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Abstract

The layered double oxides (LDO) have gained attention as sorbets for decontaminating metal (loid)s for wastewater treat-
ment. These materials are prepared from LDH by thermal treatment, whereby LDHs are calcined to remove interlayer
anions. This study synthesised Fe-Zn-Al-LDO from Fe-Zn-Al LDH via thermal treatment to decontaminate As, Cd, and
Pb in wastewater. The synthesised Fe-Zn-Al LDO was characterised using various analytical characterisation techniques.
The transmittance electron microscopy (TEM) results showed that Fe-Zn-Al-LDO had spherically shaped particles with
an average size of 12.1+1.7 nm. The Brunauer—-Emmett-Teller (BET) surface area and pore volume of the Fe-Zn-Al LDO
material were 88.1 m%/g and 0.35 cm?/g. Under optimum conditions, Fe-Zn-Al LDO adsorbent had an excellent adsorption
efficiency for As, Cd and Pb, with maximum adsorption capacities of 233 mg/g, 204 mg/g and 256 mg/g, respectively.
The kinetics and isotherm studies revealed that the adsorption process of the analytes onto Fe-Zn-Al LDO adsorbent fol-
lowed pseudo-second order and Freundlich isotherm models. The Fe-Zn-Al LDO materials were utilised as an adsorbent
to remove As, Cd and Pb from groundwater and surface water spiked with 1000 pg/L of analytes, and the results showed
that the adsorbent reduced the concentrations of these analytes to levels below the acceptable contamination levels. With
the systematic study of adsorptive removal of trace metal(loid)s using Fe-Zn-Al LDO adsorbent, a promising adsorption
technology was developed to address pollution of drinking water sources.

Keywords Fe-Zn-Al LDO nanoparticles - Thermal treatment - Equilibrium studies - Environmental water samples -
Potentially toxic elements

1 Introduction

Surface water and groundwater are the primary drinking
water sources in many rural areas of South Africa, and these
water resources are critical for water supply development
[1, 2]. A recent study conducted in Eastern Cape Province,
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account for more than 50% total water supply [3]. Another
' Department of Chemical Sciences, University of study on surface water and groundwater sources in the East-
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Doornfontein 2028, South Africa ern Cape Province revealed that the concentrations of heavy

metals such as Cd(IT) and Pb(II) were higher than the World
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pollution in rural areas emanates from the agricultural sector,
geogenic bedrock, steel and metal processing, and improper
waste disposal [5]. Arsenic, Cd, and Pb occur naturally in
the Earth’s crust, and owing to their carcinogenic effects
and toxicity, they are considered the most hazardous sub-
stances [6, 7]. The occurrence of these contaminants in
surface water and groundwater sources may cause serious
threats to public health and environmental safety [8]. Previ-
ous studies have reported that excessive intake of water con-
taining As(IIT), Cd(II), and Pb(II) could cause other acute
and chronic health effects, such as cardiovascular diseases,
kidney damage, high blood pressure and neurological disor-
ders, among others [7, 9, 10]. Furthermore, the presence of
As(IIT), Cd(II), and Pb(II) species in drinking water sources
degrades water quality, thus threatening water security in
rural communities [11, 12]. Therefore, it is important to
develop methodologies for the removal/reduction of As(III),
Cd(II), and Pb(II) species concentrations in drinking water
sources to levels below the permissible limits.

Various methods, including lime coagulation, chemi-
cal precipitation, reverse osmosis, ion exchange, solvent
extraction, and adsorptive removal, are currently employed
to remove trace metal(loid)s from our water systems [13,
14]. However, this study will focus on adsorption because it
is cost-effective, easy to operate, flexible, and exhibits high
removal performance [15].

The removal efficiency of an adsorption process largely
depends on the interaction between the adsorption sites on
the material and the target analytes. The number of adsorp-
tion sites and their effectiveness in accommodating target
analytes partly rely on the surface area, porosity, and func-
tional groups of the adsorbing material; the abundance of
these properties positively influences the adsorption perfor-
mance. Several metal oxides, activated carbon, biochar, and
zeolite have been applied to remove metal ions from water
[16—19]. Despite their good adsorption performances, these
materials still suffer from poor adsorption towards anionic
metal ions, as their functional groups mostly target posi-
tively charged trace elements. Layered double hydroxides
(LDHs) are emerging as suitable materials for the adsorptive
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Scheme 1 Schematic diagram of the hydrotalcite
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removal of various trace elements from water without dis-
crimination because of their unique layered structure and
fascinating ion-exchange capabilities [20-23]. LDH have
positively charged brucite-like layers, exhibiting a general
formula [M**,_ ;M** (OH),]**[(A™),,,»yH,0T", with M**
and M*' as divalent and trivalent metal cations, respec-
tively, and A" as an interlayer anion, as shown in Scheme 1
[24]. The anionic heavy metal(loid) is usually adsorbed via
anionic exchange and occupies the interlayer region of LDH
[25]. However, this mechanism sometimes suffers from a
loss of effectiveness due to interlayer anions that strongly
bind to the interlayer region and resist interchange with tar-
geted anionic metal(loid)s.

One of the structural properties of LDH is the ability to
be calcined at higher temperatures to eliminate the interca-
lated anions and water molecules, thus collapsing the lamel-
lar structure and producing layered double oxides (LDO)
with even larger adsorptive sites, as shown in Scheme 1.
The large adsorptive sites may be attributed to the thermal
treatment process, which increases the porosity and specific
surface area [26, 27]. Additionally, LDO can reconstruct to
its original LDH structure when hydrated in solution con-
taining anionic species; this renders them suitable to remove
anionic metal(loid) species such as Cr(VI) and As(V) from
water, which forms part of the regenerated LDH structure
in the interlayer region [28-30]. As a result, this employed
LDO for the adsorptive removal of anionic and cationic
metal(loid)s from water to address the drawbacks associ-
ated with the parent LDH.

