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The optimization, determination of significant factors and interactions between factors of
the solid phase extraction method for the enrichment of lead and cadmium in water us-
ing P — Zr0,Ce0,Zn0 nanoparticles/alginate beads was evaluated using Half factorial and
Taguchi designs as response surface methodologies in this study. Methods. The beads were
characterized using Fourier Transform Infra-Red spectroscopy, Brunauer-Emmet-Teller anal-
ysis, Scanning Electron Microscopy and Powder X-ray Diffraction. The amount of adsorbent
(50, 100, 150 mg), sample volume (10, 50, 100 mL), eluent volume (10 mL), sample pH (3,
6, 9), eluent concentration (0.5, 1.0 and 2.0 M) and sample flow rate 2 rpm and eluent
flow 3 rpm were used during the optimization experiments. The Half factorial design was
used to screen for the most significant variables and the Taguchi design was then used
to optimize the screened significant variables. Findings The sample volume was the most
significant variable for cadmium recovery at p = 0.05. Interactions were noted between
sample volume and sorbent dosage, sample volume and pH as well as sorbent dosage and
pH. The method was validated by spiking cadmium and lead into borehole and well water
samples. The recoveries for metal ions ranged from 57.0 -147.70% for cadmium and 33.12-
116.5% for lead, limits of detection were 0.0297 ng/L for cadmium and 0.1022 ng/L for lead.
This method exhibits potential for the enrichment of lead and cadmium from water sam-
ples.
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Introduction

Potentially toxic elements are non-biodegradable, aggregate and stable compounds which pollute the environment. Aser-
nic, cadmium, chromium, mercury, nickel, and lead are the most dangerous metals which are potentially toxic elements
[21]. Cadmium is a non-essential metal which is highly toxic at very low exposure levels. It is released into the environment
through forest fires, volcanic eruptions, sea sprays, welding, mining, cigarette smoking and refineries [23]. It has a wide
range of toxicities on respiratory, renal and nervous systems. Cadmium is also said to be carcinogenic in large doses [17,9].
The maximum permissible limit for cadmium in drinking water according to WHO guidelines is 0.003 mg/L. Lead is highly
toxic at low concentration. Long-term exposure of the body to lead at low concentration results in accumulation due to its
low rate of excretion. Lead accumulation in the body can cause blood and brain disorders as well as serious nervous system
disorders [9]. The maximum permissible limit of lead in drinking water according to WHO guideline is 0.01 mg/L [42].The
concentration of cadmium and lead in the majority of samples is usually around the detection limit of the most sensitive
analytical techniques. Accurate determination of these metals is a very important goal for analytical chemists, hence the
aim of most researchers is to improve the analytical potential of the different analytical techniques [25]. Cadmium and lead
has been determined quantitatively using Voltammetry [18], Electrothermal Atomic Adsorption Spectrometry (ETAAS) [37],
Square Wave Anodic Stripping Voltammetry (SWASV) [4,24], Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [28],
High Resolution Continuum Source Graphite Furnace Atomic Absorption Spectrometry [47], Anodic Stripping Voltammetry
[19], Flowing Liquid Anode Atmospheric Pressure Glow Discharge OES [12] among other methods. ICP-MS is the most power-
ful method due to its wide dynamic linear range, low limits of detection, multielement/isotope analysis capability and little
mass interference. However, the application of ICP-MS for direct trace and ultra-trace metal analysis suffers from matrix ef-
fects and in some cases the target metal concentration is lower than the instrument detection limits. Hence the appropriate
sample pre-treatment process is necessary prior to ICP-MS detection for the enrichment of target elements and removal of
interfering sample matrix [16]. Lead and cadmium has been enriched using Solid Phase Extraction [8], Reverse Phase Dis-
persive Liquid- Liquid Microextration [35,29], Ultrasound-Assisted Surfactant Enhanced Emulsification Microextration [44],
Liquid Phase Microextration [22], Mixed Cloud Point/Solid Phase Extraction [31]. Solid phase extraction is the ideal method
for sample preparation since it involves enrichment, extraction and clean up procedures being performed in simple multiple
steps. The advantages of micro solid phase extraction include low sample consumption, high concentration factors, excellent
reproducibility, simplicity of operation and short extraction time [11,36]. One of the most challenging parts of solid phase
extraction is the development of innovative micro-extraction sorbents which meets many requirements such as selectivity,
stability, low costs, repeated use and versatility [15].

