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Arsenic (As) contamination is a major concern due to its toxicity and tendency to accumulate and bio-magnify
within the food chain, causing wider damage to the ecosystem. In the current study, activated carbon-supported
nanoscale zerovalent iron (AC-nZVI) particles, were produced using chemical reduction of ferric chloride
hexahydrate in the presence of activated carbon as a scaffold to avoid agglomeration and improve their
dispersity. Detailed transmission electron microscopy (TEM), and scanning electron microscopy (SEM)
characterization of the as-synthesized nanoparticles showed monodispersed nanoparticles of approximate size
45 +10 nm. Their potential application for removal of As(lll) from contaminated water was investigated in batch
adsorption experiments at various adsorbent dosages and pH values. The results of the study demonstrated
that AC-nZVI particles exhibited 82.5% removal of As (lll) ions (initial concentration 100 mg/L) at an adsorbent
dosage of 2 g/L. The adsorption performance increased with increasing adsorbent dosage and removed 99%
As(lll) at an adsorbent dosage of 5g/L. The Langmuir and Freundlich adsorption models were fitted to the
experimental data, and it was found that the Langmuir isotherm fitted the data better than the Freundlich
isotherm with a maximum adsorption capacity of 27.83 mg/g of adsorbent. In the current study As(lll) exists
predominately as uncharged species H3zAsO3°® under the designed pH range of 4-8, therefore the effects of
solution pH on As (Ill) adsorption were hardly observed. The results of the study demonstrated that activated
carbon-supported zerovalent iron particles can have tremendous potential application for the effective removal
of As(lll) from industrial wastewaters.

1. Introduction

With the rapid development of industries such as metal plating facilities, mining operations, fertilizer industries,
tanneries, paper industries, pesticide industries, etc., an increasing amount of heavy metals is directly or
indirectly discharged into the environment. Unlike organic contaminants, heavy metals are not biodegradable
and tend to accumulate in living organisms and many of the heavy metal ions are known to be toxic or
carcinogenic. Toxic heavy metals of particular concern in industrial wastewaters include zinc, copper, nickel,
mercury, arsenic, cadmium, lead, and chromium (Fu et al., 2011). Out of these heavy metals, arsenic is found
to pose maximum adverse effects on human health via arsenic-contaminated drinking water. Arsenic is one of
the most widespread and significant water contaminants originating from the earth’s crust. Because of its
ubiquitous nature and high natural abundance, a large portion of the human population drinking arsenic-
contaminated water is at risk, especially in developing countries that have limited water treatment facilities.
Arsenic is introduced into the environment through natural processes (weathering reactions, volcanic emissions)
as well as anthropogenic activities (Smedley et al., 2001).

The natural occurrence of As in groundwater is of great concern due to the potential detrimental effects to
human health, especially through chronic exposure over an extended period. Contamination of groundwater,
either from anthropogenic or natural sources with several health impacts, has become a major environmental
concern in different parts of the world. Millions of people in several countries are exposed to high levels of As
via intake of As-rich groundwater (Shankar and Shanker, 2014). On a worldwide scale, it has been estimated
that over 137 million people in more than 70 countries are affected by arsenic poisoning of drinking water
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(Ramos et al., 2009). Arsenic is linked to the development of various forms of cancer such as skin, bladder,
liver, and lung cancer (Chen et al., 1992). Aside from being carcinogenic, arsenic has also been linked to non-
cancerous multi-systemic health issues such as dermal diseases, cardiovascular disease, hypertension, and
diabetes mellitus (Cantu et al., 2016). Considering its toxicity, the World Health Organization (WHO) has set a
maximum guideline concentration of 0.01 mg/L for As in drinking water (Yamamura et al., 2003). Arsenic exists
in groundwater predominantly as inorganic arsenite, As(lll) (HsAsOs, H2AsO3 =, HAsO327), and arsenate, As(V)
(H3AsOa4, H2As04 =, HAsO4 27) (Manning et al., 2002). Greater attention is required for the removal of As(lIl)
from groundwater due to its higher toxicity and mobility, which mainly arises from its neutral state (HAsOs °) in
groundwater as compared to the charged As(V) species (H2AsO4~, HAsO4 27), which predominate near pH 6-9
(Kanel et al., 2005). Because of the high affinity of arsenic for protein, both trivalent and pentavalent forms of
arsenic readily accumulate in living tissues. In its lower oxidation state, Arsenic As(lll) is more toxic and mobile
than arsenic in the higher oxidation state As(V).