This study aimed to prepare Fe-Zn-Al LDO as an adsor-
bent for removing As(I1l), Cd(II), and Pb(II) species from
the surface and groundwater samples collected from the
Eastern Cape Province. Fe-Zn-Al LDO adsorbent was syn-
thesised via calcining the Fe-Zn-Al LDH at higher tempera-
tures. The Fe-Zn-Al LDO was characterised to determine
the functional group, elemental composition, morphol-
ogy, particle sizes, textural properties, and surface charge
by using. The central composite design (CCD) was used
to optimise the effect of pH and mass of adsorbent (MA)
on the removal of As(III), Cd(II), and Pb(II) species from

Fe-Zn-AlLLDO
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simulated water. The kinetics and isotherm studies were
evaluated under optimum conditions. The performance of
Fe-Zn-Al LDO adsorbent in removing As, Cd and Pb in
groundwater and surface water spiked with a concentra-
tion of 1.0 mg/L was assessed. This contributed towards
developing sustainable materials for effectively eliminating
harmful pollutants from water sources in rural areas, thus
promoting water resource protection.

2 Experimental
2.1 Chemicals and reagents

Aluminium nitrate nonahydrate (AI(NO;);-9H,0, 98%
purity), zinc nitrate hexahydrate (Zn(NO;), 6H,0, 98%
purity), iron nitrate nonahydrate (Fe(NO;);-9H,0, 98%),
sodium carbonate (Na,CO;, 99% purity), sodium hydrox-
ide (NaOH, 99%) were bought from Sigma Aldrich. The
standard solutions of 1000 mg/L lead (Pb), Arsenic (As)
and cadmium (Cd) were purchased from Merck (Johannes-
burg, South Africa) and ultra-pure water, which was used as
the solvent, ammonia (NH;) solution, and 65% nitric acid
(HNO,).

2.2 Synthesis of Fe-Zn-Al LDH

Fe-Zn-Al LDH was synthesised utilising the co-precip-
itation synthetic technique. In detail, metal salts, 2.33
g Fe(NO;);.9H,0, 3.40 g Zn(NO;),-6H,0, and 1.70 g
AI(NO3);-9H,0, were transferred in 80 mL ultrapure water
for dissolution. Separately, 7.95 g Na,CO; was dissolved
in 25 mL ultrapure water to prepare a 3 mol alkaline solu-
tion. The alkaline solution was added to a stirring solution
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of mixed metals dropwise. The pH of the resulting solution
was adjusted to 9 with 0.1 M NaOH, which was followed by
aging the mixture while stirring under reflux at 80 °C for 18
h. Eventually, the produced brown precipitate of Fe-Zn-Al
LDH was filtered and washed with excess ultrapure water to
remove any unreacted materials. Subsequently, it was dried
in a vacuum oven at 80 °C for 24 h. The synthesis steps are
presented in Scheme 2.

2.3 Synthesis of Fe-Zn-Al LDO

The Fe-Zn-Al LDO was synthesised by calcining the pre-
synthesised Fe-Zn-Al LDH (as described in Sect. 2.2).
Briefly, the preprepared Fe-Zn-Al LDH was transferred into
a ceramic crucible and placed in the muffle furnace. The fur-
nace was allowed to heat to 400 °C, then maintained at that
temperature for 3 h. After calcination, the Fe-Zn-Al LDO
was allowed to cool to room temperature. The synthesis of
LDO is represented by a schematic diagram in Scheme 2.

2.4 Instrumentation

The functional groups of Fe-Zn-Al LDO were studied
using the Fourier transform infrared (FTIR) spectrometer
(Waltham, MA, USA). The technique employed KBr, which
was mixed with the sample at a 1:10 ratio to make a pellet.
The prepared KBr pellet was placed into the instrument for
analysis. The Philips X-ray generator model PW 3710/31
X-ray diffraction (XRD) was used to analyse the crystallin-
ity of the materials operating with Cu-Ka X-ray (A=1.54060
A), recording at a 20 range of 2.0-90°, and operating at a
scan speed of 66.045 s. The dimension and morphology of the
material were confirmed with a transmission electron micro-
scope (TEM), JEM 2100, JEOL Co. Japan, with an operating
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Scheme 2 Diagram showing a schematic representation of the synthesis of LDH and LDO
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voltage of 200 kV. Scanning electron microscope, TESCAN
VEGA 3 xmu, LMH of the Czech Republic, in tandem with
Energy dispersive X-ray spectroscopy (SEM-EDX), was
used to determine the elemental composition in Fe-Zn-Al
LDO. The surface charge of the material was analysed utilis-
ing Nano-ZS Zetasizer (Malvern Instruments, Malvern, UK).
The sample was prepared by suspending 30 mg of Fe-Zn-Al
LDO in 500 mL ultrapure water, and then adjusting the pH to
arange of 2.0-12 using 0.1 M HCI and NaOH solutions. The
samples were sonicated for 1h at room temperature before
analysis. The BET surface area, pore diameter and the aver-
age pore size of the Fe-Zn-Al LDO were studied using N,
and CO, adsorption—desorption analysis. The analysis was
conducted using an Anton Paar BET surface area analyser
(Nova 800) fitted with 21 CFR Part 11-compliant software.
The pH was measured using a Bante 901 Benchtop pH meter.
The material was calcined utilising a Thermo Scientific Ther-
molyne benchtop MX8-13TP muffle furnace. The ultrasoni-
cation to facilitate the adsorption and dispersion of Fe-Zn-Al
LDO was performed using a SciTech ultrasonic bath system
with a 50 Hz frequency and 150 W power (Labotec, Midrand,
South Africa). Inductively coupled plasma-optical emission
spectrometry (ICP-OES) (iCAP 6500 Duo, Thermo Scien-
tific) coupled with a charge injection device (CID) detector to
detect and quantify As, Cd, and Pb.

2.5 Batch adsorption study

The adsorption efficiency of Fe-Zn-Al LDO was assessed
via a batch adsorption study. The 1000 mg/L standard
As(I1), Cd(IT) and Pb(II) solutions were employed to pre-
pare working solutions and calibration standards. The 1.0
mg/L concentration of a mixture of metal(loid)s was pre-
pared by diluting a specific volume of a standard solution
with ultrapure water. The calibration standards with a 0.5—
55 mg/L range were also prepared similarly. The pH of the
solution was adjusted with 0.1 M HCl and 1.0 mol/L ammo-
nia solution to pH values in the range 1.369-8.630. The
batch adsorption was conducted at room temperature by
adding 20 mL of the sample solution into 50 mL centrifuge
tubes containing the required amounts (11.6-108.4 mg) of
Fe-Zn-Al LDO. The solution mixtures were sonicated for
30 min, followed by the separation of the supernatant with
a 0.22 um PVDF filter. The supernatant and the synthetic
samples were analysed for equilibrium and initial concen-
tration of Cd and Pb using ICP-OES.

