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Abstract

Environmental pollution due to acid mine drainage (AMD) is a worldwide concern because of its high content of toxic
metals and acidity. The toxic metal species present in AMD tends to affect negatively the whole ecological system
where it is discharged, and this requires an elective solution to remedy the environment. In this study, hydrated ZrO,
nanoparticles (HZO) were irreversibly dispersed within chelating ion-exchange resins using the precipitation method,
resulting in HZ0-260, HZO-207, HZO-214, HZO-4195 and HZO-900 organic/inorganic nanosorbents which were used
for the removal of metals from AMD. The synthesized nanosorbents were characterized using SEM-EDS, FTIR and XRD.
The effect of time, adsorbent dosage and pH on Al(lll) adsorption was investigated using the batch technique. The SEM-
EDS confirmed the incorporation of HZO within all the parent resins, while XRD showed that the hybrid materials were
amorphous. The adsorption of Al(lll) occurred through physisorption and was favourable only onto HZO-260 as revealed
by the data modelling. Metal levels were determined using the ICP-OES technique. The HZO-260 removed 100% Al(lIl)
in acidic conditions and was successfully regenerated for reuse using a NaCl-NaOH binary solution (pH > 12). HZO-260
removed selected metals (Al, Cr, Mn, Fe, Ni, Co, Cu, Zn, Pb and Cd) from environmental AMD. Therefore, HZO-260 has a
promising potential as an adsorbent for AMD remediation.
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1 Introduction its way through percolation, seepage, leachate, run-offs or

even decanting to pollute water sources, thus rendering

Mining is one of the important economic sectors that form
the economic backbone of most countries worldwide [3,
21, 40]. The minerals of interest usually occur in nature
with metal sulphide rocks such as iron sulphide (pyrite)
in their strata, and pyrites are of paramount concern to
environmentalists because upon exposure to the atmos-
phere, they quickly react with water and air to produce
acidic effluents known as acid mine drainage (AMD) [4, 16].
AMD is characterized by high concentrations of H, Fe?*
and SO42* species. Once AMD is formed, either in the mine
voids or in the stockpiles of waste rock, it eventually finds

the water acidic [16]. When acidic water is in contact with
different geologic materials such as mineral rocks, then
toxic metals can be easily leached out and the solution
gets laden with metal ions [18]. Generally, AMD acts as a
vehicle for toxic metal pollution in the environment and
the same toxic metals are a known recalcitrant bio-accu-
mulative systemic toxins which cause carcinogenic, muta-
genic, teratogenic, fetotoxic, neurotoxic and nephrotoxic
effects to humans [22]. Moreover, the acidic metal-laden
water upsets the whole ecological system as AMD-pol-
luted water is always devoid of life [28]. The water habitat

B4 Titus Alfred Makudali Msagati, msagatam@unisa.ac.za | 'College of Science Engineering and Technology, Nanotechnology and Water
Sustainability Research Unit, University of South Africa, The Science Campus, Johannesburg, South Africa.

®

Check for
updates

SN Applied Sciences (2019) 1:1618 | https://doi.org/10.1007/s42452-019-1580-3

SN Applied Sciences

A SPRINGER NATURE jourmal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-1580-3&domain=pdf

Research Article

SN Applied Sciences (2019) 1:1618 | https://doi.org/10.1007/s42452-019-1580-3

and aesthetic values are destroyed by AMD pollution. The
worst part is that once AMD is produced, it persists for
centuries, thus polluting the environment endlessly [9].

AMD is so disastrous to the environment such that in
the year 1987 the United States Environmental Protection
Agency (USEPA) declared it second only to global warm-
ing and stratospheric ozone depletion in ecological risk
[16, 29]. Since then, treatment technologies have been
sought worldwide to remediate toxic metal pollution in
the environment. Unfortunately, traditional AMD treat-
ment technologies use chemicals that produce wastes that
are hazardous to the environment [25]. Therefore, there is
a need for green technologies to be explored to save the
environment from toxic metal (AMD) pollution.

One of the attractive technologies to effectively address
AMD pollution to the environment involves adsorption
process. These processes are an attractive technology for
toxic metal removal from solutions, due to the fact that
they employ adsorbents with high surface area-to-volume
ratio, thus only small amounts are required, and the waste
generated may not lead to secondary pollution. Moreover,
the loaded adsorbents may also be amenable to regenera-
tion for multiple reuse and recovery of the pollutants as
valuable products. Thus, adsorption processes are cheap,
simple and environmentally friendly [38]. Metal oxides are
renowned metal scavengers in the environment and are
a good choice of adsorbents for dissolved metals [10, 14,
171. Therefore, since metal oxides have a special affinity
for dissolved metals in the environment, they can be care-
fully engineered for the efficient removal of the same from
solutions. Their adsorptive properties are enhanced when
they are in the nanoscale [46]. Advantages of metal oxide
nanoparticles (MONPs) as adsorbents include high adsorp-
tion efficiency, fast kinetics, amphoteric surfaces in addi-
tion to the fact that their synthesis involves procedures
that are safe, simple and cost-effective [41]. Unfortunately,
MONPs suffer from aggregation and weak mechanical
strength to withstand flow-through systems for applica-
tion purposes [45]. To overcome this limitation, researchers
have dispersed MONPs into various polymeric materials
for support-producing hybrid composite adsorbents with
multiple advantageous properties [34, 39, 44].