Many studies have employed one-factor at a time (OFAT) method to determine the sample sizes and testing proce-
dures, regardless the economic issues and the weakness of this method in examining interaction effects of variables. The
shortcomings of OFAT can be overcome by using Response surface methodology (RSM) which is comprised of statistical
procedures applied to determine the optimum conditions for experimental conditions by considering the lowest numbers
of experiments. The advantages of RSM are minimal numbers of experiments, less chemicals are consumed and less cost
[3].The RSM also generate mathematical models that permits the assessments of the relevant interaction effects and statis-
tical significance of factors [32]. The Taguchi experimental design is based on the application of orthogonal arrays which are
employed to minimize the number of experiments to be performed and they are useful for identifying the effect and the
importance of the factors on the response variable of the experimental design [39].

Considering the benefits of RSM and also that no study was carried out for enrichment of cadmium and lead using novel
P — Zr0,Ce0,Zn0 nanoparticles/alginate beads the objectives of the study were as follows; i) synthesis and characterization
of P —Zr0,Ce0,Zn0 nanoparticles/alginate beads ii) optimization of the enrichment process using the Taguchi experimental
design iii) determination of significant factors and interaction between factors such as the amount of adsorbent, sample
volume, eluent volume, sample pH and eluent concentration.

Materials and methods
Materials

The chemicals and reagents used in this study were analytical grade and utilized as received without further purification.
Zirconyl chloride octahydrate 99.5% (Riedel-De-Haen, AG), zinc nitrate hexahydrate 99.5% (Merck, RSA), cerium sulphate tetra
hydrate 98% (Merck, RSA) cadmium chloride hydrate (Sarchem, RSA), lead nitrate (Skylab’s, SA), phenol (91%) (Riedel-de-
Haen, AG), methanol (Avonchem, UK), propan-2-ol (ACE, RSA), phosphoric acid (Merck, RSA), sodium hydroxide (Glassworld,
RSA), hydrochloric acid, nitric acid (Merck, RSA), calcium chloride (Merck, RSA) sodium alginate (Sigma Aldrich USA), were
used throughout the study.

Preparation of P — Zr0,Ce0,Zn0 nanoparticles/alginate beads
The P — Zr0,Ce0,Zn0 nanoparticles were prepared by mixing 0.05 M Zirconium oxide chloride 8 hydrate, 0.05 M Cerium

sulfate tetra hydrate, 0.05 M Zinc nitrate hexahydrate and an aqueous extract of Flacourtia indica plant leaves which acted as
the reducing agent. The metal salt to plant extract ratio was 1:4 at pH 9.0 and the metal ion plant mixture was heated until
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the colour changed from brown to beige to brown again upon production of P — Zr0O,Ce0,Zn0 nanoparticles. The nanoparti-
cles were recovered using centrifugation at 5000 rpm followed by oven drying at 100 °C . The nanoparticles were calcined
in a muffle furnace (Carbolite, England) at 900 °C for 3 h. The alginate beads were produced by mixing 100 mL of 2%
w(v sodium alginate with 1 g of P — Zr0,Ce0,Zn0 nanoparticles using a magnetic stirrer (Stuart Scientific), for four hours
and the mixture was dropped into 1 M calcium chloride using a burette to form 1%, P — ZrO,Ce0,Zn0 nanoparticle/alginate
beads. The beads which formed were cured in 2 M calcium chloride solution for 12 h at room temperature. The obtained
P — Zr0,Ce0,Zn0 nanoparticle /alginate beads, were oven (Biobase, China) dried at 100 °C for 12 h to induce shrinking.

