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Abstract: A combined process, including As(III) oxidation and As removal by the fibrous anion
exchange material FFA-1, was established to treat arsenite ([As(III)] = 10 mg L−1)-polluted ground-
water. Both fixed-bed reactors (R1 and R2) were separately filled with pozzolana and FFA-1. After
72 h of inoculation and 10 days of operation, As(III) oxidation efficiency reached around 100% and
the total As in the effluent was below 10 µg L−1 for over 100 days. Then, the combined system
was stopped and a desorption experiment on the FFA-1 collected from R2 was carried out. The
results revealed that the As trapped by the FFA-1 was distributed linearly along the axial length of
R2, and the maximum capacity for removal of the FFA-1 from R2 was about 28 mg As g−1 FFA-1.
Moreover, the anions’ competing test showed that they were preferentially sequestrated by the FFA-1
according to the following order: SO4

2− > PO4
3− ≈ AsO4

3− > NO3
− at neutral pH. Furthermore, the

microorganisms attached to the FFA-1, including some arsenite-oxidizing microorganisms (AsOBs),
could be a beneficial complement to the As(III) oxidation and, thus, the total As removal. At the same
time, the regeneration test proved that the As(V) interception capacity of FFA-1 was barely affected
by the presence of biofilm. Additionally, the calculated operating cost showed that this combined
process has great potential for the remediation of As-polluted groundwater.

Keywords: arsenite oxidation; arsenate interception; anion exchange fiber; interfering anions;
regeneration

1. Introduction

Long-term exposure to arsenic (As) may cause severe diseases, such as cancers of the
skin, lung, and bladder [1,2]. Geological research shows that high levels of As, even up to
one milligram per liter, exist in groundwater due to the geological background in many
countries, such as Bangladesh and India [3,4]. In addition, many organoarsenic compounds
(e.g., roxarsone and p-arsanilic acid) have been invented and applied in relation to various
human activities [5], which possibly leads to wide and serious As pollution of surface water
and shallow groundwater [6].

Nowadays, ion exchange technology has been widely used to treat industrial wastew-
ater, owing to high selectivity, low production of by-product, recoverability of valuable
metals, and the ability to meet strict discharge specifications [7–10]. However, the applica-
tions of commercialized exchange materials are limited due to the relatively low adsorption
rate and some strict conditions [11]. Recently, the ion exchange fiber was invented as a
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new material with many potential applications in environment management. Compared
with conventional ion exchange resins, the fibrous resin had high adsorption rates and
an excellent uptake capacity, because of the short transit distance for the ions and the
number of functional groups present along the fiber [12]. Generally, the commonly used
ion exchange technique was proved to be more efficient to remove arsenate (As(V)) than ar-
senite (As(III)) [13], because As(V) exists as a charged oxyanion (H2AsO4

− and HAsO4
2−)

compared with an uncharged molecule (H3AsO3
0), which As(III) exists under neutral

conditions [14]. At the same time, As(III) and As(V) are the main forms in the environ-
ment, while As(III) is generally dominant in As-polluted groundwater due to reductive
conditions [15]. Moreover, As(III) is much more toxic and mobile than As(V) in aquatic
environments [16–18]. Hence, the oxidation of As(III) should be beneficially applied as a
pre-treatment method before the application of the ion exchange technique.

In fact, with the discovery of numerous arsenite-oxidizing bacteria (AsOB), the biolog-
ical As(III) oxidation was proven to be an eco-friendly alternative to chemical oxidation
for the remediation of As(III)-polluted groundwater [19–22]. Thus, a combined process,
consisting of biological As(III) oxidation associated with chemical sequestration, is likely
to be effective in removing As(III) from polluted wastewater. Wan et al. [23] investi-
gated a coupled process of biological As(III) oxidation and As(V) removal by zero-valent
iron. Furthermore, a combined process of anion exchange technology coupled with the
biological method was successfully applied in the treatment of perchlorate- and nitrate-
contaminated drinking water [24]. Hence, compared with the main conventional As(III)
removal technologies, such as adsorption, membrane separation, ion-exchange, and pre-
cipitative processes [25], an original combined process, including biological oxidation and
chemical removal methods, should be more green and environmentally friendly; thus, it
has a great potential in the remediation of As(III)-polluted groundwater.