2.5.1 Optimisation of batch adsorption
The optimisation of batch adsorption is important as it helps

maximise the adsorptive removal of contaminants. The cen-
tral composite design (CCD) was utilised to optimise the
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adsorptive removal of As(IIl), Cd(Il) and Pb(Il) by varying
the solution pH in the range 1.37-8.63 and the mass of Fe-
Zn-Al LDO (in the range 11.6-108.4 mg). The choice of the
parameters was influenced by preliminary studies that showed
that pH and mass of adsorbent played a critical role in the
adsorption process. The adsorption process was conducted
similarly to that described in Sect. 2.5. When the adsorption
separation step was complete, the supernatant was quanti-
fied with ICP-OES and the results were used to calculate the
removal efficiency (%RE) and adsorption capacity (q,) of the
adsorbent using Egs. (1) and (2) below, respectively:

%RE = (Go=Co) 100% (1)
0
o oGV e
m

where C, C,, m, and V are initial and equilibrium concen-
trations of analytes, mass of adsorbent, and sample volume,
respectively.

2.5.2 Adsorption isotherm

Here, the batch adsorption was conducted by varying initial
concentrations of the mixture of As(IIl), Cd(IT) and Pb(II)
in the range 1.0-50 mg/L with a sample volume of 100 mL
and an adsorbent mass of 20 mg. The pH of the metal(loid)
solution was adjusted to 6.5 using 1 mol/L ammonium solu-
tion or 0.1 mol/L HCI. After adsorption, the experimental
data were fitted into two isotherm models to understand the
mode of interaction between the Fe-Zn-Al LDO and As(I1I),
Cd(1I) and Pb(II).
Langmuir isotherm model:

QmaxK L Ce

e = HTLC@% 3)
In which , (m@/g), day (Mg/g), C, (mg/L), and K; (L/mg)
are the equilibrium adsorption capacity, maximum adsorp-
tion capacity, concentration of metal(loid)s at equilibrium,
and isotherm constant that represents the affinity of adsor-
bent on the adsorbate, which can be used for calculation of
the separation factor (R;) using Eq. (4).

1

R, =——
L 1+ K.C;

Ry, 4

Freundlich isotherm model:

Y
Ge :KFCe nQG (5)
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where ¢, (mg/g) is the amount of adsorbed metal(loid)s per
given mass of Fe-Zn-Al LDO, K (mg/g) is the coefficient of
the Freundlich constant, n is the adsorption intensity parame-
ter, and C, (mg/L) is the concentration of metals at equilibrium.

2.5.3 Adsorption kinetics

The effect of contact time on the adsorption of As(IIT), Cd(II)
and Pb(Il) by Fe-Zn-Al LDO adsorbent was investigated,
varying the adsorption time. This experiment was con-
ducted via batch adsorption as in Sect. 2.5, but the adsorbent
mass, sample volume, sample concentration, and sample pH
were 20 mg, 100 mL, 50 mg/L, and 6.7, respectively. The
adsorption process was facilitated for 5.0-60 min, followed
by filtering of the supernatant using a 0.22 pm PVDF filter
before analysis with ICP-OES. The kinetic data were fitted
into nonlinear kinetic models, including pseudo-first order,
pseudo-second order, Elovich and intraparticle diffusion, to
better understand the adsorption mechanism and the rate-
determining step. The equations used are presented below:
Pseudo first order:

@ = qe(1 — expth?) Q)

Pseudo second order:

kaq?
qt 1+ kogot (6)
Elovich model:

1

q = Bln(aﬁt +1) (7
Intra-particle diffusion:

1
G =kt /2 +C @®)

where q, (mg/g) is the amount of sorbate adsorbed at time t, g,
is the adsorption capacity at the equilibrium. The k; (min "),
k; (mg/ g/min”"?), and k, (g/mg-min) are the adsorption rate
constants for pseudo-first order, Intra-particle diffusion, and
pseudo-second order, respectively. Parameters B ((g/mg),
o (mg/g-min), and C (mg/g) are the desorption constant,
initial adsorption rate, and constant providing information
about the boundary of the layer thickness, respectively.

2.5.4 Adsorption thermodynamics studies

The thermodynamic studies followed the optimised adsorp-
tion method by varying the temperature from 2540 °C. All

experiments were performed in triplicate, and the results
were reported as the means of the three replicates.

2.6 Application to actual water samples and
reusability studies

Fe-Zn-Al LDO was evaluated for the adsorptive treatment
of water samples containing As, Cd, and Pb, which were
collected from King Sabatha Dalidyebo Local Municipality,
Eastern Cape, namely Eluxolweni tap (ELX-T) water, Elux-
olweni dam (ELX-D), Emavundleni dam (EMD-D), Ema-
vundleni stream (EMD-ST), and Gubevu stream (GBV-ST)
in Eastern Cape province. Trace metal(loid) species such
as As(IIT), Cd(IT) and Pb(II) concentrations in actual water
samples were present in trace levels. Therefore, 20 mL
water samples were spiked with 1.0 mg/L of a mixture of
As(IIT), Cd(I1) and Pb(II), and transferred into 50 mL centri-
fuge tubes containing 20 mg of Fe-Zn-Al LDO to evaluate
the applicability of the adsorbent in a real application. The
sample mixtures were sonicated for 30 min, filtered using
a 0.22 um PVDF filter to separate the supernatant before
analysis with ICP-OES.

Under optimised conditions, the reusability and regen-
eration experiments were carried out by performing several
adsorption—desorption cycles. This was achieved by desorb-
ing the As(Ill), Cd(Il) and Pb(II) species adsorbed on the
Fe-Zn-Al LDO surface using 0.1 mol/L nitric acid. The Fe-
Zn-Al LDO was washed with deionised water 3 times and
rinsed with ethanol three times. The adsorbent was dried in
an oven for 2 h, and the spent adsorbent was reused in the
successive adsorption—desorption cycles. The same proce-
dure was repeated five times.