Characterisation of the P — ZrO,Ce0,Zn0 nanoparticles/alginate beads

The functional groups responsible for enrichment of the metal ions were characterised using an Attenuated Total Re-
flectance Fourier Transform -Infra Red Spectrometer (ATR-FTIR) (Thermo-fisher scientific) operated at an average of 16 scans,
a resolution of 2 cm~! and scanning from 4000- 400 cm~!. The beads were dried after enrichment reactions before being
subjected to FTIR analysis. A D2 Phaser Powder X-Ray Diffraction (P-XRD) (Bruker, Germany), was used to determine the
crystallinity of the beads with Cu K («x=1.5406) radiation. The scanning mode used was continuous with a scanning range
2 0 from 10 - 90 ° Samples were ground into fine powder and placed on sample holder. The surface area was also de-
termined by BET surface area analysis. A 300 mg quantity of the beads was used for analysis. Relevant information was
obtained as follows. A plot of pore size versus incremental pore volume gave pore size distribution. A plot of pore size ver-
sus pore volume gave total pore volume. The surface areas and total pore volumes of the beads were also obtained. The size
of the nanoparticles was determined using a Transmission Electron Microscope (TEM) (Tecnai F20, FEI USA) operated at an
accelerating voltage of 200 kV. The morphology and shape of the beads was characterized using a Scanning Electron Micro-
scope (SEM, Zeiss Auriga Germany) at an accelerating voltage of 200 V. The beads were deposited on electron microscopy
grids operated at an accelerated voltage of 200 V with scanning mode and observed. For the determination of the metals
concentration in P — Zr0,Ce0,Zn0 nanoparticles/alginate beads, a weighed amount of the beads was dissolved in 20 mL of
1 M nitric acid [hydrochloric acid and boiled until minimum volume was left. The sample was toped up to 25 mL using
deionized water and filtered before analysis using Inductively Coupled Mass Spectrometer (ICP-MS 7900) (Agilent, Australia).

Syringe solid phase extraction procedure

Glass wool was used to cover the bottom of the 5 mL syringe and a weighed amount of P — Zr0,Ce0,Zn0O nanoparti-
cle/alginate beads was loaded and covered with glass wool. The beads and glass wool were prewashed using 0.1 M nitric
acid and deionized water before loading the sample. A peristaltic pump (Eyela, Japan) was used to drive the solutions
through the syringe column. A model solution consisting of 10 pg/L of lead and cadmium was prepared using deionized
water and the pH was adjusted using 0.1 M nitric acid and 0.1 M sodium hydroxide. The pH of the model solution was
monitored using a pH meter (Adwa AD1020-Romania). In this study a Half Factorial Design experimental design was used
as a screening step to determine the significant variables. The Taguchi design was used to optimize of the significant vari-
ables. The amount of adsorbent (50, 100, 150 mg), sample volume (10, 50, 100 mL), eluent volume (10 mL), sample pH
(3, 6, 9), eluent concentration (0.5, 1.0 and 2.0 M) and sample flow rate 2 rpm and eluent flow 3 rpm were used during
the optimization experiments. Recovery studies using real samples were used to assess the extraction efficiency from the
syringe column. The retained metals were eluted using nitric acid from the syringe column and diluted in a ratio of 1 mL
of eluted sample to 10 mL of nitric acid prior to ICP-MS analysis. [46]. Each experiment was repeated twice to obtain re-
producible results. ANOVA was used to determine the effect of parameters on sorption. The optimum eluent concentration
was investigated by passing 10 mL of 0.5, 1.0, 2.0 M nitric acid through the loaded column and the one with the high-
est desorption was used as the eluting acid. For adsorption/desorption studies, the adsorbent was washed using nitric acid
before being used again for a new cycle of extraction. The Extraction recovery (ER%) was used to investigate the effect of
desorption conditions on the release of the metals from the surface of the beads. The optimized procedure was applied for
the recovery of cadmium and lead from spiked well and borehole water samples. The water samples were collected in clean
plastic containers followed by filtration using a 0.45 pm filter paper and acidified using 1 M nitric acid. The water samples
were stored at 4 °C prior to analysis.

The Extraction recovery (ER%) was determined using the ratio of eluted concentration to the initial concentration as
shown in Eq. (1),

o _ CdesXVdes
ER% = meo (1)

Where Cyes. Co, Cges, Vages and Vpare the analyte concentration in the extraction solvent, analyte concentration in the sam-
ple, extraction solvent volume and sample volume.

Adsorption studies

The adsorption capacity of P — Zr0,Ce0,Zn0O nanoparticles/alginate beads was determined using batch studies on an or-
bital shaker. Equilibrium adsorption experiments were carried out with initial concentration ranging from 10 to 100 mg/L,

3
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Fig. 1. The FT IR spectrum of a P — Zr0,Ce0,Zn0 nanoparticles/alginate composite a) before and b) after enrichment.

dosage 150 mg, volume 100 mL and pH 7. The solutions were filtered using a 0.45 um filter paper after reaching equilibrium
and quantified using an ICP-MS spectrometer. The adsorption capacity at different concentrations was determined using the

Eq. (2),
(G -Ce)

Qe = m (2)

Where ¢, is the adsorption equilibrium capacity (mg/g), v is the solution volume (L), m is the amount of the
P — Zr0,Ce0,Zn0 nanoparticles/alginate beads in grams, C, and Ce are the initial and equilibrium concentration of cadmium
and lead in mg/L.