Several remediation methods such as coagulation and flocculation, adsorption, biosorption, ion exchange, and
membrane filtration have been employed to mitigate arsenic and other heavy metal contamination in
groundwater (Babaee et al., 2018). Although these methods are effective for remediation of arsenic they have
significant disadvantages, including high energy requirements, inefficient metallic ion removal, generation of
toxic sludge, and cost of equipment (Babaee et al., 2018). However, adsorption evolved as the most promising
method among the available methods as this method does not add undesirable by-products and the used
adsorbents can be regenerated for reuse up to a reasonably good number of cycles (Cheng et al., 2021).
Adsorbents like activated alumina (AA), activated carbon (AC), copper-zinc granules, and granular ferric
hydroxide have been used to remove arsenic from contaminated water (Ramos et al., 2009).

Recently, nanoscale zero-valent iron (nZVI) has gained an increasing familiarity owing to its environmental
benignity, cost-effectiveness, large specific surface area, and high reduction capacity toward a broad range of
organic and inorganic contaminants in aqueous solutions (Vilardi et al., 2017; Zhang et al., 2019; Cheng et al.,
2021). The extremely small size of nZVIs, typically in the range 1 to 100 nm, generates a large surface area-to-
volume ratio, providing them with an enhanced surface reactivity and more available adsorption sites in
comparison with micro-sized materials (Ramos et al., 2009; Babaee et al., 2018). However, nZVI particles have
a strong tendency to aggregate to form larger clusters or chains in the micrometer scale, which subsequently
leads to a significant and rapid loss in reactivity and decreases its mobility. In order to be effective, nZVI particles
thus need to be in the form of stable dispersion in water so that they can be delivered to the water-saturated
porous material in the contaminated areas (Hotze et al., 2010). Several studies have reported surface
modification of nZVI by polymers and surfactants, clay, and activated carbon which provides steric and
electrostatic stabilization against the particle-particle attractive forces and significantly improves its transport in
porous media (Phenrat et al., 2008). Activated carbon, zeolite, montmorillonite, bentonite, kaolin , and reduced
graphene oxide (rGO) have been reported to support nZVI dispersed growth and avoid agglomeration (Cheng
et al.,, 2021). Compared to other materials, activated carbon possesses excellent properties such as large
specific surface area, small bulk density, high stability, low costs, and strong adsorption capacity (Zhang et al.,
2019). Even though activated carbon itself is an efficient adsorbent for arsenic, further modification of the surface
by ferrous, ferric iron and zerovalent iron nanoparticles would enhance the adsorption potential of the adsorbent
for the removal of arsenic (Zhu et al., 2009). Because of the porous structure and large surface area, activated
carbon-supported nZVI particles (AC-nZVI) have higher ability to adsorb arsenic ions and serve longer lifespan
than bare nZVI, making them more effective remediation agents for heavy metal-contaminated soil and aqueous
media (Liang et al., 2022). In the current study, activated carbon-supported nanoscale zero-valent iron (nZVI)
particles were produced using chemical reduction of ferric chloride hexahydrate (FeCls-6H20) in the presence
of finely ground activated carbon as a support material. The adsorption potential of the activated carbon-
supported nZVI (AC-nzVI) for removal of As (lll) from contaminated water was investigated.

2 Materials and Methods
2.1 Synthesis of activated carbon-supported nanoscale zero-valent iron (nZVI) particle

Activated carbon-supported nZVI (AC-nZVI) were synthesized using NaBH4 reduction as previously described
by Jin et al. (2015). Briefly, 10 g of ferric chloride hexahydrate (FeCls-6H20) was dissolved in 50 mL of distilled
water and 2 g of finely ground-activated carbon (AC) was added under vigorous stirring in a nitrogen atmosphere
at room temperature. The mixture was stirred for 15 min in a nitrogen atmosphere, and then freshly prepared
1.8 M NaBHas solution (100 mL) was added drop by drop into the mixture under vigorous and continuous stirring.
Vacuum filtration was employed to collect AC-nZVI particles, and these were quickly rinsed three times with
absolute ethanol. Then they were dried at 333 K under vacuum and kept in the nitrogen atmosphere prior to


https://www.sciencedirect.com/topics/chemical-engineering/kaolin
https://www.sciencedirect.com/topics/materials-science/reduced-graphene-oxide
https://www.sciencedirect.com/topics/materials-science/reduced-graphene-oxide

381

application. The nanoparticles were characterized by transmission electron microscopy (TEM), and scanning
electron microscopy (SEM).

2.2 Characterization of activated carbon-supported nanoscale zero-valent iron (nZVI) particles

The prepared AC-nZVI particles were characterized by transmission electron microscopy with energy dispersive
X-ray analyser (TEM-EDX), and scanning electron microscope (SEM). The average particle diameter and size
distribution were calculated using Java image tool software (ImageJ), based on the data of an average of 80—
100 particles. The SEM images of samples were obtained from JEOL Scanning Microscope JSM-6400.