3 Results and discussion

3.1 Characterisation of the synthesised Fe-Zn-Al
LDO material

3.1.1 Functional groups and crystallinity of Fe-Zn-Al LDO

Figure 1(a) shows the FTIR spectra of Fe-Zn-Al LDH and
Fe-Zn-Al LDO. The spectrum of Fe-Zn-Al LDO shows
intense peaks at 3410-3556 cm ', which are stretching
vibration bands of O—H, attributed to the O—H of water mol-
ecules. The band at 1636 cm ™! was assigned to the H-O-H
stretching vibration. The peaks at 1400 cm ' and C-O are
attributed to the vibrations of C=0 and C-O of the CO;>
anion, which was intercalated in the interlayer of Fe-Zn-Al
LDH, as also evident on the spectrum of Fe-Zn-Al LDH.
This suggests that CO327 was not entirely removed during
the thermal treatment at 400 °C. This may be ascribed to the
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Fig. 1 (a) FTIR spectra and (b) the X-ray diffractograms for Fe-Zn-Al LDH and Fe-Zn-Al LDO

high stability of CO,*", which forms a stronger affinity with
positive layers because it is a divalent anion. This is sup-
ported by the study by Ref [31], which demonstrated that
after calcining LDH to temperatures up to 500 °C, CO32’
was still present. At the same time, extremely high tempera-
tures can permanently denature the material and prevent it
from reconstructing to the original layered double hydrox-
ide structure [32]. The intense stretching vibration peaks
at 1432 cm™' assigned to NO;~ anion on the spectrum of
Fe-Zn-Al LDH completely disappeared on the spectrum of
Fe-Zn-Al LDO after thermal treatment. This phenomenon
is owed to the fact that it is not tightly held in the interlayer
region as it was with CO,*~ [33]. The spectrum of Fe-Zn-
Al LDH shows peaks at 465, 611 and 850 cm !, which are
stretching vibrational bands of M—O, M—O-M and M-OH,
where M=Fe, Zn and Al, which confirms the successful for-
mation of Fe-Zn-Al LDO adsorbent.

The diffraction patterns of Fe-Zn-Al LDH and Fe-Zn-Al
LDO are represented in Fig. 1(b). The diffractogram of Fe-
Zn-Al LDH showed a typical diffractogram of hydrotalcite-
like materials (JCPDS 14-191), with diffraction peaks at
20=12.6, 19.7, 26.4, 30.3, 35.7, 43 and 63, which corre-
spond to (003), (006), (009), (012), (015), (018), (110) and
(113) diffraction planes, respectively. The diffraction planes
(003), (006), and (009), which are present on the diffrac-
togram of Fe-Zn-Al LDH and are characteristics of a dou-
ble-layered structure of LDHs, disappeared after thermal
treatment. This means the LDH precursor lost its lamellar
character because of calcination and removal of water and
carbonate species, which further confirms the successful
formation of Fe-Zn-Al LDO [34]. As a result, new reflec-
tions characteristic of crystalline mixed oxides emerged.
The most dominant peak among these was the (311) plane

@ Springer

of spinel ZnFe,0, at 36.4°. There are other additional reflec-
tions at~30.6° (220),~43.8° (400), and ~63.5° (440). These
findings confirm the formation of a cubic spinel structure
for the ZnFe,0, nanoparticles according to the JCPDS card
No. 82—-1042 [35]. There is also an indication of peaks cor-
responding to Fe,O; and ZnO in the calcined LDO, how-
ever, most of these peaks overlap with the ones for spinel
ZnFe,0,. The observed structural reconstruction of LDH to
LDO is consistent with the established thermal decomposi-
tion pathway of layered double hydroxides, in which dehy-
dration and dehydroxylation are followed by recombination
of metal cations into stable oxide lattices.

3.1.2 Elemental composition and morphology of Fe-Zn-Al
LDO

Figure 2(a) shows the area where the EDS spectrum for Fe-
Zn-Al LDO was obtained, and the spectrum confirmed Fe,
Zn, Al, and O elements (Fig. 2(a)). These results are con-
sistent with the functional groups of Fe-Zn-Al LDO that
were characterised by FTIR (Fig. 1(a)). This confirms that
both materials were of high purity since no other elements
were detected. Figure 2(c) shows that Fe-Zn-Al LDO has
spherically shaped particles with a size of 12+2 nm (the
yellow line across the diameter of the spherical particles
demonstrates how the sizes were measured using Image J
software). The TEM images also confirm that LDO exhibit
spherical morphology.

3.1.3 Textural properties and point of zero charge

The CO, and N, adsorption—desorption analysis was used to
determine the surface area, pore volume and pore diameter
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Fig.2 (a) SEM image, (b) Energy dispersive X-ray spectrum and (¢) TEM image of Fe-Zn-Al LDO

of Fe-Zn-Al LDO. Figure 3(a) revealed that Fe-Zn-Al LDO
has a type IV isotherm, representing mesoporous structure
materials [36]. The H1 hysteresis loop supports the pres-
ence of mesopores. The pore size distribution in Fig. 3(b)
indicates the presence of micropores, with pore diameters of
0.349 nm, 0.57 nm and 0.789 nm. Meanwhile, the Barrett-
Joyner-Halenda (BJH) pore size distribution in Fig. 3(c)
shows peaks at 7.5 and 18.5 nm, which are attributed to
mesopores. The results also showed that Fe-Zn-Al LDO
consists of mesopore and micropore structures. Fe-Zn-
Al LDO exhibits a large Brunauer—-Emmett-Teller (BET)
surface area and pore volume of 88 m?/g and 0.35 cm?/g,
respectively.

Figure 3(d) represents the zeta potential for Fe-Zn-Al
LDO, which was obtained at different pH values in the
range of 2.0-12. The point of zero charges (pHpyc) is pH
where the surface charge density is neutral, and the zeta
potential of the material is zero. The pHPZC of Fe-Zn-Al
LDO is 9, and it can be observed that at pH below 9, the
surface of Fe-Zn-Al LDO becomes positively charged and
negatively charged when the pH is above 9. The adsorptive
decontamination of As(IIl) is anticipated to be favoured at
pH below 9 since it is anionic. In contrast, Cd(IT) and Pb(II)
adsorption is expected to dominate at pH above 9 because
they are cationic. The anticipated mechanism includes inter-
layer intercalation, surface complexation and ion exchange
[7,37].