Result and discussion

The FT-IR spectrum of P — ZrO,Ce0,Zn0 nanoparticles/alginate beads before and after sorption is shown in Fig. 1. The
spectrum of 1 % P — Zr0,Ce0,Zn0 nanoparticle/ alginate beads (Fig. 1a) shows an “O — H band”, at 3332 cm~! [30,2], “C— 0O
stretching of amide”, at 1601 cm~!, “C — N stretching of amines at 1127 cm~! [20] and a “C — O — C saccharide stretching”,
of alginate at 1061 and 1018 cm~! [10]. After sorption (Fig. 1 b) the “O — H band”, shifts to 3231 cm~!, “C— O group”
remained at 1601 cm~!, “C — N group”, shift to 1111 cm~! and the “C — O — C group”, shifts to 1027 cm~! . The vibration
bands of nanoparticles Ce-0-C at 712 cm~! [6], Zn-O stretching mode at 508 cm~! [13] and Zr-O at 493 cm~! [14,7] were
totally absent after sorption. The bands which shifted or were totally absents was due to interactions between lead and
cadmium with the sorbent indicating that the groups which shifted may have participated in enrichment on a minor scale.

The BET surface area of the P — Zr0,Ce0,Zn0 nanoparticles/alginate beds was determined using BET N, adsorption-
desorption isotherms. Inclusion of the “P — Zr0,Ce0,Zn0 nanoparticles”, into the calcium alginate beads increased their
surface area from 4.38 to 7.33 m2g~!, micropore area from 0.51 to 3.82 m2g~!, and external surface area from 0.34 to 3.50
m2g1.

The size of the “P — Zr0,Ce0,Zn0 nanoparticles”, was determined by Transmission Electron Microscopy imaging as shown
in Fig. 2a) and b) and they ranged from 0.1 - 4.53 nm. The average nanoparticle particle size was 0.25 nm. The shape of the
nanoparticles was irregular to cubic in morphology. The morphology of “P — Zr0,Ce0,Zn0 nanoparticles/alginate beads”, was
determined using Scanning Electron Microscopy as shown in Fig. 2c) and the nanoparticles within the alginate beads were
found to be cubic in shape with clusters in some places. The crystallinity of the of P — Zr0,Ce0,Zn0 nanoparticles/alginate
beads was determined using a D2-Phaser Powder X-ray Diffractometer. The diffraction pattern of the beads is shown in
Fig. 2d and the pattern suggests that the material is amorphous. This suggested that the nanoparticles did not retain their
original structure. The nanoparticle structure was disturbed by the polymeric alginate structure.

The amount of metals incorporated into the nanoparticles and nanoparticles encapsulated into alginate were determined
by ICP-MS. The results show that the nanoparticles were successfully incorporated in the alginate beads. The amount of zinc,
zirconium and cerium in mg/g were 6363.2, 3458.48 and 2957.64 in P — Zr0,Ce0,Zn0 nanoparticles and 622.73, 360.74 and
395.14 in 1% P — Zr0,Ce0,Zn0 nanoparticle/alginate beads respectively.

4
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Fig. 2. a) TEM image, b) particle size distribution of P — Zr0O,Ce0,Zn0 nanoparticles c) SEM image of P — ZrO,Ce0,Zn0 nanoparticles/alginate beads d) The
XRD pattern of P — Zr0,Ce0,Zn0 nanoparticles/alginate beads.

Table 1a
Langmuir, Freundlich, D-R and Temkin isotherm parameters.
Langmuir Freundlich D-R Temkin
Q B KF Xm KoL E Kr
(mglg)  (Lmg) R (mglg) n R (mg/g) Mo/  (KJ/mol) R (Lig) BJ/mol R
Cd 1.277 -0.045 0.953 0.618 0.749 0.985 62.89 4.28 0.34 0.99 -35.2 24.01 0.97
lead 0.13 -0.011 0.94 8.861 0.89 0.975 292.93 —0.015 0.12 0.96 8.39 27.67 0.93

The Langmuir, Freundlich, Temkin and Dubinin Radushkevich isotherm model parameters are shown in Table 1a.