Herein, a novel anion exchange functional material named FFA-1 was prepared via
grafting copolymerization of triethylenetetramine (TETA) in polyacrylonitrile (PAN) fiber.
The chloride anion (Cl−) located on FFA-1 can exchange with other anions in water solutions
such as CrO4

2−; thus, FFA-1 has a high removal capacity for As(V) in groundwater [26].
In this work, biological pre-oxidation followed by As retention in the FFA-1 fiber reactor
was investigated to ultimately remove As(III) from synthetic groundwater. This work
was focused on: (1) the long-term performance of the combined process; (2) the effect of
biological pre-oxidation and of possible coexisting anions, such as SO4

2− and NO3
− on As

removal by the anion exchange FFA-1; and (3) the feasibility of the combined process for
the remediation of As-polluted groundwater.

2. Materials and Methods
2.1. Experimental Set-Up

Two fixed-bed reactors (R1 and R2) with a volume of 185 mL were installed, as shown
in Figure 1 [27]. R1 was filled with 188 g of pozzolana (Ø = 4 ± 1 mm) used as packing
materials, while R2 was filled with 50 g of FFA-1 (a fibrous weak-base anion exchange
material, Cl− form, with standard exchange capacity = 5–6 mmol g−1) [26]. The FFA-1 was
steeped with 0.1 M HCl and washed with deionized water before utilization. The synthetic
groundwater was pumped into R1 at a flow rate of 52.5 ± 0.5 mL h−1. The corresponding
hydraulic retention time (HRT) of the reactors (R1 and R2) were controlled at 2.1 and
2.3 h, respectively.

2.2. Inoculation and Substrate Composition

The mixed culture, containing enriched AsOB used as the inoculum, was extracted
from a lab-scale sequential batch reactor (SBR) [28]. Then, 10 mL of inoculum was mixed
with 100 mL of enrichment medium, as described in Battaglia-Brunet et al. [29], in a glass
conical flask and supplemented with 10 mg L−1 of As(III). This flask was shaken in a
reciprocally agitated incubator (25.0 ◦C, 140 rpm) for 5 days and was circulated in R1 at a
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flow rate of 0.92 L h−1 for 72 h before the operation. Dissolved oxygen was 6–8 mg L−1) in
the inflow. The composition of synthetic groundwater is described by Michon et al. [30].

Figure 1. Schematic diagram of the combined system and filling materials.

2.3. FFA-1 Characterization
2.3.1. Micromorphology Observation

The FFA-1 samples which filled R2 were observed with a scanning electron microscope
(SEM) (Quanta200) before and after the operation. Prior to SEM imaging, the samples were
fixed by immersion in a 2% paraformaldehyde, 2% glutaraldehyde, and 1 × phosphate-
buffered saline (PBS) mixed solution overnight at 4 ◦C, with subsequent lyophilization
(freeze-drying) [31]. Simultaneously, the elemental composition of the FFA-1 samples was
analyzed using an energy dispersive spectrometer (EDS).

2.3.2. Regeneration Test

The reacted FFA-1 was extracted along the axial distance of R2 given the capac-
ity of desorption and re-adsorption of As(V). Prior to the adsorption operation, the
As(V)-loaded FFA-1 was eluted with NaOH (0.2 M) solution. Then, the OH− form of
FFA-1 was transferred to the Cl− form adequately using HCl (0.1 M) solution. Finally, the
regenerated FFA-1 (2 g L−1) was tested for its adsorption capacity with water containing
200 mg As(V) L−1 at 140 rpm shaking for 24 h (pH = 7.0–7.5).

