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ABSTRACT

Surface water from springs, rivers, and dams is often used as an unconventional drinking water source in rural areas where
potable water is often unavailable. However, this practice carries significant health risks due to potential contaminants. In this
study, the concentrations of arsenic (As) and chromium (Cr) were assessed seasonally using graphite furnace atomic absorption
spectrometry (GFAAS). Highly dispersed Fe;O, nanoparticles were synthesized, characterized, and utilized as adsorbents to
remove As and Cr ions from various water matrices. The removal process was optimized by adjusting the mass of the nanoparticles,
pH levels, and sonication time. To further understand the adsorption process, adsorption isotherms and kinetics were conducted.
Physicochemical properties such as pH, electrical conductivity, and total dissolved solids were seasonally evaluated. The average As
concentrations were in the range 0f13.3-46.8 ug/L, while Cr was in the range of 1.02-5.04 pg/L. Expectedly, higher concentrations of
As and Cr were observed in summer when there was intense precipitation, and the lowest concentrations were observed in winter,
with little to no precipitation. The calibrated GFAAS displayed an excellent limit of detection, limit of quantification, and linearity
of 0.092-0.13, 0.27-0.34, and 0.27-70 pg/L for As, while 0.031-0.07, 0.16-0.21, and 0.16-70 ug/L were attained for Cr, respectively.
Arsenic levels exceeded 10 pg/L in all seasons, indicating that these concentrations were above the maximum permitted levels set
by the World Health Organization and the South African National Standards. According to the health risk assessment, high As
concentrations were alarming, as they were seasonally increasing, with the chronic daily intake exceeding the oral reference dose,
whilst the incremental lifetime cancer risk was significantly high.

| Introduction as a key factor in improving public health, as its availability

Water covers approximately 72% of the Earth’s surface, yet it
remains one of the most scarce resources, especially in developing
countries [1, 2]. Access to clean water is essential for both urban
and rural areas [3]. However, environmental pollution has sig-
nificantly degraded surface and groundwater quality worldwide
[4, 5]. Clean water is vital for human survival and is recognized

helps prevent diseases and enhances sanitation, according to the
World Health Organization (WHO) [6]. Alarmingly, more than 1
billion people across the globe still rely on untreated surface and
groundwater, particularly in developing nations, where access to
safe water is severely limited [5]. This crisis demands immediate
attention and action to protect the most vulnerable populations
and secure a healthier future.
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The contamination of water by trace metals is becoming a grow-
ing global environmental concern [7, 8]. Anthropogenic activities
such as mining, wood preservation, and electroplating, amongst
others, may cause the release of toxic substances into water bodies
[9, 10]. Due to their bioaccumulation, non-degradability, and
environmental persistence, researchers have conducted various
research on toxic trace metals [11, 12]. The toxicity of some trace
metals is relative as some of these trace metals are essential as
micronutrients for the normal growth of humans and animals;
however, they may also be toxic in excessive exposure [13].
Subsequently, metals such as arsenic (As), mercury, and lead may
cause acute or chronic chemical toxicity and carcinogenicity even
at their lowest concentrations [14, 15]. Trace metal contamination
in water occurs through various pathways, negatively impacting
both aquatic ecosystems and human health [16]. Therefore,
studies focused on quantifying trace metals in water bodies are
essential for assessing water quality and determining the level of
contamination [17, 18], as this issue is increasingly becoming a
worldwide environmental concern.

Thohoyandou and Makhado are situated in the south of the
Vhembe district of the Limpopo province in South Africa [19].
These two towns are surrounded by numerous rural settlements
situated on the outskirts of the built-up area [20, 21]. These
two towns are largely populated, with over 1.2 million total
population, and people depend on agricultural and industrial
activities to sustain their living [22]. The industrial activities
include wood preservation, sub-tropical agricultural farming,
electroplating activities, and panel beating, amongst others [23].
These daily industrial activities increase the amount of waste
produced, and some waste is discharged into rivers and dams [24].

In a study conducted by Edokpayi et al. [25], it was discovered
that some sewage waste was being discharged into various rivers
surrounding the two towns. However, most residents of the
neighbouring villages come from disadvantaged backgrounds
and rely on these rivers as their primary source of water for
both domestic activities and drinking purposes [25, 26]. This
exposes the villagers to various pollutants, including toxic trace
metals such as As and chromium (Cr), amongst others [27].
Excessive exposure to toxic trace metals can lead to water-
related health issues, including dysentery, diarrhoea, unintended
pregnancy termination, premature birth, viral hepatitis, and
gastric and duodenal ulcers [28, 29]. In the worst-case scenarios,
As and Cr have been reported to cause harmful effects, including
cellular damage, cancer development, and neurotoxicity in living
organisms [30]. Due to these adverse effects, the maximum
permitted levels for ingestion have been set at 10 pg/L for As and
50 pg/Lfor Cr[31, 32]. The WHO, alongside other water regulatory
authorities, has adopted these standard limits, which are essential
for maintaining water quality.

Nanomaterials, particularly magnetic Fe;O, nanoparticles, have
been reported to facilitate the extraction and adsorption of trace
metals in water due to their properties such as larger surface area,
high selectivity, fast adsorption capability, and high efficiency
[33]. Given their aggregation and agglomeration challenges, mag-
netic nanoparticles often require a protective coating to adsorb
trace metals from water [34]. However, due to the advancements
in synthesis methods, highly dispersed magnetic nanoparticles
can be synthesized for use as adsorbents for the extraction

and removal of trace metals in water matrices [35, 36]. Thus,
magnetic Fe;O, nanoparticles have attracted interest for use in
the adsorption of trace metals due to their availability, cost-
effectiveness, ready dispersibility in solutions, easy recovery, and
fast adsorption kinetics [37, 38].