2.3 Batch adsorption studies

Batch experiments were conducted to analyze the effects of the process parameters pH (3—-8), and adsorbent
dosage (0.25-5g/L) on As (lll) adsorption. The experiments were carried out using 250 mL Erlenmeyer flasks
at ambient temperature and pH 7 (unless otherwise indicated). 1000 mg/L of As (lll) stock solution was prepared
by dissolving an accurately weighed amount of arsenic saltin 1 L of DI water. Solutions of desired concentrations
were obtained by successive dilution of the stock solution.
To investigate the effect of adsorbent dosage, an experiment was carried out for 3 h with initial concentrations
of 100 mg/L of As (Ill) and increasing dose of the adsorbent (0.25, 0.5, 1, 2, 4, and 5 g/L). The flasks were
shaken with an orbital shaker; operated at 200 rpm for 3 h. Control experiments were conducted in the absence
of nanoparticles but under otherwise identical conditions. At predetermined time intervals, suspensions were
withdrawn, centrifuged at 5000 rpm for 5 min, and filtered through 0.22 um syringe filters for analysis.
The adsorption isotherm studies were conduct using an adsorbent dosage of 4g/L with altering As(lll) initial
concentration (5—-100 mg/L) at room temperature and pH 7; time = 3 hours). To study the effect of pH on As(lIl)
removal efficiency, pH of the arsenic solution was adjusted to values in the range of (3-8) by adding 0.1 M
NaOH and HCI. At predetermined time intervals, samples were withdrawn and centrifuged for 10 min (12000
rpm) to separate the adsorbent, leaving only dissolved arsenic in the solution. The aliquots were syringe filtered
and analyzed for arsenic remaining in the aqueous phase. The residual arsenic was determined using graphite
furnace atomic absorption spectrometer (Buck Scientific Model 210 VGP). All experiments were performed in
duplicates and the averages were reported. The amount of As (lll) adsorbed at equilibrium, ge (mg/g), was
calculated using equation (1) by replacing gt and Ctby qge and Ce, respectively.
— (Co — Ct)V

oM (1)
Where Co = initial concentration of As Il (mg /L); Ct = concentration of As Il at time t (mg /L);
V = volume of the solution (L) and M = mass of dry adsorbent (g) (Nur et al., 2014).
The adsorption data were treated with both Langmuir and Freundlich isotherm models.
The non-linear expression of Langmuir isotherm model can be illustrated as Equation (2) (Nur et al., 2014)

_ A max KLCe

e

The non-linear expression of Freundlich isotherm model can be illustrated as Equation (3) (Nur et al., 2014):
Where Ce = equilibrium concentration of As (lll) (mg/L), ge = amount of As (lll) adsorbed per unit mass of
adsorbent (mg/g), gmax = maximum amount of As (l1l) adsorbed per unit mass of adsorbent (mg/g); KL = Langmuir
constant related to the energy of adsorption (L/mg)

= 1/n
qe_ KFCe (3)

Ce = equilibrium concentration of As (Ill) (mg/L), ge = amount of As (Ill) adsorbed per unit mass of adsorbent
(mg/g), Krand n = Freundlich constants (mg/g) (Kr is related to the As (lll) adsorption capacity of the adsorbent).

3. Results and discussion
3.1 characterizations of the nanoparticles

Figures 1a and b present the transmission electron microscopy (TEM) images of activated carbon-supported
nanoscale zero-valent iron particles. The size of activated carbon-supported nanoscale zerovalent iron (nZVI)
particles was within the range of 4510 nm. In contrast, bare nanoparticles synthesized in the absence of the
activated carbon displayed larger dendritic floc-like morphology with particle sizes ranging between 500 and
1000 nm. Similarly, the SEM images displayed well dispersed, carbon supported nanoparticles in Figure 2c,
while particle agglomeration and increased growth was observed in particles produced in the absence of the
activated carbon (Figures 1d), confirming the TEM results. Nanoparticles display their particular properties only
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when particles are in dispersed form, thus stable dispersion of the nanoscale zero-valent iron particles in the
activated carbon matrix is critical for the efficient sorption of pollutants. Aggregation of nZVI particles (attributable
to van der Waals and magnetic forces), decreases nZVI reactivity, mobility, and their adsorption efficiency
(Phenrat et al., 2008). In the current study nZVI particle synthesis in the presence of the activated carbon
prevented aggregation and assisted in the formation of well-dispersed and size-controlled nZVIs.