3.2 Optimisation of the adsorption process

This study used the CCD effect of sample pH and MA on
the adsorptive removal of As(IIl), Cd(II) and Pb(Il) by
Fe-Zn-Al LDO adsorbent. The CCD matrix consists of 12
experiments, and the resulting analytical response values
(% removal efficiency) are shown in Table 1. The data in
Table 1 were analysed using analysis of variance (ANOVA)

to investigate the main and interactive effects. The ANOVA
results reproduced as Pareto charts are shown in Fig. 4(a-c).
The Pareto chart allows the visualisation of factors by
arranging them along the x-axis in the order of importance,
from most to least influential parameter. The longer the
length of each bar, the greater the influence of each assessed
variable on the interaction of the Fe-Zn-Al LDO and
As(IIT), Cd(IT) and Pb(II), and the vertical line shows a sig-
nificant influence at a 95% confidence level [38]. Further-
more, the parameters are significant when the bar passes the
line (p=0.05) [39]. It can be observed in Fig. 4(a) that pH
and MA were not significant, suggesting that increasing or
decreasing these parameters did not negatively influence the
adsorption of As onto Fe-Zn-Al LDO. However, the posi-
tive effect of MA and pH suggests that better removal effi-
ciency was achieved when these parameters were slightly
increased from the lowest to the highest (Fig. 4(a)). On
the other hand, the adsorption of Cd and Pb onto Fe-Zn-Al
LDO adsorbent was positively influenced by pH at a 95%
confidence level. Even though the bar length representing
MA did not cross the confidence line (p=0.05), as shown in
Fig. 4(b, c), the positive effects suggest that increasing MA
increases the adsorption efficiency of the adsorbent.

3.2.1 Three-dimensional response surface plot

The 3D response surface plots showing the interactive
effect of pH and MA on the adsorption of As(III), Cd(II)
and Pb(II) onto Fe-Zn-Al LDO adsorbent are presented
in Fig. 5(a-c). Figure 5(a) shows that the %RE for As(I1I)
increases with increasing MA and pH. This phenomenon
is owed to the positively charged surface of Fe-Zn-Al
LDO at pH values ranging from 1 to 8.5, thus facilitating
enhanced removal of anionic As(III) through electrostatic
attraction [40]. However, as the sample pH increases, the
charge of the material becomes less positive, moving

@ Springer
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Fig. 3 (a) N, adsorption—desorption isotherm, (b) pore size distribution determined using CO, adsorption, (¢) BJH pore size distribution (desorp-
tion branch) determined using N, adsorption, and (d) zeta potential for Fe-Zn-Al LDO

Table 1 The central composite design with % removal efficiency

Standard Run % Removal efficiency
pH MA(mg) As(Ill) Cd(Il)  Pb(I)

1 2 20 94.8 86.6 87.2
2 2 100 98.0 95.3 97.1
3 8 20 91.5 99.6 98.9
4 8 100 97.7 99.7 99.6
5 1.37 60 85.2 75.9 71.6
6 8.63 60 94.4 99.7 98.7
7 5 11.6 91.7 79.3 98.2
8 5 108.4 95.2 99.9 98.3
9(0) 5 60 96.8 99.9 97.1
10 (C) 5 60 95.7 99.7 98.9
11 (C) 5 60 97.3 99.6 97.6
12 (C) 5 60 96.0 99.7 98.8

towards pHp,c, which weakens the electrostatic attrac-
tion mechanism. This happens as the LDO reconstruct to
form LDH via the "memory effect", where anionic As(I1I)
intercalates on the interlayer region, balancing the charges
of the positive layers [26, 41]. Figure 5(b, c) showed that
as MA and the pH of the solution increased, the inter-
actions between Cd(II) and Pb(II) with the adsorbent
favoured an increase in the analytical response (%RE).
The increase in the solution pH positively influenced the
uptake of Cd(II) and Pb(II) with Fe-Zn-Al LDO. This is
because in acidic conditions, the metal ions and hydro-
nium ions compete for the available sites, and there is a
possibility that Fe-Zn-Al LDO is dissolved, thus leading
to low adsorption efficiency [42].
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Fig.4 Pareto charts showing the influence of pH and MA on the adsorption of (a) As, (b) Cd and (¢) Pb by Fe-Zn-Al LDO
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According to Fig. 3(d), the surface of the adsorbent
is positively charged at pH values <9 (pHp;-=9). These
results revealed that the electrostatic interaction between
the target cations (Cd(II) and Pb(II)) and the positively
charged adsorbent was not controlling the adsorption
process. Therefore, the removal of Cd(II) and Pb(II) was
governed by the coordination between the cations and
the electron—ion pair of the oxygen atom on the Fe-Zn-Al
LDO surface. The FTIR results revealed that the Fe-Zn-
Al LDO adsorbent was composed of functional groups
such as CO;%>", M—O, M-O-M and M-OH, which could
also enhance the adsorption of the target on the surface
of the adsorbent. Therefore, it was concluded that the
adsorption of Cd(II) and Pb(Il) was facilitated by com-
plexation with functional groups (such as CO327, M-O,
M-0O-M and M-OH) on the Fe-Zn-Al LDO surface. In
addition, the precipitation effect resulting from form-
ing metal hydroxides or carbonates, due to Cd(II) and
Pb(11) with the functional groups, enhanced the removal
of Cd(II) and Pb(II).

Profiles for Predicted Values and Desirability
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3.2.2 Desirability function

The desirability function was applied to optimise inde-
pendent variables further simultaneously, in which the
anticipated responses are converted into a dimensionless
desirability value, as shown in Fig. 6. The desirability val-
ues are D=0, the minimum desirability value is 0.5, and the
central point and D=1, which is the maximum desirability
value. These values were used to obtain the optimum solu-
tion pH and MA. As shown in Fig. 6, the optimum con-
ditions are shown in the vertical red line at the maximum
desirability value. According to these results, the optimum
pH and MA conditions for As(III), Cd(II) and Pb(II) adsorp-
tion onto the Fe-Zn-Al LDO adsorbent were 6.8 and 108.4
mg, respectively. Figure 6(c) shows that 20 mg Fe-Zn-Al
LDO could quantitatively adsorb the analytes. Therefore, a
smaller mass (20 mg) of Fe-Zn-Al LDO was chosen based
on cost-effectiveness and environmental friendliness. For an
application in real samples, the pH of ground and surface
waters often ranges from 6.0-8.5. Therefore, the adsorption

Profiles for Predicted Values and Desirability
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Fig. 6 The desirability plots for optimisation of AM and pH for adsorption of (a) Cd(II), (b) As(III) and (¢) Pb(II) on Fe-Zn-Al LDO adsorbent
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process was conducted in the subsequent experiments with
an initial sample pH between 6.5 and 7.0. Also, it was
observed that at pH values above 7, Cd(II) and Pb(II) start
to precipitate in solution.