The purpose of this study was to characterize the water quality of
selected rivers and dams in the Vhembe district by quantifying the
concentrations of As and Cr in environmental water samples after
adsorption using Fe;O, nanoparticles. The motivation for this
study stems from the impact of various industrial activities in the
area and the fact that many villagers consume river water without
any form of treatment. This research was conducted with an
emphasis on seasonal variations of both As and Cr. Additionally,
key physicochemical properties, such as pH, electrical conduc-
tivity (EC), and total dissolved solids (TDS), were evaluated
seasonally. The study also discussed other factors, including the
influence of seasonal fluctuations in trace metal concentrations,
potential sources that contribute to the increase of trace metals in
surface water, and statistical analyses. Furthermore, the health
impacts associated with elevated concentrations of As and Cr
were assessed in this study.

2 | Study Area and Sample Collection

Thohoyandou and Makhado are two major towns in the Vhembe
district, Limpopo Province, South Africa. The district is the
center of attention for various industrial activities such as agri-
cultural farming, wood preservation, and electroplating activities,
amongst other activities. Additionally, various wastewater and
drinking water treatment plants are located within the district’s
outskirts. Various major rivers flow across some of the regions
where these activities occur. In this study, water samples were
collected from various rivers, including Mvudi and Mutshundudi,
located around Thohoyandou town. Then, sampling was further
extended to the Luvuvhu River, which connects both Thohoyan-
dou and Makhado. Sampling was also conducted at two dams,
Albasin and Thathe, which are situated across the outskirts of
Thohoyandou and Makhado towns and feed directly from Luvu-
vhu and Mutshundudi rivers, respectively. Both Mutshundudi
and Luvuvhu rivers serve as a direct source of water not only for
domestic activities but also for drinking purposes. The study area
is shown in Figure 1.

Water samples from rivers and dams were collected through the
Grab Sampling technique. Samples were collected in polyethy-
lene bottles, washed with a detergent, and rinsed with deionized
water and nitric acid to avoid external contamination. Before
collecting the samples, 1 mL of 1% nitric acid was added to
each sampling bottle to eliminate trace metal adsorption and
hydrolysis. The collected samples were then stored in the refrig-
erator and analyzed within three days of collection. The first set
of water samples was collected in the winter season (August).
The second set of water samples was collected in the summer
(September). The third set of water samples was also collected
in summer (January); this was a rainy season, wherein most of
the water sources were full to maximum capacity. The water
samples were filtered through 0.22 um filters (Sigma-Aldrich, St.
Louis, MO, USA) and then analyzed in triplicates. Physiological
properties such as pH, EC, and TDS were also measured in
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FIGURE 1 | Map showing the sampling area alongside all the sampling points.

situ and monitored within the three collection times/seasons.
For quality assurance (QA) and quality check (QC), drinking
water CRMs (NIST 1643; Sigma-Aldrich, St. Louis, MO, USA) and
procedure blank were analyzed after every 10 samples.

3 | Standards and Reagents

All solutions were prepared with high-purity (type 1) deionized
water. Analytical-grade chemicals were used throughout the
analysis. Before use, all glassware, wash bottles, and polyethylene
bottles were washed with a detergent, soaked in 10% HNO; solu-
tion (nitric acid [65%, v/v] was purchased from Sigma-Aldrich,
St. Louis, MO, USA), and then rinsed three times with deionized
water. As and Cr calibration sub-standards were purchased from
Sigma-Aldrich (St. Louis, MO, USA). As and Cr calibration sub-
standard solutions were prepared daily by serial dilutions from
stock solutions of 1000 mg/L (Merck, Darmstadt, Germany) in
deionized water and 10% HNO;. A chemical matrix modifier
used was a 100 mg/L Pd solution freshly prepared in ultra-pure
deionized water from a 1000 mg/L standard solution (Merck,
Darmstadt, Germany).

4 | Synthesis and Characterization of Magnetic
Fe;0, Nanoparticles

Magnetic Fe;O, nanoparticles were synthesized using a modified
co-precipitation method previously published [32]. Practically,
5.1 g of Fe(NOs);.9H,0 (Sigma-Aldrich, St. Louis, MO, USA) and
2.5gof FeCl,.4H,0 (Sigma-Aldrich, St. Louis, MO, USA) were dis-
solved in 100 mL of deionized water in an inert Argon atmosphere
at 80°C, stirring at 7000 rpm for 20 min. To this solution, 25 mL of
aqueous ammonia solution (25% v/v) (Sigma-Aldrich, St. Louis,
MO, USA) was added into the solution to induce precipitation,
leading to the solution changing from orange to black while
forming black magnetic precipitates at the bottom of the flask

under stirring at 7000 rpm for 20 min. The formed magnetic
Fe;0, nanoparticles were separated by magnetic decantation and
washed several times with deionized water and ethanol before
being dried in an oven at 100°C overnight. The particles were
ground into a fine powder prior to their characterization.

The fine magnetic Fe;O, powder was characterized using the fol-
lowing: Fourier-transform infrared (FTIR) spectra were obtained
on a PerkinElmer spectrum 100 FTIR spectrometer (Waltham,
MA, USA). X-ray diffraction measurements were carried out
on a Phillips PW. 1710 X-ray powder diffractometer (Bruker
AXS GmbH, Germany) with Cu-Ka radiation (1 = 0.1540 nm,
operating at 40 mA and 30 kV), PerkinElmer spectrum 100
FTIR spectrometer (Waltham, MA, USA). The morphology of
the materials was determined using both transmission elec-
tron microscopy (TEM, JEM-2100; JEOL, Japan) and scanning
electron microscopy (SEM, Auriga Cobra FIB FE-SEM, Ger-
many) coupled with an energy dispersive X-ray spectroscopy
(EDX).