200 nm

Figure 1: TEM images of: (a) Nanoscale zero-valent iron (nZVI) particles synthesized in the presence of the
activated carbon (b) synthesized in the absence of the activated carbon. SEM images of: (c) Nanoscale
zerovalent iron (nZVI) particles synthesized in the presence of the activated carbon (d) zero valent Iron particles
synthesized in the absence of the activated carbon. The scale bar for the images is 200 nm.

3.2 Effect of adsorbent dose on adsorption of As (lll) on zero valent iron nanoparticles

The adsorbent dose is an important parameter in adsorption studies because it gives an idea of the efficiency
of adsorbent. Figure 2a presents the adsorption of As (lll) at adsorbent dosages of 0.25 -5 g /L. It was observed
that the percentage of As (lll) removal increased with the increase in adsorbent dose. Such a trend is mostly
attributed to an increase in the adsorptive surface area and the availability of more active adsorption sites (Uma
et al., 2013). Figures 2c and 2d display that both Langmuir and the Freundlich isotherm models fit well with the
experimental data. As presented in Table 1, the adsorption data are better fitted by the Langmuir model (r> >
0.989) compared to the Freundlich model (r? > 0.955), with a maximum adsorption capacity of 27.83 mg/g. This
demonstrates that the adsorption involved the formation of a monolayer on a homogeneous surface. Freundlich
isotherm constant can be used to explore the favorability of the adsorption process (Liu and Wang, 2013). When
the value of n is within 1 < n <10, it is favorable adsorption (Liu and Wang, 2013). As presented in Table 1, the
value of n is in the range of 1—-10, demonstrating that it is favorable for the adsorption process.

3.3 Effect of pH on adsorption of As (Ill) on zero valet iron nanoparticles

Solution pH can have a significant influence on the adsorption of heavy metals, due to metal speciation, surface
charge, and functional group chemistry of the adsorbent (Kim et al., 2013). As shown in Figure 2b, the adsorption
of As (Ill) at pH 3 was ~ 42% and increased to approximately 97.5% at pH 4, and kept slightly increasing to 99%
at pH 8. Varying the initial pH had a small effect on As(lll) removal efficiency in the pH range of 4— 8 (Figure
2b); removal ranged from 97.5% when the initial pH was 4 to 99% when it was 8. The pH-dependent behavior
can be explained by ionization of both the adsorbate and the adsorbent causing repulsion at the surface and
decreasing the net As(lIl) adsorption. Below pH 9.2, undissociated arsenious acid (HsAsO3) is the predominant
species and presumably the major species being adsorbed. When the pH is above 9.2, H2AsOs™ is the
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predominant As(lll) species while the nZVI corrosion product surfaces are also negative (Fe(lll)-O-) causing
electrostatic repulsion (Kanel et al., 2005). Thus, the adsorption of the neutral HsAsOs, which is the dominant
As(lll) species at a wide pH range of 2 to 9, would be less strongly influenced by the anion repulsion forces that
would likely play an important role in the adsorption of As(V) species at high pH. The lower adsorption at pH 3
may be attributed to the increased solubility of FeOOH at low pH (Zeng, 2004).
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Figure 1: Percentage of As (lll) adsorbed at various adsorbent dosages and pH7 (a); at various pH values with
5 g/L adsorbent dosage and an initial As (Ill) concentration of 100 mg/L (b); Non-linear curve fitting of Langmuir
(c) and Freundlich isotherm (d) models at an adsorbent dosage of 4g/L and pH 7.

Table 1: Langmuir and Freundlich isotherm parameters obtained by nonlinear fitting of adsorption data

Model Parameters Values + SD
27.83+£0.90
0 rrex
Langmuir K 0.239 £ 0.02
L
r2 0.989 +0.04
K . 6.760 +0.09
Freundlich n 2.110 £ 0.01
r? 0.955 +£0.07

4. Conclusion

In conclusion, a highly reactive activated carbon-supported nanoscale zero-valent iron was synthesized to be
used for adsorption of As(lll) from contaminated water. The activated carbon-supported nZVls showed efficient
adsorption of As (lll) at increasing dosages of the adsorbent within the pH ranges of 4 to 8 while the adsorption
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efficiency was adversely affected at pH 3, which may be attributed to the solubility of iron nanoparticles at pHs
lower than 3. The study suggests that use of activated carbon as a scaffold is a promising and sustainable
option for the synthesis of zerovalent iron nanoparticles loaded on activated carbon with narrow size distribution
and high adsorption potential. The synthesis and application of activated carbon-supported zerovalent iron
nanoparticles is an attractive and sustainable approach as it is environmentally sound and cost-effective.
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