Adsorption equilibrium studies

The performance of a sorbent in enrichment studies was evaluated by determining the adsorption capacity which es-
tablishes how much sorbent is required to quantitatively concentrate the metals from aqueous matrices. The adsorption
equilibrium studies were determined by varying the Cd and lead concentration from 10 - 100 mg/L, the sample volume was
kept at 100 mL, the optimum pH was 7, the adsorbent dosage was 150 mg of P — Zr0O,Ce0,Zn0 nanoparticle/alginate beads.
The maximum adsorption capacity was determined by fitting the adsorption data into Freundlich, Langmuir, Temkin and Du-
binin Radushkevich models (See Table 1a). The fitness of the isotherms was judged using the correlation coefficient RZ, The
maximum adsorption capacity was 62.89 mg/g for cadmium and 292.93 mg/g for lead according to the Dubinin Radushkevich
equation. Cd fitted the Dubinin Radushkevich equation with R = 0.992 and represented by Eq. (3),

Ing. =1In4.26 +0.068 2 3)
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Fig. 3. Pareto chart for the effects on flow, dosage, pH, sample volume, eluent flow rate and eluent concentration on extraction recovery of (A)cadmium
and (B) lead.

and sorption mechanism was mainly physical in nature. Lead fitted into the Freundlich isotherm model with R = 0.975 and
represented by Eq. (4),

1
Inge =In2.18 + 12InC. (4)

Screening of significant factors for cadmium and lead extraction

A Half factorial design, with 8 runs using Minitab 18 was used to screen for the significant variables which affect the
removal efficiency of cadmium and lead from water. The optimized variables included sample flow rate, dosage, pH., sample
volume, eluent flow rate and eluent concentration.

A Pareto chart, (Fig. 3) was used select the significant variables for cadmium recovery according to their estimated
effects. Each variable which exceeded the reference line was considered to be significant at 95% confidence interval. The
sample volume was found to be the most significant variable for cadmium recovery and the other variables were insignif-
icant. The other factors were kept constant in subsequent experiments. In this case of lead, no variable was found to be
significant at 95% confidence interval. Sample volume was significant for cadmium not lead because sample volume for
cadmium experience most interactions with other factors such as pH and dosage whereas lead experience few interactions.

Optimization of the significant extraction conditions for cadmium and lead using the Taguchi design

Optimization of the significant variables was carried out using the Taguchi experimental design and included 16 runs
in order to determine the varied variables which are sample volume, dosage, and pH and eluent concentration. The model
to predict the enrichment factor of cadmium and lead is shown in Eq. (5) & (6) respectively. A positive value indicates
enhancement and a negative value vice versa.

EF cadmium = —1.59 + 0.0435 V — 0.0249 D + 1.115 P + 0.000432 V2 + 0.000109 D2
—0.0989 P2 —0.000287 VD — 0.00438 VP + 0.00175 DP (5)

EFlead = 14.1 +0.395V +0.019 D — 4.94 P + 0.00382 V2 + 0.000055 D2 + 0.555 P2
—0.00223 VD — 0.0908 VP + 0.0085 DP (6)

Where V is sample volume, D is sorbent dosage, P is pH of the solution.
Evaluation of significant factors and interactions using analysis of variance (ANOVA)
In order to test the probable interactions between variables and important effects , ANOVA was carried out using Minitab

18 and the probability values less than 5% indicated statistical significance at 95% confidence level. In this case the linear
model and sample volume were statistically significant parameters. The coefficient of determination (R?) for the model is
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Table 1
Anova table for the Taguchi model for optimization of enrichment of lead from water samples.

Source DF Adj SS Adj MS F-Value  P-Value

Model 9 906.18 100.687 1.48 0.327

Linear 3 220.96 73.655 1.08 0.426

sample volume 1 55.89 55.893 0.82 0.400

dosage 1 18.22 18.219 0.27 0.624

pH 1 115.24 115.236 1.69 0.241

sample volume*sample volume 1 137.45 137.446 2.02 0.205

dosage*dosage 1 0.22 0.215 0.00 0.957

2-Way Interaction 3 215.37 71.791 1.05 0.435

sample volume*dosage 1 67.41 67.408 0.99 0.358

sample volume*pH 1 204.83 204.827 3.01 0.134

dosage*pH 1 4.91 4.908 0.07 0.797

S R-sq. R-sq.(ad) R-sq. (predicted)