Zirconium (IV) oxide is one of the polyvalent metal
oxides that can remove both organic and inorganic pol-
lutants from water. Zirconium oxide has the advantage of
high chemical stability [32] and is rich in surface hydroxyl
groups [20], which make it attractive for use as an adsor-
bent for metals from highly acidic solutions like AMD.
According to the literature, the use of organic-supported
hydrated Zr(IV) oxide nanocomposites has been reported
for the removal of metals from wastewaters. Cho and
co-workers prepared a ZrO,/chitosan beads adsorbent
(HZOCBs) for the removal of F~ and Pb?* from solution [8].
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HZOCBs exhibited efficient and rapid removal of Pb(ll) ions
with a maximum adsorption capacity of 222.2 mg/g. The
adsorption of Pb(ll) on the hybrid material occurred in a
single-layer fashion. In another study, Pan and others fab-
ricated a porous anion exchanger-supported hydrous Zr
oxide adsorbent (HZO-201) and used it for the removal of
As from groundwater and acidic mine water [32]. HZO-201
demonstrated a superior removal of As from the waters as
compared to the Fe oxide-laden hybrid with the same host
(HFO-201).The hybrid resin was amenable to regeneration
for reuse using NaOH-NaCl binary solution with negligible
loss in adsorption capacity. Padungthon and co-workers
also synthesized a hybrid anion-exchange resin impreg-
nated with ZrO, nanoparticles (HAIX-Zr) for the removal of
both As(lll) and As(V) ions from water [31]. The hybrid resin
selectively removed both As species in the background
of high concentration of competing ions. Similar to the
previous study, they found that HAIX-Zr can be efficiently
(>90%) regenerated for reuse using the binary solution.
They concluded that the hybrid adsorbent is very stable,
it can immobilize the adsorbed As forever, and finally,
the exhausted As-loaded nanosorbents can be safely dis-
posed of in a landfill without the As leaching off into the
environment.

In this study, the chemically stable Zr(IV) oxide was
dispersed within various chelating resins for support-pro-
ducing hybrid chelating ion-exchange resins (HLIX) for the
removal of metals from the hostile AMD. Chelating resins
exhibit better removal of metal ions over cation and anion-
exchange resins. Thus, they are a good choice of support
material for MONPs for metal pollution remediation. To
the best of our knowledge, chelating resin-supported
hydrated zirconium oxide nanosorbents for metal pollu-
tion remediation in acidic industrial wastewaters including
AMD were for the first time produced and reported by this
study. The major constituents of the Wits gold mines’ AMD
in South Africa are Al(lll), Fe(ll) and Mn(ll) [18, 24]. Of the
metals, Al(lll) has received less attention from researchers,
yet it is as much toxic as the so-called heavy metals [22, 30,
46]. Secondly, Al(lll) is the most sensitive to high conduc-
tivity and low pH conditions, which are both characteristic
of AMD, where it readily leaches from geologic material
to contaminate water resources [7]. Hence in this study,
Al(lll) was used to investigate the adsorption efficiency of
the synthesized HLIX. In humans, Al can affect both hard
and soft tissues leading to detrimental health effects. Alu-
minium poisoning causes bone disease, osteomalacia; the
Al(Ill) ions compete and exchange sites with the Ca%*in
the bones. When Al affects the nervous system, it causes
Alzheimer’s disease and in cells it compromises the immune
system [6]. Aluminium is also carcinogenic. In aquatic life,
Al(Il) smothers the gills disturbing the enzymes respon-
sible for uptake of ions leading to death [35]. In soils Al
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inhibits the nutrient uptake by the plant roots [37] leading
to dwarfism or even death of the plants. This may com-
promise food security and may result in deforestation.
Aluminium in AMD impacted water (pH < 4.5) exists as an
Al-SO,* complex and as the most toxic free ion, AI**. Both
species increase with the decrease in pH of the polluted
water [36].

Therefore, the objectives of this study were to impreg-
nate hydrated Zr oxide nanoparticles into different
macroporous polystyrene-based chelating resins produc-
ing hybrid HZO nanocomposites for the adsorption of
metal ions from solutions, to characterize the fabricated
hybrid nanocomposite materials and finally to use them
for the removal of metal ions from environmental AMD.

2 Experimental procedures
2.1 Preamble

In this work, hybrid ion-exchange Zr(IV) oxide adsorbents
were synthesized by precipitation followed by mild ther-
mal treatment and then characterized using a range of
techniques to evaluate the success of the synthesis. Batch
adsorption studies to evaluate the adsorbents’ perfor-
mance and the mechanisms of the adsorption were carried
out using synthetic solutions composed of the major AMD
components: Al(Ill), Fe(ll), Mn(ll) and 5042*. This was fol-
lowed by the desorption of the metals from the loaded res-
ins. Finally, the adsorbents were tested on environmental
AMD samples obtained from a defunct gold mine located
in the western part of Gauteng Province, South Africa, for
the removal of 10 selected metals, namely Al, Cr, Mn, Fe,
Ni, Co, Cu, Zn, Pb and Cd.