2.3.3. Anion Interference

The selectivity of the FFA-1 (dry weight = 1.0 g) for various anions (AsO4
3−, Cl−,

NO3
−, PO4

3−, and SO4
2−) was measured in a continuous column experiment (column

diameter = 6 mm, height = 10 mm). The influent included arsenate and another possible
anion (Cl−, NO3

−, PO4
3−, and SO4

2−). The initial concentration of arsenate in the influent
was set at 1.25 mmol in order to quickly obtain the breakthrough curve, while chloride
(2.5 mmol), nitrate (4.8 mmol), phosphate (1.5 mmol), and sulfate (3.6 mmol) were separately
mixed with arsenate in the influent. The initial pH was adjusted at 7.0 ± 0.5, respectively,
with the addition of HNO3, H3PO4, H2SO4, and HCl, correspondingly.
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2.4. Microbial Diversity Analysis

Microorganism samples were extracted from R1 and R2 at the end of the operation.
Microbial DNA of samples was extracted using the E.Z.N.A.® Water DNA Kit (Omega
Bio-tek, Norcross, GA, USA), according to the manufacturer’s protocols. The V4-V5 region
of the bacterial 16S rRNA gene was amplified by a PCR using primers 338F 5′-barcode-
ACTCCTACGGGAGGCAGCAG-3′ and 806R 5′-GGACTACHVGGGTWTCTAAT-3′, where
barcode is an eight-base sequence unique to each sample. Amplicons were purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and
quantified using QuantiFluor™-ST (Promega, Madison, WA, USA). Purified amplicons
were pooled in an equimolar and paired-end sequenced (2 × 250) on an Illumina MiSeq
platform, according to the standard protocols.

2.5. Analysis Methods

The water samples collected from the feed tank and the outlet of R1 and R2 were
immediately filtrated (Ø = 0.45 µm) and stored at 4 ◦C before the analysis. The anions’
concentrations (Cl−, SO4

2−, PO4
3−, and NO3

−) were measured by ion chromatography
(Thermo Scientific ICS900). The total As concentration was determined by hydride genera-
tion atomic fluorescence spectrometry (HG-AFS) with a quantification limit of 0.5 µg L−1.
As speciation analysis was fulfilled by the high performance liquid chromatograph (HPLC),
coupled with HG-AFS with a quantification limit of 0.1 and 0.3 µg L−1 for As(III) and As(V),
respectively. The detailed parameters of HPLC-HG-AFS are described in Yin et al. [5].

2.6. Mass Balance of As

As shown in Equation (1) [23], the incoming As(III) (around 10 mg L−1) resulted in
residual As(III) and oxidized As(V) in the effluent of the combined system, and the As was
trapped by FFA-1 in R2. Herein, no organic As form was detected in any samples (the limit
quantification of monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) was
1.0 µg L−1). Hence, the As removal efficiency (η) for the combined system was calculated,
as shown by Equation (2) [23].

Total AsIII
inlet = Astrapped + AsV

outlet + AsIII
outlet (1)

η (%) = 100×
∆Astrapped

Total AsIII
inlet

= 100×
AsIII

inlet −AsIII
outlet −AsV

outlet

AsIII
inlet

(2)

where Total AsIII
inlet is the concentration of As(III) in the feeding solution; AsV

outlet and
AsIII

outlet are the concentrations of As(V) and As(III) in the effluent of R2, respectively; and
Astrapped is the concentration of As trapped by the FFA-1 of R2.

The arsenite oxidation efficiency (η) for R1 and for R2 could be, respectively, calculated
by Equations (3) and (4), because As(III) and As(V) can be hardly adsorbed by the poz-
zolana in R1, and almost no As(III) (uncharged form existed as H3AsO3

0) could be directly
adsorbed by the FFA-1 in a neutral pH environment (seen in Supplementary Figure S1).