8.25452 68.91  22.28% 0.00%

Table 2
Anova table for the Taguchi model for optimization of enrichment of cadmium from water samples.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Model 9 37.46 0.92 37.46 4.16 7.26 0.013
Linear 3 30.12 0.74 14.00 4.67 8.14 0.016
sample volume 1 28.80 0.70 11.30 11.30 19.71 0.004
dosage 1 1.14 0.03 1.54 1.54 2.68 0.152
pH 1 0.19 0.00 0.51 0.51 0.90 0.38
Square 3 5.82 0.14 5.13 1.71 2.98 0.118
sample volume*sample volume 1 2.51 0.06 1.76 1.76 3.07 0.13
dosage*dosage 1 0.74 0.02 0.86 0.86 1.50 0.266
pH*pH 1 2.57 0.06 2.50 2.50 4.37 0.082
2-Way Interaction 3 1.52 0.04 1.52 0.51 0.88 0.501
sample volume*dosage 1 0.79 0.02 1.12 1.12 1.95 0.212
sample volume*pH 1 0.52 0.01 0.48 0.48 0.83 0.397
dosage*pH 1 0.21 0.01 0.21 0.21 0.36 0.57
Error 6 3.44 0.08 3.44 0.57
Total 15 40.90 1.00
S R-sq. R-sq.(adjusted) PRESS R-sq.(predicted)
0.757152 91.59% 78.97% 42.478 0.00%

0.9159 implying the model can explain 91.59% of the observed variation in the experimental results by changing variables of
the modelled parameters. ANOVA was used to test the significance of the Taguchi design model for lead and cadmium and
the the results are presented in Table 1 and 2 respectively. In the case for the enrichment of lead, the values of p were above
5% at 95% confidence interval meaning that they were not statistically significant at selected variables. Hence enrichment of
lead is independent of any change in variables and can be carried out under any conditions. However, for the enrichment of
cadmium, the effect of the sample volume was statistically significant as well as the model itself.

Main effects of sample volume, dosage and pH on the enrichment of cadmium and lead using P — ZrO,Ce0,Zn0O
nanoparticles/alginate

The sample volume is an important parameter in enrichment studies since high enrichment factors are desirable when
analysing trace metals in real samples. There was an exponential increase in enrichment factor for cadmium (Fig 4a) when
sample volume changed from its lowest level to its highest level assuming all other factors were kept constant. There was a
decrease at first followed by an increase in enrichment factor for lead (Fig 4b) when sample volume changed from its low
to its high level assuming all other factors were kept constant. The use of a large sample volume allowed for the enrichment
factor to be improved in this case; hence the 100 mL sample volume was selected as the optimum in this study. Further
higher volumes were avoided since they require larger amounts of adsorbents and requires more eluent and elution time
for desorption.

There was a decrease in enrichment factor for lead and cadmium when the sorbent dosage changed from its low level to
its high level when all other factors were kept constant. When the amount of adsorbent increases in solid phase extraction
experiments desorption of the analytes attached to the adsorbent becomes difficult and therefore it is necessary to use a
higher eluent volume which results in a decrease in sensitivity and extraction efficiency [40]. The extraction efficiency does
not increase with an increase in dosage because the concentration of the metal ions are kept constant [45].

A gradual increase in enrichment factor for cadmium under acidic conditions followed by a decrease from pH 6 was
observed when pH changed from pH 3.0 to 9.0 when all the other factors were kept constant was observed. There was
a decrease in enrichment factor for lead when pH changes from pH 3.0-9.0 when all other factors were kept constant.
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Fig. 4. The main effect of sample volume, dosage and pH on the enrichment factor of (A) cadmium and (B) lead.

1 - 1
Pb™ PbOH"
09 0.9
0.8 0.8
L T
0.7 5 0.7
06 | g 0.6
c c
Sos | S 05
g 3
& 04} T 04
0.3 0.3
0.2 0.2
Pb(OH),
0.1 (OH): 0.1
0 0
2 3 4 5 6 7 8 9 10 11 12 6 7 8 9 10 1 12 13 14
pH pH

Fig. 5. Distribution of lead hydroxide and cadmium hydroxide at various pH.

Sorption of lead was found to be high at low pH. The uptake of the metal ions was affected by which ions is sorbed at a
particular pH as shown in Fig. 5, hence in this case the lead (II) was the dominating ion for lead. In basic solution hydroxide
ions may form complexes with the metal ions and precipitate them whereas in acidic solutions protonation of binding sites
of chelating molecules may also occur thereby affecting the enrichment of the lead and cadmium [41].