5 | Instrumentation

A Varian SpectrAA 220 atomic absorption spectrophotometer
equipped with a graphite tube atomizer (Varian GTA 110 series
graphite furnace (Markham, ON, Canada), with a programmable
sample dispenser linked to a signal processor-computer system
was used for all analysis employing argon as a purging gas.
The Thermo Scientific NESLAB ThermoFlex 900 Recirculating
Chiller with Pump 1-115 V/60 Hz (Thermo Fisher Scientific,
Waltham, Massachusetts, USA), which incorporates a highly
reliable plumbing design, was used to eliminate leaks and
improve performance on the GTA and to keep samples at the
right temperature by supplying cooling water to the GTA. A new
graphite tube (Agilent, South Africa) in which the samples were
vaporized was used throughout the analysis. Hollow cathode
lamps for As and Cr used in the analysis were from Photron
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FIGURE 2 |

(Deblin Drive, Narre Warren, Victoria, Australia). The instrument
was operated following the manufacturer’s instructions. The
Direct-Q 5 Ultrapure Water System manufactured by Merck,
Darmstadt, Germany, was used to supply ultrapure type 1 water,
which was used in the analysis. The pH and EC were measured
on a WTW Multi 340i meter (Geotech Environmental Equipment,
Inc., USA), with the pH meter calibrated using standard buffers
of pH 4, 7, and 9 on a 3-point calibration. The EC measurements
were done by immersing the probe in each sample and leaving the
probe for 3 min to stabilize prior readings, with deionized water
used to clean the probe after each reading. Similarly, the TDS
readings were taken on an Extech EC 400 multimeter (Extech
Instruments, Nashua, USA) following the EC measurement
method.

6 | QA,QC, and Statistical Analyses

To ensure that QA and QC were observed, analytical reagents
(Merck, Germany) grade chemicals and Milli-Q Millipore water
were used to prepare all reagents and calibration standards.
A chemical matrix modifier was used, and 100 mg/L Pd was
prepared in ultra-pure deionized water. The sample blank and
standard solutions were analyzed after every ten readings to
calibrate the instrument. The relative standard deviation (RSD),
mean, and standard deviations were calculated using MS Excel
Office 365 (Microsoft Inc.).

7 | Results and Discussion
7.1 | Materials Characterization
7.1.1 | FTIR and X-ray Diffraction Analysis

FTIR characterization was studied to gain insights into the molec-
ular structure of the magnetic Fe;O, nanoparticles, as shown in
Figure 2a. In the fingerprint region of the spectrum, it is possible

Intensity (a.u.)

-y

10 20 30 40 50 60 70 80
2 0 (degree)

Fourier-transform infrared (FTIR) (a) and X-ray diffraction (XRD) (b) spectra of magnetic Fe;O4 nanoparticles.

to visualize the two bands positioned at 442 cm™ and 588 cm™,

which are characteristics of the octahedral and tetrahedral Fe-
O bond absorption, respectively. These highly pronounced bands
confirm the presence of the magnetic core within the synthe-
sized magnetic Fe;O, nanoparticles. The absorption band at
3150 cm™! represents water hydroxyls (OH) from the absorbed
moisture. Similarly, the band around 1405 cm™ represents the
OH stretching vibration of the absorbed water. The bands around
1620 cm™! represent the C-H group, whilst the band around
2342 cm™ can be ascribed to the C-O of the CO, adsorbed
from the atmosphere. The powder X-ray diffractograms Figure 2b
displayed characteristics peaks at 2 theta 18°, 31°, 35°, 43°, 54°,
57°, 64°, 72°, 75° corresponding to the (220), (311), (400), (422),
(511), and (440), which represent the inverse cubic spinel phase
of Fe;0, (magnetite, JCPDS card no. 85-1436) [31]. The average
particle size was predicted using the Debye Scherrer formula,
calculated as 8 nm. The observed pattern and their corresponding
particle size suggest the grafting of the pure inverse cubic spinel
phase magnetic Fe;O, nanoparticles. Thus, the FTIR and X-ray
diffraction (XRD) analysis confirm the successful synthesis of
magnetic Fe;O, nanoparticles.

7.1.2 | Field-emission scanning electron microscopy and
transmission electron microscopy

The morphology of the magnetic Fe;O, nanoparticles was
observed on field-emission scanning electron microscopy (FE-
SEM) and transmission electron microscopy (TEM). Figure 3a
shows that the highly dispersed and uniformly spherical Fe;0,
nanoparticles were observed. The particle size of the observed
nanoparticles ranged between 44 and 260 nm, with an average
particle size of 93 nm. Notably, the nanoparticles were not
highly agglomerated, which might have resulted from the high-
speed stirring that was done before and after the formation of
the nanoparticles. This is more apparent in the TEM image
Figure 3b, which shows the well-dispersed nanoparticles. Due
to less agglomeration of the nanoparticles, it is anticipated that
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FIGURE 3 | Field-emission scanning electron microscopy (FE-SEM) (a) and transmission electron microscopy (TEM) (b) micrographs of Fe;0,

nanoparticles.

o —

FIGURE 4 | Energy dispersive X-ray spectroscopy (EDX) Mapping of C (a), Fe (b), O (c), overall mapping image (d), and the EDX spectra (e) of the
synthesized Fe;O4 nanoparticles.

the nanoparticles will better interact with the analytes of interest
as there will be more surface interaction. The particles ranged
from 2 to 12 nm, with an average particle size of 7 nm. This
suggests that the synthesis method could yield low and uniformly
sized nanoparticles, which would be ideal for interaction with the
analytes. The average particle size attained agreed with the XRD
attained average particle size.