HR1 (%) = 100×
∆AsIII

oxidized

Total AsIII
inlet

100×
AsV

outlet

AsIII
outlet + AsV

outlet
(3)

ηR2 (%) = 100×
∆AsIII

oxidized

Total AsIII
inlet

100×
AsIII

inlet −AsIII
outlet

AsIII
inlet

(4)

where AsV
inlet and AsIII

inlet are the concentrations of As(V) and As(III) in the influent, re-
spectively; and AsV

outlet and AsIII
outlet. are the concentrations of As(V) and As(III) in the

effluent, respectively.
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3. Results
3.1. Performance of Combined System

The combined system operated continuously over 130 days. As shown in Figure 2, the
total As in the outlet of R1 fluctuated around 10 mg L−1, which was equal to the influent
As(III). On the contrary, the concentration of total As in the effluent of R2 rapidly decreased
in one week, then remained below 10 µg L−1, which meets the standard for drinking water
quality suggested by World Health Organization (WHO). Moreover, the removal efficiency
(η) of the combined system was almost 100% over 100 days, suggesting that an efficient
and stable removal of As(III) was realized by the combined system. After about 130 days of
operation, the combined system was stopped while at least 1100 mg As was trapped.

Figure 2. Total As removal by the combined system.

3.2. Arsenite Oxidation in the Combined System

As shown in Figure 3a, after 9 days of microorganism adaption, a large proportion of
As(III) was oxidized to As(V) in R1, and then the oxidized As(V) was readily trapped by
the FFA-1 in R2. However, the arsenite oxidation efficiency (η) fluctuated between day 53
and day 81, and between day 102 and day 107, because of discontinuous feeding, while the
As(III) oxidation efficiency (η) in R2 was higher than 95% at these two above-mentioned
phases, according to Equation (4). Moreover, considering that As(III) was hardly trapped
by the FFA-1, the residual As(III) present in the R1 outlet could be biologically oxidized
and ultimately trapped by the FFA-1 in R2. The performance results of the combined
system demonstrated that As(III) and As(V) in the effluent of R2 always remained at a
low level (<10 µg L−1). In this case, as shown in Figure 3b, although it was difficult
to calculate the As(III) oxidation efficiency (η) in R2, the occurrence of biological As(III)
oxidation in R2 played a crucial role on the As removal by FFA-1. Meanwhile, the SEM
observation (Figure 4) showed that some bacteria were attached to the surface of FFA-1.
These microorganisms could contribute to As oxidation in R2.

3.3. Morphological Evolution of FFA-1

The morphology of FFA-1 was observed before and after the operation. The surface
of the raw FFA-1 was flat and smooth (Figure 4a). After 130 days of operation, the FFA-1
located at the bottom of R2 was covered by a lot of rough precipitates and some microorgan-
isms (Figure 4b), while some individual bacilliform microbes adhered to the FFA-1 located
at the top of R2 (Figure 4c). As shown in Table 1, the EDS analysis indicated that the chlorine
ion content on the surface of FFA-1 after the pre-treatment with HCl (0.1 M) increased to
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9.7%, which means the free amino groups of FFA-1 were translated into chlorine ionic types.
Compared with the pre-treatment of FFA-1, the chlorine ion content and the As content on
the surface of the reacted FFA-1 were 0.3% and 1.2%, respectively.

Figure 3. As(III) oxidation in R1 (a) and R2 (b).

3.4. Distribution of As Trapped in R2

On day 130, the total As (the main form was As(V)) in the effluent of R2 was over
10 µg L−1, the combined system was stopped, and the reacted FFA-1 was carefully extracted
from R2. The color of FFA-1 located at the bottom became black. Figure 5a showed that
the quantity of As(V) (i.e., adsorbed quantity) desorbed from the reacted FFA-1 at various
locations decreased linearly along the axial length of R2. At the same time, a very small
amount of desorbed chloride was detected for the reacted FFA-1 at the bottom of R2,
which means that the original chloride anion on the surface of FFA-1 was exchanged with
other anions such as As(V) and SO4