Optimum conditions were obtained using the Half factorial design and the levels which produced the highest enrichment
factors with few interactions were selected as the optimum conditions

Evaluation of the most significant factors and interactions using response surface, methodology and interaction plots

The enrichment factor increased with enhancing sample volumes whereas an increase in sorbent dosage resulted in
a decline in enrichment “factor,” and this was due to the sample reaching equilibrium earlier as shown in surface plots in
Fig. 6. The enrichment factor was enhanced when an increase in sample volume from 5 to 100 mL was carried out. When pH
was increased for the same experiment, the enrichment factor decreased due to analytes and surface properties of sorbent
being affected such that they favour or hinder sorption, as shown in surface plots in Fig. 6. When the adsorbent dosage was
increased from 50 mg to 150 mg, it resulted in a decrease in enrichment factor due to the early attainment of equilibrium.
An increase in pH resulted in enhanced enrichment factor up until neutral pH and the enrichment factor started to decline
thereafter because the forms of analytes and sorbent surface chemistry changes as pH changes favouring either uptake or
inhibition.

Interactions occurred between sample volume and dosage as shown in Fig. 7. Interactions were observed at sample
volume below 30 mL for both cadmium (Fig. 7a) and lead (Fig. 7g). Interactions were also experienced for dosages above
80 mg for cadmium (Fig. 7c) whereas for lead they were observed below 40 mg and above 100 mg (Fig. 7i). Interaction
occurred between sample volume and pH for sample volume less than 30 mL and above 70 mL for cadmium (Fig. 7b);
and only below 50 mL for lead (Fig. 7h). Interactions were also observed below pH 5 and above pH 7 for lead (Fig. 7k).
Interactions were observed for dosage below 50 mg for cadmium (Fig. 7b) and above pH 7 for cadmium (Fig. 7f).
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Fig. 6. The surface plots for sample volume, dosage and pH against enrichment factor of A) lead and B) cadmium.
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Fig. 7. The “Interaction plots,” for sample volume, dosage and pH against enrichment factor for lead and cadmium.

Effect of 1%, 5% and 10% phenol and propan-2-ol on recovery of lead and cadmium

Metals and other coexisting ions associated with heavy metals show interferences in the presence of some heavy metal
ions. The interferences occurs as the metal ions participates in redox reactions, formation of precipitates and complexation
reactions [1]. The effect of anions and metals have been investigated by several authors and results show that metals in-
teractions are mainly antagonistic [26]. The effect of organic contaminants has been rarely investigated hence in this study
the effect of alcohols on recoveries of cadmium and lead metals was determined by varying the concentration from 1%, 5%,
10% phenol and propan-2-ol at pH 7, sorbent dosage 50 mg and 10 pg/L cadmium and lead concentration and the results
are shown in Fig. 8. Phenol enhances cadmium and lead recovery at low concentrations up to 5% and depresses recovery at
high concentrations. Propanol enhances recovery at low concentrations and depresses recovery at 5 and 10%. High alcohols
concentration depress recovery due to enhancement of bonding between sorbent and metal ion.

The desorption cycles for the recovery of cadmium and lead from water samples.

Five adsorption-desorption cycles were carried out in order to assess the effectiveness of the sorbent to recover cadmium
and lead from water samples as shown in Fig. 9. The extraction recovery of cadmium and lead are almost constant for 4
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Fig. 9. cadmium and lead adsorption desorption cycles.

cycles however it is depressed at the 5th cycle. The lower recovery values may be due to strong adsorption which hinders
the desorption step leading to a decrease in the recovery values [27].

Analytical performance

Six calibration standards ranging from 0 - 1,000,000 ng/L were used to determine the linearity of the method. The fit
of the calibration points was determined using linear regression. Five extractions of 50,000 ng/L cadmium and lead water
samples were used to determine method precision (repeatability) by calculating the relative standard deviation. The limit
of detection (LOD) is defined as 3 Sb/m and the limit of quantification LOQ is defined as 10 Sb/m where Sb is the standard
deviation of the blank signals and m is the slope of the calibration curve. The results of the acceptance criteria are shown
in Table 3.