The predicted optimum conditions were verified by
conducting six replicates of adsorption experiments. The
experimental %R values for As(IIT), Cd(II) and Pb(II) were
99.1+3.1%, 98.94+4.3% and 99.6+4.1%, respectively. On
the other hand, Fig. 6 shows that the predicted %R ranged
from 98.8-103%. The experimental results were within the
predicted %RE range, suggesting that the RSM model was
valid.

3.3 Adsorption isotherm

The effect of metal(loid) initial concentrations on the
adsorption of As(III), Cd(II) and Pb(II) with Fe-Zn-Al LDO
was studied, and the results are shown in Fig. 7. As seen,
the adsorption capacities of Fe-Zn-Al LDO for adsorption
of As(III), Cd(Il) and Pb(II) increased with increasing ini-
tial concentration. They then steadily attained a plateau at
a higher initial concentration. The maximum experimental
adsorption capacities were 225 mg/g, 196 mg/g and 247
mg/g for As(Ill), Cd(IT) and Pb(Il), respectively. The equi-
librium data in Fig. 7 were employed to study the adsorption
behaviour of As(III), Cd(II) and Pb(II) by fitting the data to
Langmuir and Freundlich isotherm models. The respective
parameters are presented in Table 2.

The Langmuir model is based on adsorption homogene-
ity, which is the availability of the monolayer active sites
for uniform adsorption energy without cations interacting
on the adsorbent surface. The Freundlich model is based on
multilayer adsorption, with adsorbate interactions happen-
ing on the heterogeneous adsorbent surface. The values of
n or 1/n are used to represent adsorption parameters like
surface adsorption intensity; the process of adsorption is

300 -

—o—As —=-Cd ——Pb

250

Ce (mg/L)

Fig. 7 Equilibrium data for As(IIl), Cd(II) and Pb(II) adsorption using
Fe-Zn-Al LDO adsorbent. Conditions: MA=20 mg; sample pH=6.7;
sample volume=100 mL; contact time: 30 min

Table2 The summary of the Freundlich and Langmuir models applied
for the adsorption process of As(II), Cd(Il) and Pb(II) with Fe-Zn-Al
LDO

Isotherms As(111) Cd(I) Pb(1I)
Yexperimental (mg/ g) 225 196 247
Freundlich Kp(mg/g) 38.7 29.9 73.7
I/n 0.76 0.75 0.67
R? 0.9400 0.9818 0.9862
Langmuir model Omax (ME/Q) 233 204 256
K; (L/mg) 0.21 0.16 0.42
R? 0.8957 0.9635 0.9672

favoured when 1/n>0, then unfavoured when 1/n>1 and
irreversible for 1/n=1 [43, 44]. Table 2 summarises the
calculated parameters for the isotherm models for As(III),
Cd(II) and Pb(IT) adsorption onto Fe-Zn-Al LDO adsorbent.
The results revealed that the adsorption process favoured
the Freundlich isotherm model with a correlation coefficient
0f 0.9400, 0.9818 and 0.9862 for As(III), Cd(IT) and Pb(Il),
respectively. These results suggested that the multilayer
adsorption of the analytes takes place on the heterogeneous
adsorbent surface-active sites. This might be attributed to
interlayer electrostatic interactions and complexation with
functional groups during the chemisorption on the surface on
the surface of the adsorbent. Furthermore, the values of 1/n
were 0<1/n<1 for all analytes, indicating that the adsorp-
tion of As(Ill), Cd(II) and Pb(Il) is highly favoured. The
results showed that the affinity of Fe-Zn-Al LDO towards
the analytes followed the trend: Pb(I)>As(1I1)> Cd(II).

The performance of the adsorbent for the removal of
As(IIT), Cd(I) and Pb(II) was compared to some other
LDO-based adsorbents, as seen in Table 3. The results
showed that Fe-Zn-Al LDO had higher adsorption capaci-
ties or were comparable to other adsorbents. However, some
adsorbents had very high adsorption capacities compared to
Fe-Zn-Al LDO. This might be due to the functionalisation
of the respective LDO, which leads to multiple steps or the
use of high initial concentrations.

3.4 Adsorption kinetics

The adsorptive removal of As(II), Cd(II) and Pb(Il) with
Fe-Zn-Al LDO was studied by varying times in the 5.0-60
min range while keeping optimum experimental parameters
constant. The adsorption kinetics of Fe-Zn-Al LDO were
unveiled by investigating the effect of the contact time on
the adsorption of As(IIl), Cd(II) and Pb(II) onto the Fe-Zn-
AILDO surface. As seen in Fig. 8, the adsorption of As(III),
Cd(II) and Pb(II) at the initial concentration of 50 mg/L was
taken up rapidly within 30 min. Afterwards, as contact time
increased from 30 to 60 min, the adsorption rate slowed
until the equilibrium was reached at 60 min. The kinetic
data were fitted into kinetics models, pseudo-first order,
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Table 3 Comparison of the maximum heavy metal ion removal capacities with other LDH-based adsorbents

Adsorbent Experimental conditions Adsorption capacity (mg/g) Refs
pH Dosage (g/L) Contact time (min) Initial conc. (mg/L) Cd Pb As

LDO-PC 7 1 180 100 99.5 99.8 [45]
(Mg/Fe)LDO-ASB 5 0.5 1440 40-500 270 408 [46]
Mag-LDO/C 6 1 90 200-400 386 360 [7]
S-FLDO 4 1 720 10-1000 - 870 - [47]
MgAl-LDO@S 2-6 1 720 100 208 632 - [48]
SA-GCN-LDO 6 0.5 60 25 165 - - [37]
MnO2/MgFe-LDO,, 5 1 120 100 - 1063 - [49]
Co-Al LDO/AC 6 2 420 50-600 25.1 [50]
AF-LDO 6 1 1440 1-200 10.4 9.56 12.0 [24]
MgAIl-LDO - 0.25 1440 500 1422 1337 - [51]
MnO,@LDO 5 05 1440 5-100 - - 112 [52]
Mg-Fe-Al LDO 5.7 5 1440 10-100 - - 305 [39]
MG/S-LDO 5 1 30 20-2500 - 656 - [53]
Mg-Al LDO 8.6 5 1440 100 - - 283 [54]
MnO,/MgFe-LDO 2-12 1 5-3960 50 - - 51,0 [55]
Fe-Zn-Al LDO 6.7 0.2 30 1- 50 233 204 256 This study