2.2 Synthesis of hybrid Zr(IV) oxide adsorbents

All chemicals used in the experiments were of analyti-
cal grade purchased from Sigma-Aldrich (Johannesburg,
South Africa). Five different macroporous polystyrene
cross-linked divinyl benzene (DVB) resins were used as host
materials for Zr(IV) oxide nanoparticles producing hybrid
HZO adsorbents to study their efficiency on metal ions
adsorption. Three of these host resins (alkylaminophos-
phonate, iminodiacetate and thiourea) were of the weakly
acidic chelating type, while the other two were anionic
(a weakly basic chelating bis-picolylamine and a strongly
basic quaternary ammonium types) producing HZO-260,
HZ0-207,HZO-214, HZ0-4195 and HZO-900 nanocompos-
ites, respectively. The host resins were washed by shaking
50 g of each with 250 mL DI water in a prewashed 500-
mL conical flask using an orbital shaker set at a speed of
150 rpm for 2 h. This procedure was carried out 3 times

with fresh DI water each time. A 0.1 M solution of 99.99%
zirconium (V) sulphate hydrate was prepared using de-
jonized water and was used to load the Zr(IV) ions into the
L260 host resin. All the other host resins were loaded using
1 M solution of zirconium oxychloride (ZrOCl,-8H,0). Metal
loading solutions for anion exchangers were prepared by
dissolving the metal salt (ZrOCl,-8H,0) in 1 M dilute HCl in
an ice bath [33]. The full synthesis procedure for the hybrid
nanosorbents was done in three steps. The first step was
the loading of the Zr ions into the 50 g washed resin by
shaking with 250 mL loading solution in an orbital shaker
set at 150 rpm in room temperature for 24 h. The superna-
tant was decanted and discarded appropriately. The next
step was the simultaneous desorption and precipitation
of the zirconium ions loaded within the resin beads by
shaking with 250 mL of a binary NaCI-NaOH (1 M of each)
solution under the same conditions as in the previous step.
The solution was decanted and discarded likewise. The
resin beads were then washed with DI water more than
10 times to remove all residual binary solution. The clean
resins were finally dried in an oven set at 40 °C overnight
for 16 h. Hence, the hybrid chelating ion-exchange metal
oxide resins (HLIX-Zr) were produced for the purpose of
this study.

2.3 Characterization of synthesized resins

Physical characterization of the synthesized resins was car-
ried out on both the host and hybrid resins. The crystallin-
ity was studied using XRD model Rigaku Smartlab X-ray
Diffractometer at room temperature using Cu-Ka radiation
(A=0.154059 nm) operated at 45 kV and 200 mA in a 20
range of 5°-90° and speed 2° min~". The qualitative quali-
ties of the dispersed nanoparticles were studied using
HRSEM model JEOL JSM-7800F Field Emission Scanning
Electron Microscope (FESEM) coupled with Thermo Scien-
tific Ultradry EDS detector. Functional groups on the adsor-
bents’ surfaces were investigated using Fourier transform
infrared model PerkinElmer FTIR spectrometer Frontier
(spectrum 100 spectrometer) by ATR method in the range

of 400-4000 cm™ at a resolution of 4 cm™.

2.4 Adsorption studies

Adsorption experiments were carried out using the batch
equilibrium technique. Synthetic solution containing
about 50 mg/L of each of Al(lll), Fe(ll) and Mn(ll), the main
metal constituents of AMD, was prepared in the pres-
ence of about 3000 mg/L SO,*~ and used to model the
adsorption efficiency of the synthesized nanosorbents.
The salts that were used to prepare the ternary synthetic
solution were supplied as Al,(SO), hydrate (M,=242.2 g/
mol), MnSO,-H,0 (M,=98.08 g/mol) and FeSO,-7H,0
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(M,=278.01 g/mol), and the weights for the salts used
were 0.6356 g, 0.3000 g and 0.4976 g in 2 L, respectively.
The batch tests were carried out in 100-mL Erlenmeyer
flasks using 50 mL of synthetic solution in an orbital shaker
set at 200 rpm, at 25 °C. Each flask was covered with para-
film to avoid evaporation during the adsorption process.
A fixed amount of adsorbent (20 mg) at different time
intervals (5, 10, 20, 30, 60, 180, 360 min) was used to study
the effect of contact time on Al(lll) ions’ adsorption. The
effect of adsorbent dosage (0-12 g/L) for the predeter-
mined times on adsorption efficiency was conducted. The
effect of initial pH (1.5-3.5 and 10.0-11.5) on adsorption
of Al(lll) ions was investigated at predetermined time and
resin dosage. Al(lll) precipitates around pH 4 and redis-
solves above pH 8; thus, no pH study can be conducted
in this pH range for the Al(lll). Kinetics and isotherm mod-
elling was carried out using the adsorption data in the
pH ranges where Al(lll) is dissolved. Regeneration of the
loaded hybrid resin was carried out using a NaCl-NaOH
binary solution (3% w/v of each salt). The metal-loaded
hybrid resin was washed with DI water to remove excess
synthetic solution before 50 mL of regenerant solution was
added. The flask was then shaken in the same conditions
as the adsorption process. The amounts of metal ions in
the solutions were estimated using Agilent Technologies
700 Series ICP-OES.

2.5 Application to environmental sample

The best performing hybrid nanosorbent was finally
tested on environmental AMD, obtained from a defunct
gold mine located in the western part of Gauteng Prov-
ince, South Africa, for the removal of 10 selected metals
(Al, Cr, Mn, Fe, Ni, Co, Cu, Zn, Pb and Cd). All experiments
were carried out in triplicate, and the average result was
reported. Blanks were also run together with the samples
to establish the effect the glassware had on the adsorption
of the metal ions.

