62 0.7 0.6 0.62
200 10.89 4.67 1.78 0.91 0.67 0.65 0.7 0.61
Ni
0 30 60 90 120 150 180 210 240
Ni 200 60.56 33.56 8.48 2.61 2.59 2.57 2.57 2.54
200 60.32 27.59 8.42 2.61 2.57 2.54 2.57 2.61
200 61.34 31.56 8.89 2.61 2.5 2.59 2.57 2.56




0 30 60 90 120 150 180 210 240

Ni 200 45.32 15.23 4.56 2.1 2.13 2 2 2.08
200 44.56 14.97 4.66 2.23 2.19 1.99 1.99 1.99

200 43.67 15.34 4.89 2.15 2.17 2.12 1.99 1.98

0 30 60 90 120 150 180 210 240

Ni 200 234 8.34 1.45 1.42 1.55 1.34 1.38 1.34
200 22.89 9.12 1.56 1.83 1.67 1.37 1.37 1.34

200 23.7 8.67 1.48 1.55 1.45 1.38 1.34 1.36
0 30 60 90 120 150 180 210 240
Mn 200 88.34 22.24 13.56 6.476667 6.34 6.27 6.3 6.32
200 89.45 22.44 13.83 6.476667 6.34 6.32 6.32 6.33

200 88.14 22.32 13.67 6.476667 6.12 6.38 6.31 6.3

0 30 60 90 120 150 180 210 240

Mn 200 51.56 22.34 10.78 4.67 4.56 432 4.56 44
200 51.66 22.63 10.68 4.87 434 478 433 434
200 51.78 22.67 10.55 432 423 4.56 438 442

0 30 60 90 120 150 180 210 240
Mn 200 28.78 9.89 321 3.26 32 31 3.09 3.08
200 28.12 9.98 3.23 3.26 32 31 3.08 3.09
200 28.36 9.77 3.33 3.28 3.2 3.1 3.09 3.09