7.1.3 | EDX Mapping and Spectra

The EDX mapping was done to evaluate the surface distribution
of atoms within the synthesized Fe;O, nanoparticles. Though
carbon Figure 4a was expected to be low on the surface as it was
only used for coating, it is noteworthy that the overall surface
was populated with Fe atoms (when comparing the individual

Fe atoms in Figure 4b and the overall in Figure 4d. This is
followed by oxygen atoms distributed in most parts of the overall
Fe;0, nanoparticles surface, as shown in Figure 4c, comparable
to Figure 4d. The overall surface interaction in Figure 4d suggests
that the Fe-O bonds were dominant on the surface of the nanopar-
ticles, which agrees with the FTIR observation. Interestingly, the
EDX spectra in Figure 4e show that Fe (65%) and O (19%) were
dominant on the surface of the nanoparticles. The remaining
distribution was on C (14%) used for coating the surface to avoid
charging of the nanoparticles, Al (1%) emanating from the sample
stabs, and the negligible distribution from CI (0.4%) that could be
remnants from the salts that were not washed away during the
synthesis process. The presence of Fe at various energies suggests
their presence in various oxidation states (mostly Fe*, Fe** and
metallic Fe) that represent the octahedral and tetrahedral states
observed in the FTIR.
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7.2 | Adsorption Studies
7.2.1 | Adsorptive Removal of As and Cr From Aqueous
Media

To gain insights into the optimal removal of As and Cr in water
using Fe;O, nanoparticles, various factors, including pH, adsor-
bent mass, and ultrasonication time, affecting the adsorption of
As and Cr onto Fe;O, nanoparticles were examined. Notably, the
percentage removal of As and Cr can be controlled by varying
these parameters. For instance, varying the pH of the solutions
had a greater impact on the adsorptive removal of both As and
Cr, as shown in Figure S1. The highly protonated form of As at
below pH 4 and the highly alkaline form at pH above 9 have been
reported to have great mobility and are most stable under neutral
conditions [39]. As arsenic is mostly stable around the neutral
pH, the highest adsorption recovery is expected. Expectedly, the
highest As percentage removal was observed around pH 6.2,
yielding a 96% removal in aqueous solutions. On the other hand,
Cr removal was favorable at a pH of 7.5, yielding an 86% removal.
It is noteworthy that around the pH of 6-8, the cationic Cr
dihydroxide forms [40], leading to high removals with Fe;0,
nanoparticles. Therefore, pH levels of 6.2 and 7.5 were optimal
for removing As and Cr, respectively.

The adsorbent mass and the ultrasonication times were simul-
taneously assessed and were observed to impact the adsorption
of As and Cr in aqueous environments. Notably, adsorption was
rapid in the first 20 min sonication times for all adsorbent masses
(20-120 mg) for As adsorption, as shown in Figure S2. However,
the adsorbent mass of 70 mg was found to yield a maximum As
adsorption of 92% at the sonication time of 30 min and a pH
of 6.2. This implies that the optimum mass was 70 mg, and the
ultrasonication time was 30 min for the adsorption of As onto
magnetite. On the other hand, the adsorption of Cr was seen to
be rapid in the first 25 min sonication times for all adsorbent
masses Figure S3. However, at the mass of 50 mg, the maximum
adsorption was attained at the sonication time of 20 min, reaching
88% at pH 7.5. Though there was a slight reduction in the Cr
adsorption at 25 min, the optimum adsorbent mass and sonication
times yielding high adsorption onto magnetite were 50 mg and
20 min, respectively.

7.2.2 | Adsorption Isotherms

Following the attainment of the optimum adsorption conditions
for As onto magnetite as mass = 70 mg, pH = 6.2, and sonication
time = 30 min, as well as Cr onto magnetite as mass = 50 mg,
pH = 7.5 and sonication time = 20 min; these conditions were
then used to study the adsorption isotherms. Four adsorption
isotherms were studied, which included the Langmuir, Fre-
undlich, Sips, and Redlich-Peterson isotherms. The results for
fitting these linear isotherm models are shown in Table 1 and
Figures S4 and S5.

Table 1 illustrates the summary of parameters for Langmuir,
Freundlich, Sips, and Redlich-Peterson attained from isotherm
linear models illustrated in Figures S4 and S5 for As and Cr,
respectively. These models explain what happens at equilibrium

TABLE 1 | Adsorption isotherms for arsenic (As) and chromium (Cr)
adsorption in aqueous solutions.

Parameters
Isotherm As Cr
Langmuir
Slope 0.016 0.019
Intercept 0.049 0.076
Qmax (ME/L) 59.9 50.2
KL 1 1
RL 0.065-0.17 0.010-0.17
R? 0.9772 0.9908
Freundlich
Slope 0.442 0.416
Intercept 1.19 2.39
n 2.26 241
Kf 15.74 24.92
R? 0.9541 0.9023
Sips
Slope 1.18 1.08
Intercept 1.89 1.38
Ks 2.24 1.49
Qunax (ME/8) 5.87 12.85
ns 1.88 1.38
R? 0.9615 0.8833
Redlich-Peterson
Slope 0.970 0.951
Intercept 2.75 2.39
A 2.75 2.39
8 0.97 0.95
rp 1.01 0.87
R? 0.9706 0.9506