2.6 Data analysis

The experimental concentration of metal adsorbed on the
adsorbent was expressed as g, (mg/qg), which is calculated
using Eq. 1:
vV, -C)

ge=—2—F 0
where C, and C, are the initial and final concentration of
the metal ion in solution (mg/L), respectively, Vis the vol-
ume of solution used (L) and m is the mass of adsorbent (g)
that was used. In this study, the adsorption performance
was also expressed as percentage using Eq. 2:
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(Co - Ce)

o

%Al(Ilremoval = X 100 (2)

where C, and C, are the same quantities as described for
Eq. 1 [42].

3 Modelling of adsorption data
3.1 Kinetics models

The pseudo-first-order, pseudo-second-order and intra-
particle diffusion models were used to study the kinet-
ics of adsorption of Al(lll) onto the HZO hybrids. The rate
constant of the pseudo-first-order model is given by Eq. 3:

ln(qe - qr) =In qe — Klt (3)

where g, and g, are the amount of Al(lll) adsorbed in mg/g
resin at equilibrium and at time t (min), respectively. K;
is the pseudo-first-order rate constant for adsorption in
(min~". Values of K; were calculated from the plots of
In(g,—q,) versus t for different time intervals. The pseudo-
second-order kinetics model is given in Eq. 4:

t_ 1 1,
o Ka  a. )
where g, (mg/g) is the amount of analyte adsorbed at time
t (min), g, (mg/g) is the amount of analyte adsorbed at
equilibrium and K, is the equilibrium rate constant for the
pseudo-second-order sorption in g/mg min. The intrapar-
ticle diffusion model is expressed using Eq. 5:

g, =Kti +C (5)

where g, is the concentration of the analyte on the adsor-
bent surface in mg/g at time, t (min), K; is the intraparticle
rate constant in mg/g min'? and Cis the intercept in mg/g.

3.2 Adsorption isotherm models

Two-parameter adsorption isotherm models: Freundlich,
Langmuir and Temkin, were used to describe the rela-
tionship between the amount of Al(lll) ions remaining
in solution after the adsorption process and the amount
deposited on the surfaces of an adsorbent. The Freundlich
isotherm assumes that the adsorption sites on the adsor-
bent surface are heterogeneous and hence have different
binding energy, and there exist interactions between the
adsorbed particles leading to multilayer adsorption [11].
The linearized form of the Freundlich is given in Eq. 6:
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|09 qe = H |Og Ce + |Og KF (6)

The data conform to the Freundlich isotherm if log C, plot-
ted against log g, yields a straight line.

The Langmuir isotherm assumes that the sites on the
adsorbent surface are homogeneous with equal binding
energy; there are no interactions between adsorbed spe-
cies resulting in a monolayer adsorption. There are several
linearized forms for this model, and the two that were used
in this work are expressed in Egs. 7 and 8:

Langmuirtype 1 : =% = C + ! 7)
de  dmax 9dmaxKi
. . 4e
Langmuir type 4 : = Kidmax — K.9e 8

e

where C, is the concentration of the analyte remaining in
solution (mg/L), q, is the concentration of the analyte
adsorbed (mg/g), gmax is the Langmuir constant related to
adsorption capacity (mg/g) and K| is the Langmuir con-
stant related to energy of adsorption (L/mg). The linear
plot for type 1 is obtained by plotting C, versus %, and for
type 4, q, is plotted against %. ‘

The Temkin isotherm, like the Freundlich model, is also
used to describe adsorption on heterogeneous surfaces.
The difference is in that the Temkin model assumes that
the energy of adsorption decreases linearly with increase
of coverage due to adsorbate-adsorbate interactions. The
linearized Temkin model is described by Eq. 9:

RT RT
qé‘:?InKT-i_FlnCe (9)

where g, and C, are the concentration of the analyte on
the solid phase (mg/g) and that remaining in the liquid
phase (mg/L), respectively. K; (L/g) and %(dimensionless)
are the Temkin constants.

The coefficient of determination (R?) and the error func-
tion, nonlinear Chi-square statistic (y%), were used to deter-
mine the goodness of fit of the experimental data to the
kinetics and isotherm models. A model that best describes
an adsorption process gives the highest coefficient of deter-
mination (closest to 1) and the least Chi-square value. The
Chi-square error function is calculated using Eq. 10 [42]:

2 _ Z (g, experimental — g, calculated)?

g, calculated (10)

4 Results and discussion
4.1 Characterization of nanocomposites

A bead from each of the five hybrid HZO resins was dis-
sected, and the cross-sectional area was scanned using
the SEM-EDX analytical technique. The results, pre-
sented in Fig. 1, revealed that Zr was successfully incor-
porated within all the host resins.

It was never anticipated that the nanoparticles would
affect the surface groups of the host resins as there is
no chemical bond between the two after finalization of
the synthetic procedure. The FTIR spectra in Fig. 2a show
that indeed the incorporation of the HZO into the host
resins beads did not tamper with the polymer surface
functional groups. This is an intended outcome because
both the host resin and the dispersed Zr oxide nanopar-
ticles should complement each other in the adsorption
process. The host resin is envisaged to enhance metal
ion permeation, by the Donnan membrane effect [12],
concurrently concentrating the analyte within the resin
beads for effective adsorption by the dispersed Zr oxide
nanoparticles. The broad band at 3300 cm™" and peaks
at 1600 cm™" are due to O-H vibrational stretching and
bending, respectively. The two P-O stretching phospho-
nate groups of the host and its hybrid were observed at
1100 and 950 cm™". In another study, in different media,
the phosphonate P-O stretching at 1016 and 966 cm™'
has been reported [5]. The peaks at about 745.7 and
524.3 cm™ are attributed to the Zr-O bond of the dis-
persed hydrated Zr oxide nanoparticles for the hybrid
adsorbents [27]. The XRD spectra for the hybrid nano-
sorbents are illustrated in Fig. 2b. The broad peak with
poor resolution observed at 26 =20° for HZO-4195 and
HZ0-214 may be attributed to the amorphous phase of
Zr(OH),. Similar peaks have been reported previously by
Kobayashi et al. [26]. Hence, all the hybrid HZO nano-
composites are amorphous as shown by the absence
of peaks in their spectra. This is a desirable feature for
adsorbents because they need to have as much surface
area as possible to achieve maximum adsorption sites
for enhanced adsorption efficiencies.