Magnetic -LDO/Carbon(Mag-LDO/C), sulfate-loaded flower-like LDO (S-FLDO), sodium alginate-graphitic carbon nitride -LDO(SA-GCN-
LDO), Alfalfa biochar-LDO(AF-LDO), magnetic sulfur (S)-doped graphene-like carbon-LDO (MG/S-LDO), LDO- pectin (LDO-PC)

Fig. 8 Adsorption kinetics (a) of
As(IIT) and Cd(IT) and (b) Pb(IT)
onto Fe-Zn-Al LDO. Equilibrium
data for As(III), Cd(IT) and Pb(II)
adsorption using Fe-Zn-Al LDO
adsorbent. Conditions: MA=20
mg; sample pH=6.7; sample
volume= 100 mL; contact time:
30 min
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pseudo-second order, Elovich model and intra-particle dif-
fusion, to understand the mechanism and the rate-determin-
ing step of the adsorption process.

The summarised kinetic model parameters are repre-
sented in Table 4. As shown in Table 4, the correlation of
determination (R?) for As(IIT), Cd(IT) and Pb(II) adsorption
onto the Fe-Zn-Al LDO adsorbent was more consistent with
the pseudo-second-order model than the pseudo-first-order
model. Furthermore, the adsorption capacities of the Fe-Zn-
Al LDO adsorbent estimated from the pseudo-second-order
model for all analytes agreed with the experimental q, val-
ues. Table 4 shows that the pseudo-first-order model also
described the adsorption of As(III) and Cd(II) onto the Fe-Zn-
Al LDO surface since higher R? values were obtained. These
results suggest that electrostatic interaction (in the case of
As(ID)) and ligand exchange (especially Cd(II)) coexist dur-
ing adsorption. However, it is also clear that the adsorption of

Table 4 The summary of nonlinear kinetics model parameters for the
adsorption removal of As(I1I), Cd(IT) and Pb(II) with Fe-Zn-Al LDO

Models Parameters As(III) Cd(II) Pb(II)
Pseudo first order Qe 181 192 97.9
k, 0.11 0.093  0.036
R? 0.9479 09641 0.9063
Pseudo second order Qe 222 196 250
k, 0.0016  0.0024 0.027
R? 0.9879 09795 0.9998
Elovich model o 592 877 2.93x10*
B 0.017 0.018 0.49
R? 0.9028 0.9223  0.9498
Intra-particle diffusion K, 47.4 429 1.50
Kiw 1.46 2.26 0.243
C, 23.6 37.2 240
C, 207 173 246
Rz(l) 0.9930 09943 0.9772
R’ 0.9524 09971 0.9396
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Pb(Il) was strongly driven by chemisorption, and the adsor-
bent proved to have a high affinity toward Pb(II).

The Elovich model was used to understand the adsorp-
tion kinetics behaviour of As(Ill), Cd(Il) and Pb(II) onto
the surface of Fe-Zn-Al LDO. The adsorption of Pb(II) cor-
responded with the Elovich model (R*=0.9498) compared
to other analytes, as seen in Table 4. These findings dem-
onstrate that film, heterogeneous and ion diffusions also
governed the adsorption of Pb(II) in the pores of Fe-Zn-
Al LDO. The intraparticle diffusion was used to state the
rate-determining step for all analytes. The data showed that
As(IIT), Cd(IT) and Pb(II) adsorption occurred in multiple
stages. The intraparticle diffusion graphs of all analytes did
not begin at the origin, suggesting that boundary layer diffu-
sion also affected the As(III), Cd(IT) and Pb(II) adsorption.
Therefore, As(III), Cd(II) and Pb(II) adsorption occurred in
the first boundary layer, and subsequently, the intraparticle
diffusion on Fe-Zn-Al LDO. The C values indicate bound-
ary layer thickness (a significant value of C shows that the
boundary layer has more effect) [56]. Table 4 shows that C
values increased from 23.6-207 mg/g, 37.2—173 mg/g and
240-246 mg/g for As(Ill), Cd(II) and Pb(II), respectively.
These values confirm that the boundary layer step deter-
mines the adsorption removal of As(II) and Cd(II), while
the intraparticle diffusion stage controls Pb(II).

3.5 Adsorption thermodynamics studies

The effect of temperature on the adsorption of As(III),
Cd(II) and Pb(Il) onto Fe-Zn-Al LDO adsorbent was per-
formed to confirm the sorption mechanism. The adsorption
thermodynamic parameters such as standard Gibbs free
energy change (AG®), enthalpy change (AH®) and entropy
change (AS®) were estimated according to previous studies
[57, 58]. Table 5 shows that the AG® values were negative,

Table 5 Thermodynamic parameters for adsorption of As(IlI), Cd(II)
and Pb(Il) onto Fe-Zn-Al LDO adsorbent

Tem- Analytes  Inb AG° (kJ/mol)  AH (kJ/mol)  AS°
perature J/
(K) mol
K)
298 As 021 -239 352 199
Cd 0.16 243 424 223
Pb 042 282 29.6 167
303 As 027 -25.1
Cd 0.19 =251
Pb 047 289
308 As 035 -26.1
Cd 028 —26.5
Pb 0.55 -29.8
313 As 041 -269
Cd 035 275
Pb 0.63 -30.7

indicating the spontaneous adsorption of As(IIl), Cd(II)
and Pb(II) onto Fe-Zn-Al LDO adsorbent. In addition, the
positive AH® and AS° values for all analytes suggest that
the adsorption process was endothermic and resulted in
an increase in randomness (Table 5). These findings were
attributed to structural changes of Fe-Zn-Al LDO adsorbent
[58]. As shown in Table 5, the AH® values were greater than
20.9 kJ/mol, implying that the adsorption of As(III), Cd(II)
and Pb(I) onto the adsorbent involved chemical interac-
tions between the metal(loid) species and the Fe-Zn-Al
LDO material [58].