when the adsorbates (As and Cr) and adsorbent are in contact,
as represented in Figures S4a and S5b. The correlation coefficient
(R?) and other parameters were used to determine which model
best fits the adsorption process. From Table 1, it was indicated
that Cr and As best fitted the Langmuir model since the R?
values (As: 0.9772 and Cr: 0.9908, from Figures S4b and S5b,
respectively) were higher than the Freundlich R? values (As:
0.9541 and Cr: 0.9023 from Figures S4c and S5c, respectively). This
demonstrated that the adsorption mechanism of As and Cr on
the surface of the adsorbent happened in a monolayer pattern
and was also homogenous. Hence, a Langmuir constant KL of
1 L/g and the maximum adsorption capacities of 59.9 mg/g for
As and 50.2 mg/g for Cr were found. Moreover, the separation
factor (RL) of 0.065-0.170 for As and 0.010-0.170 for Cr indicated
a favorable adsorption process through the Langmuir isotherm.
The Sips model was also incorporated to further understand the
adsorption processes’ nature, as demonstrated in Figures S4d
and S5d, respectively. When the Sips model exponent (ns) is
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equivalent to 1, the adsorption processes fit Langmuir, and when
the exponent (ns) is greater than 1, the data fit the Freundlich
model. In this study, the exponent (ns) for As was 1.88, and for
Cr was 1.38, which indicated that it fit the Freundlich model and
disagreed with the Langmuir isotherm results. This implied that
though the homogenous adsorption process was favored, some
heterogeneous adsorption could still play a role in the overall
adsorption process. The Redlich-Peterson model (Figures S4e and
S4e) combines the Langmuir and Freundlich models; in this
model, the focus is on the exponent from the plots (5-value); if this
value is zero, it reduces to the Freundlich model whilst it reduces
to Langmuir if it is 1. From the findings obtained in Table 1, 8 had
a value of 0.97 for As and 0.95 for Cr, which is approximately 1.
This indicated that the Langmuir model was favored in explaining
the interaction between the adsorbent and the absorbates (As and
Cr).

7.2.3 | Adsorption Kinetics

To gain insights into the adsorption kinetics of As and Cr in
aqueous solutions, batch experiments were conducted using
70 mg (As) and 50 mg (Cr) of Fe;O, nanoparticles, pH of
6.2 (As) and 7.5 (Cr) at room temperature (23°C), with the
kinetic graph shown in Figures S6a and S7a, for As and Cr,
respectively. Notably, the rapid uptake of As by the magnetite
adsorbent was evident between 5 and 10 min and a second
region of increase between 10 and 30 min, with the resultant
equilibrium between 30 and 40 min. The rapid uptake of Cr by
the magnetite adsorbent was evident between the first 25 min,
with the resultant equilibrium attained in 30 min. The kinetics
data were fitted to Pseudo-first order (Figures S6b and S7b) and
Pseudo-second order (Figures S6b and S7c) linear kinetic models.
Three postulations should be met for the kinetic model to be
representative of the data obtained: (1) there should be a good
linear relationship such that the trendline should pass through
most of the points, (2) the qe (experimental) and ge (calculated)
should be close to each other, (3) the coefficient of determination
(R?) should be close to 1 [12, 41]. In both As and Cr models,
the pseudo-first-order model trendline did not pass through most
of the points, had the experimental ge that was not close to
the calculated qe, and R* was not close to 1, suggesting that
the adsorption of As and Cr onto magnetite was not an ideal
first-order reaction. On the other hand, the pseudo-second-order
model trendline passed through most of the points, had the
experimental ge that was close to the calculated ge, and R? was
close to 1, suggesting that the pseudo-second-order model best
described the kinetic equilibrium as it followed the second order
reaction. The results suggest that the adsorption process of As
followed a chemisorption mechanism involving the electrostatic
interaction between the positive surface of the adsorbent and the
As oxyanions. The same conclusion could be made for Cr, which
showed similar results.

7.3 | Seasonal Variation of the Trace Metal
Concentrations

Employing the optimum conditions (pH, adsorbent mass, and
sonication time) attained for As and Cr, the influence of the
physicochemical parameters and the seasonal variation impact

Arsenic

Concentration (ug/L)
S 8 8
1 1 1

-
o
1

Mvudi

Luvuvhu 1 Mutshu... Luvuvhu 2 Thathe Albasin

Sampling points

FIGURE 5 |

sources.

Mean concentrations of arsenic (As) in selected water

on the concentration of As and Cr in various surface water sources
in Thulamela and Makhado municipalities were evaluated. The
mean concentrations of As ranged from 13.3 to 46.8 ug/L (Table 2)
in the river and dam water samples around Thohoyandou. The
bar graph in Figure 5 shows the seasonal variation of As at
various sampling sites. Interestingly, at all the sampling points,
the concentration of As shows an increasing seasonal trend, with
the concentrations in January mostly doubling those observed in
August. The seasonal comparison of As concentration between
the dry season (August), semi-wet season (September), and wet
season (January) shows an increasing trend in concentration that
may be ascribed to the wash-off of toxins from the surface of
the soil to nearby rivers. Worryingly, even though the lowest
As concentration of 13.3 pg/L was detected at Mutshundudi
River in August, this concentration exceeds the South African
National Standard (SANS) and WHO threshold value (10 pg/L)
for domestic water use [42]. The highest concentrations of As
were recorded near Luvuvhu 2 and Mutshundudi rivers, as well
as the Albasin dam, which is in the neighborhood of formal
and informal wood preservation plants. Though the reason for
these high As concentrations is not clear, knowing the history
of using chromate-copper-arsenate (CCA) as an industrial wood
preservative in South Africa, the potential of CCA leading to high
As concentrations cannot be ruled out [43, 44]. Instead, both sed-
iments and surface water near the wood preservation plants must
be systematically investigated to ascertain the potential sources
of the high As concentration [45]. Furthermore, the residential
areas surrounding these water sources are full of large farms
and agricultural lands that use various fertilizers, pesticides, and
insecticides for various agricultural activities [46]. Amongst many
other activities, cattle dipping is one of the strongest contenders
that might lead to the deposition of some metals, particularly As,
as it is reported to deal with ticks that are problematic to farmers
[47]. Given the reliance of most of the residential areas around
the sampling points on farming, particularly cattle farming, cattle
dipping using trace metal-containing pesticides might be one of
the reasons for the high As concentration levels. Since the average
levels of As obtained in this study exceed the guideline values,
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Concentrations of chromium (Cr) in selected water

consuming As-rich water could harm human health. As noted,
most people residing in rural areas that lack municipal water
depend on untreated surface water from the Mutshundudi and
Luvuvhu rivers for domestic use [48], shown in Table 2 to have
very high levels of As. This may lead to various adverse health
effects on the communities and animals utilizing this water for
domestic purposes.