4.2 Effect of contact time on AI?*

adsorption

The effect of time on the adsorption of Al(lll) from a syn-
thetic solution of pH 1.8 is investigated and reported
in Fig. 3. The adsorption was very rapid on hybrid HZO-
260 in the first 30 min and then gradually slowed down
for the rest of the contact time. For HZO-207 and HZO-
4195, the adsorption was so fast that it completed within
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HZ0-260
Element Weight %
C 53.9
N 5.6
(0] 16.2
Na 111
Zr 13.2

A

[§ F

Element Weight %

C 27.2
0 4.3
Na 2.4
Ir 66.2

HZO-214

Element Weight %
C 67.8

N 19.4

0 3.6

S 7.7

cl 0.6

Zr 0.9

HZ0-4195 - HZ0-4195

Element Weight %
C 97.8

Cl 1.1

Zr 1.2

HZ0-900

Element  Weight %

C 84.2
cl 14.9
Zr 0.9

Fig. 1 SEM images and EDX spectra for the cross-sectional surface of hybrid HZO resins beads
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Fig.2 a FTIR spectra of the host and the hybrid HZO resins, b powder XRD spectra of the hybrid HZO resins
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Fig.3 Percentage Al(lll) removed as a function of time in ternary
Al-Fe-Mn solution; (0.02 g adsorbent; 50 mL synthetic solution;
solution pH=1.8; concentration of metals 50 mg/L for each; shaken
at 25 °C; agitation speed 200 rpm)

5 min; thereafter, desorption was observed. HZO-207
recorded the most desorption (60%) at 60-min contact
time; thereafter, adsorption occurred again but at a very
slow rate. On the other hand, HZO-4195 desorbed only
25% of the adsorbed Al(lll) at 60-min contact time and
the desorption slowly proceeded for the rest of the con-
tact time. Hybrid HZO-214 adsorbed rapidly in the first
20 min; thereafter, it released 60% of the Al(lll) back into
solution up to 60 min contact time. The nanocomposite
then showed some very slow adsorption for the rest of
the time allowed. The similarity in the adsorption rate

pattern of HZO-207 and HZO-214 may be attributed to
that their hosts are both weakly acidic ion-exchange
chelating resins with one cation-exchange site, though
on different functional groups. The readsorption might
have been facilitated by electrostatic attractions
between the fixed negative charges in the ion-exchange
sites of the host resins and the Al cations in solution. The
observed gradual readsorption of Al may be attributed
to that after desorption, the Al(lll) competes with the
coexisting Fe(ll) and Mn(ll) ions for the created vacant
sites on the adsorbent surface, but the adsorption of
Al(I) is favourable owing to its higher ionic charge
than the other two types of cations. Hybrid HZO-900
adsorbed rapidly in the first 10 min, then the rate depre-
ciated up to 30 min of contact, and desorption of 57%
was observed at 1 h of contact. Desorption proceeded
slowly for the rest of the remaining time. This adsorp-
tion rate pattern of HZO-900 resembles that of HZO-4195
probably because both hybrids are hosted by anionic
exchangers, a strong base and a weak base chelating
resins, respectively. Anionic exchangers have fixed posi-
tive charges in their ion-exchange sites which strongly
repel the highly charged Al cations than the coexisting
Fe(ll) and Mn(ll) ions leading to difficult contact with
the dispersed HZO for readsorption to occur. Hybrid
HZ0-260 exhibited the highest adsorption rate within
the first 30 min, and thereafter, the adsorption was slow
for the rest of the remaining time. This nanocomposite
bound the Al(lll) strongly because it did not release the
adsorbed metal like the other nanocomposites.

Kinetics models are used to predict how the nature of
the adsorbent and the adsorbate influences the rate at
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which an analyte is removed from solution onto the sur-
faces of an adsorbent. This is paramount information when
designing treatment plants. Batch kinetic data were fitted
to three kinetic models: pseudo-first-order, pseudo-sec-
ond-order and intraparticle diffusion. The adsorption data
fitted best in the pseudo-second-order kinetics model
as depicted by the highest coefficient of determination
(R?>>0.9) which was the closest to unity as compared to
the pseudo-first-order and intraparticle diffusion models
(Table 1). Hence, the adsorption of Al(Ill) on all the nano-
composite adsorbents under study can be best described
by the pseudo-second-order kinetics. The Chi-square (%)
statistic values that are far smaller for the pseudo-second-
order kinetics compared to those of the first-order kinet-
ics model confirm the findings. Small Chi-square values
indicate that there are very small differences between
each experimental and calculated capacity for a particular
adsorbent, and the contrary is true. The obtained results
are in agreement with findings obtained by other workers
on adsorption of both organic and inorganic species from
solutions [11, 19].