Analytical applications

The validation of the proposed procedure was determined by carrying out addition recovery experiments on real water
samples and the results are shown in Table 4. It was done by spiking real samples from well and borehole water with metal
ions and recoveries were calculated using Eq. (7). Spiking was done at three different “levels,” namely 1.0, 5.0 and 10 pg/L
for each metal ion. The borehole water sample was collected at in Avondale, Harare and the well water sample was collected

10
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Table 3
Results of acceptance criteria for the analysis.
Parameter Results
cadmium lead

Range of linearity 0-1,000,000 ng/L 0-1,000,000 ng/L

LOD mg/L 0.0297 ng/L 0.1022 ng/L
LOQ mg/L 0.09902 ng/L 0.3407 ng/L
R? 0.9978 0.9981
Precision 5.83 9.14
Recovery (ER)% 57.0 —147.70 33.12- 116.5
Table 4
Recoveries for well water and borehole water.
Well water Borehole water
Added Found Recovery% Added Found Recovery%
ng/L pg/L pg/L pg/L
lead 0.00 —0.774+4.342 0.00 0.21+4.147
1.00 0.08+0.315 8.0 1.00 0.98+1.071 77.01
5.00 0.88+0.116 17.6 5.00 4.59+0.234 87.6
10.00 10.88+1.922 108.0 10.00 7.88+1.3115 76.7
cadmium 0.00 0.29+2.09 0.00 1.46+1.269
1.00 2.22+0.314 193.0 1.00 2.03+0.655 57
5.00 6.01+0.084 114.4 5.00 4.25+0.311 55.73
10.00 15.06+0.905 147.70 10.00 11.824+0.305 103.55

Table 5
The comparison the presented enrichment study with some previously published enrichment studies.
Sorbent Metal ions Determinationmethod LOD Precision% Recovery (%) REF
P —Zr0,Ce0,Zn0 cadmium ICP-MS 0.03 ng/L 5.83 57.0-147.7 This
nanoparticles @ alginate lead 0.102 ng/L 9.14 33.12-116.5 study
beads
3D-printed column with manganese, cobalt, ICP-MS 0.2- 94.3-98.5 [5]
porous PA6 monolithic coppetr, zinc, 7.7 ng/L
packing cadmium and lead
Iminoacetate cadmium ICP-MS 2.7 pM 4.1 92.2 [33]
lead 1.5 pM 5.5 97.6
Fe;0,@Si0, @PCN-224 lead, zinc, ICP-MS 0.94- 84.0-110 [43]
(MPCN-224) chromium, 11.4 ng/L
bismuth
Hyper branched grapheme cadmium ICP-OES 1.8 ng/L <5 98-104 [1]
oxide immobilized polystyrene lead 1.5 ng/L
spherical sorbents
Fe30,4@Si0; cadmium FAAS 5.8 95-104 [38]
lead 0.05 ng/ml 6.0
0.9 ng/ml
Thermophilic bacteria cadmium ICP-OES 3.8 94.9 [34]
“Geobacillus galactosidasius,” lead 0.06 ng/ml 2.8 95.6
loaded on magnetic 0.07 ng/ml
nanoparticles

from Retreat farm in Waterfalls.
C — G

Recovery % = .

(7)

where “Cs" concentration of analyte in the spiked sample, “ Cp" concentration of metal ions in the unspiked water sample
and “s,” is amount of standard spiked.

Comparison with other methods

The analytical performance of the method was compared with other reported methods as shown in Table 5 and it com-
pares well in terms of very low LOD. However, the high values for precision of lead enrichment suggest that further work
on the sorbent metal uptake properties is needed to improve its efficiency.

1
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Conclusion

This study shows the feasibility of enrichment of cadmium and lead on P — ZrO,Ce0,Zn0 nanoparticles/ alginate beads
prior to ICP-MS determination. The synthesized beads were amorphous in nature. Cadmium uptake followed the Dubinin
Radushkevich isotherm model and Pb uptake followed the Freundlich isotherm model. The significant variable for cadmium
enrichment at 95 % confidence interval was sample volume. The optimum conditions for enrichment of cadmium and lead
were sample volume was 100 mL and pH 4. Phenol enhanced cadmium and lead enrichment at low concentrations up to
5% and at high concentrations it depressed enrichment. High sample volume, low sorbent dosage and acidic pH favoured
enrichment of both cadmium and lead. The obtained LOD was comparable with other methods from literature. The range
of linearity was between 0 and 1,000,000 ng/L, limits of detections were 0.027 and 0.1022 ng/L for cadmium and lead
respectively, precisions were 5.83% and 9.14% for cadmium and lead respectively. The beads show great potential for use
during enrichment of cadmium and lead from water.
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