The mean concentration of Chromium in Table 2 ranged from
1.02 to 5.04 pg/L, which was below the SANS and WHO threshold
values of 50 pg/L [49], respectively, for domestic water use.
The seasonal variation was represented using the bar graph in
Figure 6. It is noteworthy that the concentrations in August were
equivalent to those observed in September, except for Thathe
dam, which has shown a spike in concentration, possibly as a
result of wastewater discharges from the tea plantation in Thathe.
Interestingly, in January, when there was rainfall and stormwater
runoff, Cr concentrations increased at an alarming rate, especially
in Luvuvhu 1 river point and Albasin Dam, which are located in
areas where wood preservation industries are located. Though
the concentrations of Cr were not as high as As in the same
regions, it might be possible that Cr was transferred from water
to sediments. Nonetheless, the anticipated use of CCA for wood
preservation cannot be ruled out. Therefore, this requires the
analysis of both surface water and sediments near the wood
treatment plants.

7.4 | Seasonal Variation on the Rivers and Dams
Physicochemical Properties

The pH of the water sample plays an important role in the
metal bioavailability, leaching, and toxicity to surrounding areas,
especially when the seasonal variation is considered [50]. It has
been reported that for most metals, an increase in the pH of
the solution causes a decrease in their concentration [51]. As
seen in Figure 7 and Table 3, an increase in pH promotes a
decrease in As and Cr concentrations. The slight change in
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Sampling points

FIGURE 7 |
sampling seasons.

pH variation at different sampling points and various

pH on the samples collected in the winter (August) to early
summer (September) suggests a slight increase in As and Cr
concentrations. Trace metals are mostly soluble and leach out in
acidic pH [51]. The metals are also mostly bioavailable in water
during the rainy season as they are easily washed off and less
absorbed by plants and sediments [52]. Expectedly, during the late
summer season (January), there is a significant increase in As and
Cr concentrations shown by the reduction in pH from alkaline to
acidic pH, which can be ascribed to the trace metals washed off
from the surface and deposited into the nearby water sources. The
high dilution of trace metals is expected when the water volume
and flow increase, which influences the concentration of metals
during the wet season [53]. This implies that high concentrations
will be detected in the dry season and low concentrations in
the wet season [54, 55]. Nevertheless, trace metal levels in
surface water are fundamentally induced by storm water run-off
emancipating from the surrounding topsoil wash-off to nearby
river and dam catchments, which leads to an increase in trace
metal concentration during the wet season [56]. Unsurprisingly,
due to a possible stormwater runoff during the rainy season, the
pH decreased in all rivers, as shown in Figure 7. The pH at the
two dams (Thathe and Albasin) also shows a noteworthy decrease
in pH, even though the high dilution factor was expected to play
a role in ensuring there was an insignificant decrease in pH, if
not an increase [53]. The water quality regulations postulate that
the drinking water should have a pH level of 6.5-9.5, as shown
in Table 3. According to the results obtained in Figure 7, all
the rivers satisfy this, except the Mutshundudi River in August
and September. However, when it was raining in January, both
Mutshundudi and Luvuvhu rivers were below the recommended
pH values, as shown in Table 3. Interestingly, both rivers pass
through wood treatment plants, which might have impacted the
pH range observed.

The TDS represent the total amount of dissolved substances in
water, such as metal ions, high-solubility minerals, soluble salts,
and exchangeable ions [60-62]. Expectedly, the TDS amount in
freshwater is usually at less than 500 ppm, as the lower the
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TABLE 3 |
and South African National Standard (SANS) [57-59].

Acceptable pH levels according to the World Health Organization (WHO), United States Environmental Protection Agency (USEPA),

pH in water WHO USEPA SANS 241
(at 25°C) Suitability for drinking water guideline guideline guideline
7-7.9 Excellent 6.5-8.5 6.5-8.5 5-9.7
6-6.9 Most acidic, good for drinking water
8-9 Most alkaline, good for drinking water
>9 and 6< Not recommended for drinking

TABLE 4 | Total dissolved solids (TDS) acceptable levels in drinking water according to the World Health Organization (WHO), the United States

Environmental Protection Agency (USEPA), and the South African National Standard (SANS) [57-59].

TDS in
water WHO USEPA SANS 241
(mg/L) Suitability for drinking water guideline guideline guideline
50-149 Excellent for drinking TDS below TDS below TDS <
150-249 Good for drinking 300 mg/L is 500 mg/L is 1200 mg/L is
. Lo considered safe considered safe considered safe
250-299 Fair for drinking for drinking. for drinking. for drinking.
300-500 Poor, not good for drinking
Above 1200 Unacceptable
TDS, the better the water for drinking, as reported in Table 4. 200
As they are not fit for drinking, seawater often contains about —*— August
500-30 000 ppm [49]. Though some dissolved substances in water —*—Sepismber
. . 180 {—*— January
emancipate from natural sources, anthropogenic sources such
as sewage, urban run-offs, industrial wastewater, agricultural
chemical fertilizers, and chemicals from wastewater treatment 160 4
processes are often responsible for the increase in TDS [63], which %"
renders the water not good for drinking. The seasonal variation £
of the TDS measurements is critical in evaluating the water o 140 1
quality, especially the water hardness, as high TDS describes E
the increased water hardness [64]. Moreover, TDS is one of the
critical factors in measuring water quality and impacts chemical 120
transformation, mass transport, and ionization of metals in water
[65]. The TDS results in all the catchments studied in Figure 8 100 4
were within the water quality standards provided by the WHO,
the United States Environmental Protection Agency (USEPA), Mvudi  Luvuvhu 1 Mutshu.. Luvuvhu 2 Thathe  Albasin
and SANS (Table 4). As in the case of the pH evaluations, the . .
TDS increasing trend was observed from August to January, with Sampling polits
g g ry,
January showing the highest TDS values. The seasonal variation FIGURE 8 | Total dissolved solids assessments at different sampling

shows that during the rainy season, the water is harder than in
the winter, as stormwater runoff deposits more substances that
were previously on the surface of the topsoil into nearby rivers
and dams, as shown by the TDS trend in Figure 8.