4.3 Effect of adsorbent dosage

The effect of adsorbent dosage on Al(lll) removal from
solution by the various nanocomposites is illustrated in
Fig. 4. The amount of Al(Ill) ions removed from solution
increased with increasing HZO-260 dosage to complete
removal (100%) at dosage 8 g/L. This result is expected
because the added adsorbent availed more fresh adsorp-
tion sites for the Al(Ill) uptake. In as much as the removal
efficiency increased with dosage, the capacity of the
adsorbent decreased with increasing adsorbent dosage.
This result may be attributed to the low Al(lll) concentra-
tion that was left in the solution such that the additional
adsorbent fell short of Al(lll) to adsorb. The overlapping of
the resin beads due to overcrowding which caused some
adsorption sites not to be accessible to the solution for
Al(Il) uptake leading to lower mass analyte adsorbed per
gram resin may also be another factor. All the other hybrid
nanosorbents exhibited unfavourable Al(lll) adsorption
(<45%) in the acidic solution (pH 1.8). It may be presumed
that the nanosorbents are not suitable for metal removal

100 5

80

HZO-260
HZO0-207
HZO-214
HZO-4195
HZO-900

60 S

¢dponm

40 -

20 4

Al removal efficiency (%)

Adsorbent dosage (g/L)

Fig.4 Percentage Al(lll) removed by the nanosorbents at vary-
ing dosage 0-12 g/L (50 mL synthetic Al-Fe-Mn solution; pH 1.8;
shaken at 25 °C; agitation speed 200 rpm)

in acidic media and hence should be trialed in alkaline
solutions.

The equilibrium isotherms are critical data to provide
insight on the mechanism of metal ions adsorption. In
this work, the isotherm study was carried out using two-
parameter models, namely Langmuir, Freundlich and
Temkin (Table 2). The Chi-square statistic (;(2) values show
that the HZO-260 adsorption best fitted in the Freun-
dlich model (depicted by lower value), while all the other
adsorbents under study followed the Langmuir model. The
adsorption of Al(lll) on the HZO-260 nanosorbent best fit-
ted to the Freundlich model (R>=0.9001) with n=1.9019
which indicated a favourable sorption process because
1<n<10[13]. According to Dlamini et al. [15], when n> 1
the adsorption process is predominantly governed by
physisorption. Therefore, the adsorption of Al(lll) onto the
HZ0-260 surfaces occurred through physical attraction of
unlike charges although Tran et al. [42] argues that the Fre-
undlich model fails to describe the saturation behaviour of
an adsorbant. The favourable adsorption results were con-
firmed by the findings on the effect of initial solution pH
where 100% Al(lll) adsorption on HZO-260 was achieved

Table 1 Kinetics model

Hybrid nanosorbent
parameters for AI** adsorption y

Pseudo-second-order

Pseudo-first-order Intraparticle

on HZO hybrids at solution Kyp 7 R? Kip 7 R? Kine R?

pH 1.8
HZO-260 0.0034 0.017 0.9986 0.0085 37.300 0.7309 -0.3357 0.8807
HZO-207 -0.0411 10991 0.9947 -0.0035 66.432 0.1748 -0.7387 0.9941
HZO-214 0.0044  0.004 0.9397 0.0021 78.627 0.0632 0.1362 0.5807
HZ0O-4195 -0.0232 3342 09996 -0.0025 93.086 0.0850 -0.6665 0.9020
HZ0O-900 -0.0126 0.951 0.9383 -0.0042 85.018 0.1589 1.2843 0.8889
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Table 2 Freundlich, Langmuir and Temkin isotherm constants for the adsorption of AI** on HZO nanocomposites

HzZO Freundlich Langmuir Temkin

Ke 7 n R? K Qrax 7 R, R? Kr R?
260 4.9000 9.9679 1.9019  0.9001 0.6835 28.4090  29.839 0.0276 0.6867 1.4080 0.6115
207 8.34x107° 68.146 0.1698  0.1797 —-0.0296 -0.0169  46.398 1.9220 0.9994 0.0423 0.0502
214 483x107'8 42111 0.0861 0.1798 —-0.0259 —-04324  35.303 14175 0.9932 0.0297 0.3521
4195 9.13x10° 60.062 —0.2993 0.0150 -0.0313 —-0.2268 16.205 2.2972 0.9994 0.0261 0.0660
900 3.64x10% 41.486 —0.0503 0.5884 —0.0290 -0.0137 33.821 1.8172 0.9994 0.0258 0.2367

in acidic pH (Fig. 5a). The high efficiency of HZO-260 in
acidic pH may be attributed to the host resin which has
two cation-exchange sites and therefore exerts stronger
Donnan membrane effect on the Al cations in solution
allowing easy accessibility onto the dispersed HZO parti-
cles in the inner surfaces of the porous bead. Secondly, the
host resin has a phosphonate head; the P is also a strong
ligand, in addition to the O atoms, which chelates with the
Al cations in solution.

All the other nanosorbents’ adsorption processes
showed best agreement with the Langmuir model
(R?>>0.99). This result implies that the adsorption sites on
each adsorbent surface have equal energy (homogene-
ous) and there were no interactions between adsorbed
species resulting in a single layer of the adsorbed metals.
However, the negative values of K, give negative values of
Omsx Which implies that the Langmuir model is inadequate
for explaining the adsorption processes of these nanocom-
posites [1, 2]. This finding is reinforced by that the four
nanocomposite adsorbents had the Langmuir model sepa-
ration factor R, > 1, which implies that the adsorption of
Al(lll) on their surfaces was not favourable; adsorption
is favourable in the range 0 <R, < 1. This result concurs
with the findings on the effect of pH which showed low
removal efficiencies for these hybrid adsorbents in acidic
conditions (Fig. 5b—e). Moreover, the big Chi-square values
show that the difference between the experimental and
calculated capacity using the model is significant, confirm-
ing the inadequacy of the model to describe the adsorp-
tion processes regardless of being the model of best fit as
per the coefficient of determination (R?>0.99).