3.6 The evaluation of Fe-Zn-Al LDO adsorbent for
the removal of As(lll), Cd(ll) and Pb(Il) in real water

The adsorption performance and effectiveness of Fe-Zn-Al
LDO adsorbent were examined in a real water medium to
investigate its practicability and adsorptive removal behav-
iour under real surface water and groundwater conditions.
High concentrations of major cations and anions and high
turbidity characterised all water samples. As(I1I), Cd(Il) and
Pb(II) concentrations in ground and surface water samples
ranged from 1.2-13.4 pg/L, 0.5-3.8 pg/L and 9.3-28.5
pg/L, respectively. The concentrations of As(III), Cd(II) and
Pb(II) were below or above maximum permissible concen-
trations of 10 pg/L, 3 pg/L and 10 pg/L, respectively. When
the adsorbent was applied in unspiked water samples, the
concentrations of As(III), Cd(IT) and Pb(II) after adsorption
were below the detection limits of ICP-OES. Therefore, the
water samples were spiked at concentrations higher than
expected (1000 pg/L). Table 6 shows the removal efficien-
cies of As(III), Cd(IT) and Pb(II) from surface water (streams
and dams) and groundwater (boreholes). As shown, the
removal efficiencies were below>90%, and the relatively
low removal efficiencies might be due to the presence of
major anions, which competed with the target analytes for
the adsorption side. Despite these findings, the results in
Table 6 suggested that the adsorbent can reduce As(III),
Cd(IT) and Pb(II) concentrations in contaminated water to
levels within the maximum permissible concentration for

Table 6 The evaluation of As(II), Cd(II) and Pb(II) adsorption from
real water samples from five different sides in Eastern Cape Province

Sites %Removal efficiency

As(IIT) Cd(1) Pb(1I)
ELX-T 85.3+3.5 88.0+3.6 89.8+3.7
ELX-D 77.4+3.2 753+3.7 78.4+4.1
EMD-D 73.0+4.1 76.1+4.1 80.1+3.9
EMD-ST 75.6+3.5 81.0+£4.2 87.6+3.7
GBV-ST 87.4+4.1 83.6+3.7 88.2+3.7

Eluxolweni tap (ELX-T) water, Eluxolweni dam (ELX-D), Ema-
vundleni dam (EMD-D), Emavundleni stream (EMD-ST), and
Gubevu stream (GBV-ST)
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drinking water sources. Therefore, the synthesised Fe-Zn-
Al LDO materials demonstrate sustainable feasibility in
removing As(IIl), Cd(IT) and Pb(Il) from environmental
water.

3.7 Adsorption mechanism

The possible adsorption mechanism between Fe-Zn-Al
LDO and target metals (loid)s involves the electrostatic
interaction of trace metal cations with the CO;>~ that was
not completely removed during calcination. The mecha-
nism is supported by the increase in intensity of the peaks
around 1400 cm ™!, attributed to the stretching vibration of
the functional groups of CO32- in Fig. 9(a), compared to
the almost insignificant peak in LDO before adsorption
(Fig. 1(a)). The increase in intensity suggests that Cd(II)
and Pb(1I) coordinate to the LDO through the CO;*" func-
tional group. Another major adsorption mechanism is the
“memory effect” because of the reconstruction of LDO
into LDH during adsorption. During reconstruction, LDO
incorporates As(Ill) and CO;>” in the interlayer region,
and the heavy metal cations bind through electrostatic
interaction with the OH groups and CO;>". The recon-
struction of LDO into LDH is confirmed by the increase
in intensity of the peaks attributed to OH, CO,*, and C-O
in Fig. 9(a) compared to Fig. 1(a), which is part of the
double-layered hydroxide structure. Additionally, the for-
mation of the peak attributed to M-OH, which is absent in
the pure LDO (Fig. 9(a)), confirms the formation of Fe-
Zn-Al LDH. The transformation of LDO into LDH was
also confirmed by the formation of (003) and (006) dif-
fraction planes (Fig. 9(b)), which are ascribed to the LDH
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structure, and were absent in the X-ray diffractogram of
Fe-Zn-Al LDO (Fig. 1(b)) [59, 60].

3.8 Regeneration and reusability

The regeneration and reusability of Fe-Zn-Al LDO were
investigated to assess its significant characteristics as a
cost-effective and sustainable adsorbent for practical and
real-world applications. The Fe-Zn-Al LDO recyclabil-
ity was carried out by performing several adsorption—
desorption experiments. The results demonstrated that
the Fe-Zn-Al LDO absorbent had excellent adsorption
performance within the first adsorption—desorption cycles
(Fig. 10). The adsorption capacities for As(II), Cd(II)
and Pb(II) decreased from 234—155 mg/g, 204-121 mg/g
and 257-164 mg/g. The decrease in adsorption capacity
through repeated adsorption—desorption cycles could be
attributed to the disappearance of the memory effect with
increasing adsorption—desorption cycles [61]. Although
the adsorption efficiency of the Fe-Zn-Al LDO absorbent
decreased with increasing adsorption—desorption cycles,
its simple preparation, environmental friendliness, and
cost-effectiveness make it an effective adsorbent.

4 Conclusion

This study successfully synthesised a low-cost and highly
effective Fe-Zn-Al LDO material from Fe-Zn-Al LDH as
a precursor via the calcination technique. The successful
synthesis of the adsorbent was confirmed by FTIR, XRD,
SEM-EDS and TEM, among others. Under optimum
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Fig.9 FTIR spectrum and X-ray diffractogram of Fe-Zn-Al LDO post adsorption of As(III), Cd(Il) and Pb(II)
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Fig. 10 The regeneration and reusability of the Fe-Zn-Al LDO adsor-
bent for the adsorption of (a) As(III), (b) Cd(II) and (¢) Pb(II). Experi-
mental conditions: adsorbent dose=20 mg, pH=7.0, 50 mg/L metal

conditions, the kinetic and equilibrium isotherm studies
revealed that the adsorption of As(Ill), Cd(II) and Pb(II)
was chemisorption on a heterogeneous surface of Fe-Zn-Al
LDO material. In addition, the adsorption data showed that
the affinity of Fe-Zn-Al LDO adsorbent towards the target
analytes was Pb(Il)>As(III)>Cd(II). Langmuir isotherm
model estimated the adsorption capacities of Fe-Zn-Al LDO
adsorbent for As(IIT), Cd(IT) and Pb(II) to be 233 mg/g, 204
mg/g and 256 mg/g, respectively. Fe-Zn-Al LDO adsorbent
proved promising for removing As(III), Cd(II) and Pb(II)
from surface water and groundwater collected in villages of
the Eastern Cape in South Africa.
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