Electrical conductivity represents the measure of the ability of
water to conduct an electric current due to the presence of con-
ducting ions such as nitrates, potassium, chloride, magnesium,
carbonate, sulfate, bicarbonate, sodium, and calcium, amongst
others [66]. Though most ions are available in the environment
naturally, anthropogenic sources increase their concentrations
and, therefore, their conductivity [7]. It has been reported that
water with a conductivity of above 800 uS/cm is considered hard,
which is reflected in Table 5. Notably, according to the SANS

points and various sampling seasons.

guideline in Table 5, the EC observed in all surface water eval-
uated is above the threshold value of 170 uS/cm. Nonetheless, the
water from all the rivers and dams (Figure 9) is within the WHO
threshold of 400 uS/cm and can be deemed safe for drinking
per the WHO guidelines. However, the continued increase in EC
indicated the increase in both As and Cr concentrations, which
raises the alarm about how much more As and Cr is available
in sediments, plants, and soil. The USEPA guidelines cannot be
used to validate and support the results obtained as it is above
800 uS/cm, which is now considered hard water.
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TABLE 5 |

Electrical conductivity (EC) guidelines in drinking water according to the World Health Organization (WHO), the United States

Environmental Protection Agency (USEPA), and the South African National Standard (SANS) [59, 67, 68].

EC in water WHO USEPA SANS 241
(uS/cm) Suitability for drinking water guideline guideline guideline
0-800 Good drinking water for humans Should not Less than EC <170 uS/cm
8002500 Can be consumed by humans although exceed 1000 pS/em for is considered
recommendations favor water in the 400 uS/cm to be drinking water safe for drinking.
lower half of the range considered safe
for drinking
2500-10,000 Not recommended for human
consumption
Above 10,000 Unacceptable, not suitable for human
consumption
240 —e— August .Seasonally, higher concentrations of As and Cr were observe.:d
—o— September in the wet season compared to the dry season, as observed in
320 - —e— January Figures 5 and 6, respectively. Statistical analysis (p < 0.05) showed
a significant variation in pH in the Mvudi, Luvuvhu 1, and
300 ~ Luvuvhu 2 rivers but a small variation in the Mutshundudi River,
T 2801 Thathe, and Albasin dams. The latter might have resulted from
] high dilution factors as these sources were at total capacity in
@ 260 the wet season, resulting in a negligible change in the pH. The
; temperature changes of only 5 to 10°C in river or dam water may
w240+ cause detectable changes in TDS values [69]. Similarly, the mean
220 4 difference in TDS of the water varied significantly (p < 0.05) in
the wet and dry season. The only correlation observed was in
200 + September at the Mutshundudi River, with a negligible change in
180 - TDS. The rest of the TDS readings showed a significant variation
IS——, in TDS between the August, September, and January samples.
Mvudi Luvuvhu 1 Mutshu.. Luvuvhu 2 Thathe Albasin Water evaporates during the dry season, and the concentration
Sampling points of ions increases hence, EC increases [69]. To this end, the mean
difference in the EC of the water varied significantly (p < 0.05) in
FIGURE 9 | Electrical conductivity assessments at different sam-  the wet and dry seasons. However, EC showed increasing trends

pling points and various sampling seasons.

7.5 | Quality and Statistical Analysis

Calibration standards were prepared using analytical grade chem-
icals and ultrapure water to ensure that QA and control were
observed. Furthermore, after analyzing every 20 samples, the
100 pg/L freshly prepared Pd standard was analyzed in triplicates
as a chemical matrix modifier. This eliminated chemical matrix
impacts anticipated to interfere with the analysis program. The
RSD of each group of replicate samples was determined to be
below 5% for all the metals, alongside maintaining the linear
calibration graphs with coefficients above 0.99 for both As and Cr,
confirming an excellent response from the analytes. Furthermore,
the LOD, LOQ, and linearity of both As and Cr were summarised
in Table 2, with the results confirming the analytes’ excellent
response towards the GFAAS instrument. The characteristic
concentration results in Table 2 demonstrate that the instrument
was more sensitive in the September analysis but still displayed
an acceptable sensitivity in August and January. The samples of
interest were analyzed in triplicates, and the standard deviations
were calculated in every sampling point, as shown in Table 2 and
Figures 5 and 6.

from dry to wet season, resulting from the possible high flow
of stormwater that might have deposited more ions from the
soil surface into the water sources. Surprisingly, a lower EC was
observed in the Thathe dam in January compared to September.
This may have resulted from the dilution of ions as the dam
receives large volumes of water from various rivers during the wet
season.

7.6 | Possible Sources of Trace Metals within the
Study Area

Though Cr concentrations were below the permissible limits,
the concentrations of As were alarming as they were above
the permissible limits in all rivers and dams studied. The high
concentrations of As might be related to the historical use of
CCA for wood preservation in the area; however, with the low
concentrations of Cr, sediment analysis in water and soil analysis
near wood preservation industries would need to be assessed.
This could be coupled with the speciation of both As and Cr
in water samples to give a more detailed analysis of the more
available species in water samples [70, 71]. Nonetheless, the high
concentration of As detected in the Luvuvhu (46.9 pg/L) and
Mutshundudi (45.7 pg/L) rivers that pass across wood-preserving
industries was alarming. Furthermore, cattle dipping facilities
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TABLE 6 | Chronic daily intakes (CDIs, mg/kg day) of trace metals obtained from the rivers and dams.