4.4 Effect of pH on the pattern of adsorption

The pH is the master parameter in the adsorption of met-
als from solutions. Figure 5a shows that hybrid HZO-260
removed all (100%) of the Al(Ill) in acidic conditions and
adsorption was unfavourable in alkaline conditions. The
preferred solution pH for efficient and sufficient use of the
HZO-260 adsorbent is 2.0-2.4 because the final solution
pH (6.6-7.5) is within pH 6.5-8.5, the drinking water guide-
line by the United States Environmental Protection Agency

(USEPA) [43]. Thus, this nanocomposite is best suited for
AMD remediation. HZO-207 (Fig. 5b) adsorbed Al(lll) (85%)
the best at alkaline pH (10.2) achieving a final solution pH
of 8.1 which is within the drinking water guideline. This
adsorbent may be suitable for the recovery of metals
from alkaline solutions though this may be a very difficult
process to control because at pH 11 desorption is favour-
able. HZO-214 adsorbed 100% Al(lll) at pH 11.3 yielding
a final solution pH of 7.66 that meets the drinking water
guideline as shown in Fig. 5c. Similarly, the use of this
adsorbent would pose a great challenge because at pH
10 metal adsorption is very unfavourable and the same is
applicable at pH around 12. These two conditions would
make the use of this hybrid material a very difficult process
to control because of the very narrow pH operation range.
Therefore, it is not cost-effective to adsorb Al(lll) in alkaline
conditions. It should be noted that the adsorption of Al(llI)
was not considered in the pH range of 4.5-9, where Al(lll)
precipitates as Al(OH);. Above pH 9, the Al(OH); dissolves
and Al(Ill) ions are released into the solution.

HZ0-260, HZO-207 and HZO-214 are hosted by weak
acid chelating resins of functional groups, methylami-
nophosphonate, iminodiacetate and thiourea, respec-
tively, as mentioned earlier. All three nanocomposites can
be used for Al(lll) remediation at specific pH conditions.
The pH at the point of zero charge (pH,,) for the adsor-
bents was estimated by making plots of the difference of
PHgpa1 from pHi o Versus pHi o The adsorbent surface
charge is positive below pH,. and negative above this
critical point. The estimated pH,,, for the nanocomposites
is illustrated in Table 3. The pH, for HZO-260 was 10.8,
implying that the adsorbent performed best on a positive
surface because it achieved 100% Al(lll) removal in acidic
pH. As mentioned earlier, Al mainly exists as a free ARt
and Al(SO,)* complex in acidic pH; hence, it may be con-
cluded that the adsorption of the Al cations on HZO-260
occurred through chemical ion-exchange, either with the
mobile cations of the host resin or with the abundant H*
on the embedded Zr oxide nanoparticles surfaces. HZO-
207 and HZO-214 both adsorbed best above their pH,,,
3.2 and 10.8, respectively, where their dominant surface
charge is negative. This result is not surprising because
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Fig.5 Percentage Al(lll) removed and final solution pH after adsorbent dosage for each hybrid material (50 mL synthetic Al-Fe-
adsorption using the hybrid nanocomposite adsorbents at initial Mn solution; shaken at 25 °C; agitation speed 200 rpm)
pH range 1.5-3.5 and 10-11.5 at predetermined contact time and
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Table 3 Summary of the effect

‘ Hybrid pH initial Estimated pzc Adsorption effi- Final solution pH
of pH observations for the ciency (%)
hybrid adsorbents under study
HZ0O-260 1.6,2.0,24,34 10.8 100 25,6.6,7.5,9.1
HZO-207 10.2 3.2 85 8.1
HZO-214 11.3 10.8 100 7.7
HZ0O-4195 10.2 25 82 9.6
HZ0-900 10.2 2.2 84 11.3
both adsorbents performed best at alkaline pH (10.2 and 35
11.3) where Al(lll) exists as a negative complex, Al(OH), -

in solution; hence, the adsorption may have occurred
through chemical anion-exchange with the negative
surface groups of the adsorbent. Secondly, OH™ has a
high sorption affinity for metal oxides [31] and hence the
favourable adsorption of the AI(OH); complex onto the
Zr oxide nanoparticles which may be achieved through
ligand exchange.

Hybrid HZ0O-4195 and HZ0-900, as shown in Fig. 5d and
e, respectively, adsorbed Al(lll) (82% and 84%, respectively)
best at alkaline conditions of pH 10.2, but the final solution
pH (9.6 and 11.3) failed to meet the USEPA drinking water
guideline. The host resins for these two hybrid materials
are a weak base chelating resin (bis-picolylamine) and a
strong base anion exchanger, respectively; hence, they
have fixed positive charges that exert Donnan membrane
effect on the negative Al(Ill) complex, AI(OH), in the alka-
line medium. In light of the estimated pszc (2.5 and 2.2)
for the two adsorbents and the negative Al(lll) complex in
alkaline pH, the adsorption process must have happened
through chemical ion-exchange with both the mobile
anion of the host resin and the negative surface functional
groups of the Zr oxide nanoparticles (ligand exchange).
The slight difference in performance between these two
hybrid materials may be attributed to the basic anionic
strength of the host material. Nevertheless, both hybrid
resins can be used to remove some metals in alkaline
wastewater as part of a treatment train.

4.5 Regeneration studies

It is not sufficient to base the suitability of an adsorbent
for application only on its high adsorption efficiency but
its ease to be regenerated also plays a crucial role. A good
adsorbent must be amenable to regeneration for reuse.
Thus, desorption studies were carried out using only the
HZ0-260 adsorbent because it surpassed all the others in
the metal removal efficiency in acidic synthetic water. Fig-
ure 6 shows that the hybrid adsorbent is not only a super
adsorbent [99.67% Al(II)] but is also amenable to efficient
regeneration for reuse using a NaCl-NaOH binary solution.
The regenerant effluent contained 92.22% of the Al(lll) that

18]
L]

Al level (mg/L)

—
(=]

A

[Al] in solution [Al] adsorbed [Al] desorbed

Fig.6 Mean AI(lll) level in test solution and that which was
adsorbed and desorbed by hybrid HZO-260 nanosorbent (dosage
12 g/L; shaking speed 200 rpm; temperature 25 °C; 50 mL synthetic
solution; time 360 min)

was adsorbed on the resin which concurs with the findings
by Pan et al.[32] and Padungthon et al. [31]. The coexisting
Fe(ll) (98.99% adsorption) and Mn(ll) (97.48% adsorption)
were very low in the regenerant solution recording 0.59%
and 0.01%, respectively. This result may be ascribed to that
at the high pH (12.5), where the desorption was carried
out, these two metal ions precipitate out of solution, and
the precipitate was observed in the regenerant effluent
in this study. The desorbed Al(lll) and the precipitated Fe
and Mn can be recovered from the regenerant effluent, by
altering the pH or otherwise, as saleable products in a bid
to protect the environment from secondary pollution. The
revenue accrued from the sale of the recovered products
would be used to finance the running costs of the process.

4.6 Application on environmental AMD

HZ0-260 was chosen and tested on AMD obtained from
a disuse gold mine in the western part of Gauteng, South
Africa. The choice was based on that HZO-260 performed
best in metals removal from synthetic water. The removal
of Al(lIl), Fe(ll) and Mn(ll) from the synthetic solution
of pH 1.8 corresponds to 99.67%, 98.99% and 97.48%,
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Table 4 Mean metal levels

. " Metal (M) Al cd
(mg/L) in environmental AMD
[MI(mg/L)  836.62  0.64
SD 16.70  0.01

Cr Cu Fe Mn Ni Pb Zn
15.83 1.79 463 41227 105.09 3291 0.65 36.40
029 0.02 0.09 833 1.95 0.76  0.01 0.71

SD standard deviation
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Fig.7 Percentage metal removed from AMD by HZO-260 nano-
composite and its host resin (dosage 12 g/L; shaking speed
200 rpm; temperature 25 °C; 50 mL AMD; pH 2.46; time 360 min)

respectively. All the other hybrid adsorbents in this
study removed Al(lll) best (> 83%) in alkaline conditions
of pH > 10 where the coexisting Fe(ll) and Mn(ll) ions had
precipitated out of solution. Table 4 shows the selected
metals (Al, Cr, Mn, Fe, Ni, Co, Cu, Zn, Pb and Cd) concen-
trations in the real AMD sample (pH 2.46) that was used
to test the performance of the hybrid resin, while Fig. 7
shows the metal removal efficiency of both the hybrid
resin and its host resin. The hybrid resin achieved higher
metal removal efficiency than that of its host resin for
all the metals investigated. The pH of the treated AMD
was 3.3 and 3.0 for the HZO-260 nanosorbent and the
host resin, respectively. The enhanced removal efficiency
for the hybrid nanocomposite may be attributed to that
both the host resin and the dispersed Zr oxide nano-
particles were involved in the metal adsorption process.
The fixed negative charges on the host resin facilitated
permeation of the metal cations through the Donnan
membrane effect causing the analytes to access the Zr
oxide nanoparticles dispersed within the pores of the
resin beads for adsorption to occur. Some metal cations
were adsorbed onto the active sites of the host resin.
This result clearly has shown that incorporation of Zr into
the host resin enhanced the metal removal efficiency
from AMD. Therefore, the hybrid HZO-260 has a prom-
ising potential as an adsorbent for the remediation of
AMD pollution.
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5 Conclusion

Based on this study, incorporation of Zr oxide nanopar-
ticles into the chelating resins was found very impor-
tant. This is in terms of enhancing metal removal effi-
ciency from AMD as well as improving the stability of
the adsorbent in acidic media. Amongst the synthesized
hybrid resins, HZO-260 was found the best in adsorp-
tion efficiency of metals at a lower pH <3.4. The other
nanocomposites, HZ0-207, HZO-214, HZ0-4195 and
HZ0-900, can remove metals appreciably only in alkaline
solutions, which is not cost-effective. Adsorption of Al(lll)
by HZO-260 from real AMD occurs through physisorp-
tion (chemical ion-exchange). Application of HZO-260
for metal removal from the environmental AMD sample
revealed that removal of Mn(ll) in acidic medium is pos-
sible. Furthermore, in order to apply HZO-260 in future
for real AMD remediation, possible number of recycle
and reuse, cost-benefit calculation and optimization
of all parameters need to be addressed. Overall, from
these results hybrid HZO-260 nanocomposite is a poten-
tial and promising candidate for future AMD pollution
remediation.
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