Sampling points
Elements Season Mvudi Luvuvhul Mutshundudi Luvuvhu2 Thathe Albasin RfD
As ‘Wet 18.8 20.4 19.7 16.7 20.4 17.7 0.301
Dry 40.8 35.9 259 16.9 21.7 239
Cr Wet 1.33 1.04 0.942 1.22 1.15 1.09 3.00
Dry 1.22 1.02 1.34 1.98 2.67 2.42
TABLE 7 | Incremental lifetime cancer risk of As and Cr (mg/kg per day).
Elements Mvudi Luvuvhu 1 Mutshundudi Luvuvhu 2 Thate Albasini
As 3.01 x 1072 3.02 %1072 3.34 X 1072 2.91 x 1072 3.40 X 1072 5.01 x 1072
Cr 1.79 x 10~ 110 x 107> 111 x 107 1.56 x 10~ 1.71 X 1073 1.62 x 107

have also been observed in the Vhembe municipality, as cattle
farming is one of the key economic drivers within the area,
which might be a potential source of As. Besides cattle farming,
other agricultural activities, such as the irrigation of crops, are
dominant in the area, which might lead to the possibility of the
use of As-containing pesticides and insecticides. Interestingly,
chicken farming was observed in the area, with chicken feed as
one of the possibilities for introducing As in the studied area.
Analysing soil samples near the chicken farming yard would be
necessary to ensure the high As concentrations detected are not
associated with chicken farming in the area. The sewage system is
also one of the possibilities for introducing Cr in water sources as
most of the rural areas studied here lack proper sanitary services
and often use pit latrines in their homes.

7.7 | Health Risk Assessment

7.7.1 | Chronic Daily Intake of Trace Metals

Based on the results, the chronic daily intakes (CDIs) for As in
river and dam water collected during the wet season were 16.7 to
20.5, as shown in Table 6. The CDIs for As in the river and dam
water collected during the dry season were 16.9-40.8. The CDIs
for Cr were in the range of 0.942-1.33 for the wet season, and for
the dry season, it was in the range of 1.02-2.67. Table 6 shows that
the CDIs of trace metals varied during the dry and wet seasons.
Moreover, As CDI values were higher than the corresponding
oral reference dose (RfD). An RfD value is the estimated value
per day of exposure to a certain metal in the human body that
has no hazardous effect during a lifetime [33]. It was concluded
that As posed severe health threats to the communities within
the study area due to all their CDI values exceeding the RfD
value. On the other hand, Cr posed no health threats at the
current levels as the CDI values were lower than the RfD values.
Furthermore, the literature shows trace amounts of As and Cr
threaten human health [10]. For instance, excessive exposure to
As has been reported to cause skin lesions, cancer, neurological
issues, and abdominal pains, amongst others [13]. Subsequently,
Cr is also known to be unsafe to human and marine life, but

this depends on the concentration and species, which is still low
within the study area but rising seasonally [33].

7.7.2 | Carcinogenic Risk

The carcinogenic risk caused by As and Cr in river water samples
was obtained by determining the incremental lifetime cancer risk
(ILCR), asshown in Table 7. The ILCR readings of the carcinogens
of interest were obtained to be higher than the acceptable limit of
1.00 x 10~* mg/kg per day for As, but lower than 1.00 x 10~° mg/kg
per day for Cr. It is clearly illustrated that As has a crucial role in
the carcinogenic risk of the study areas as it reported the highest
ILCR levels compared to Cr. The findings suggested that As can
cause serious negative impacts on living organisms in the study
areas, as the daily consumption of untreated river and dam water
may cause various diseases.

8 | Conclusion

The current study examined seasonal variations in the con-
centrations of As and Cr, along with their impacts on water
quality. To facilitate the adsorption of As and Cr from water and
enhance their detection, highly dispersed Fe;O, nanoparticles
were utilized. The research evaluated four rivers and two dams,
noting that seasonal changes significantly influenced both the
metal concentrations and water quality. In the study area, As
levels ranged from 13.3 to 46.9 pg/L, while Cr concentrations
varied from 1.02 to 5.04 pg/L. Although Cr levels were low, As
concentrations exceeded the acceptable limits set by the WHO
and SANS. As the concentrations of these metals increased,
there were notable changes in water quality. Parameters such as
pH, EC, and TDS were found to influence the concentrations
of As and Cr. Seasonal variations indicated lower pH levels,
higher EC and TDS at increased metal concentrations, and vice
versa. Primary anthropogenic activities, including agriculture
and industrialization, are suspected contributors to the elevated
As levels observed. The health assessment indicated that the CDI
for As in water collected from the rivers and dams during the wet
season ranged from 16.7 to 20.5, while during the dry season, it
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ranged from 16.9 to 40.8. The CDIs for Cr were measured at 0.942
to 1.33 in the wet season and 1.02 to 2.67 in the dry season. The
results revealed that As CDI values exceeded the corresponding
RfD, suggesting serious health risks for communities in the area,
as all CDI values surpassed the RfD. Additionally, the ILCR for As
was found to be higher than 107¢ mg/kg per day, which is deemed
unacceptable, while Cr levels remained below 10~* mg/kg per day,
with these results consistent with the CDI results. Since surface
water is commonly used for drinking in the study area, it is crucial
to further evaluate the sediments and soil to mitigate potential
health risks that may affect the rural communities reliant on the
assessed rivers and dams.
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