2− and, thus, almost exhausted (Figure 5b). Figure 4
showed that a higher quantity of material was fixed to the fiber at the bottom of the R2 in
comparison with the top of R2. The above-mentioned results revealed that the coexisting
anions (e.g., SO4

2− and NO3
−) could negatively disturb the As removal efficiency by FFA-1

materials. Furthermore, 1g of the collected FFA-1 in R2 maximally adsorbed 28 mg of As,
which was much lower than the maximum value (ca. 90 mg As per gram FFA-1) in the
static batch test with the single As(V) anion solution (seen in Supplementary Figure S1).
Meanwhile, the efficiency (i.e., re-adsorption efficiency) of the regenerated FFA-1 at different
heights of R2 remained around 90% of the maximum adsorption capacity (Figure 5a,b).
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Figure 4. SEM observation of raw FFA-1 (a), reacted FFA-1 at the bottom (b) and the top (c) of R2.

Table 1. Mass percentage of elements on the surface of FFA-1 via EDS analysis.

Element (%) C N O As P S Cl Fe

Raw FFA-1 75.4 11.9 12.7 - - - - -
Pre-treatment FFA-1 63.4 14.6 11.8 - 0.5 - 9.7 -
Reacted FFA-1 in R2 58.6 13.5 18.7 1.2 0.6 5.4 0.3 1.7

In fact, the co-existing anions, such as sulfate (SO4
2−) and nitrate (NO3

−), present
in the synthetic groundwater, could obviously disturb the efficiency of As removal. The
distribution of anions trapped by FFA-1 along the axial height of R2 is shown in Figure 5b.
These results confirmed that quantities of SO4

2 and NO3
− were adsorbed in R2, which

means the role of competing anions should be considered during the treatment of As-
polluted groundwater by the anion exchange resin FFA-1. In this case, phosphate (PO4

3−)
in the desorbed solution was hardly detected, probably due to the formation of calcium
phosphate that presents a very low solubility. Additionally, the nitrite (NO2

−) trapped
by FFA-1 was detected in R2 and was probably due to denitrification by nitrate-reducing
bacteria such as Thiobacillus [32], which was documented by the microbial diversity analysis.
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Figure 5. Characterization of FFA-1 at various axial height of R2; quantity of desorbed As and
regeneration ratio of FFA-1 (a); distribution of various anions trapped by FFA-1 in R2 (b).

3.5. Effect of Co-Existing Anions on As(V) Removal by FFA-1

In order to further evaluate the effect of possible competing anions (NO3
−, PO4

3−,
and SO4

2−) on arsenate (As(V)) removal by FFA-1, one additional test, fed with a relatively
high concentration of potential competing anions, was carried out in the continuous FFA-1
column. The molar substitution rate between chloride ion (Cl−) and arsenate (As(V)) was
about 2.4 in the control test (Figure 6a). When nitrate and arsenate coexisted in the influent,
as shown in Figure 6b, nitrate was firstly detected in the effluent and even increased over
the initial concentration with the exhaustion of chloride ion from FFA-1, which means that
arsenate could not displace nitrate until the chloride was totally depleted. In Figure 6c,
phosphate and arsenate appeared in the effluent at the same time, due to their similar
structure (Figure 6c). However, arsenate was first detected and strongly desorbed from
FFA-1 when sulfate was chosen as the competing anion (Figure 6d). Thus, the order of
removal efficiency for anions by FFA-1 is SO4

2− > PO4
3− ≈ AsO4

3− > NO3
−.
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Figure 6. Effect of competing anions (control test (a), nitrate (b), phosphate (c) and sulfate (d)) on the
arsenate removal by FFA-1 fiber in continuous column test.

3.6. Microbial Diversity Analysis

After 130 days operation, as shown in the Venn diagram of operational taxonomic
units (OTUs) level (Figure 7a), 244 bacterial species-level OTUs were found in the inoculum,
among which only 34 OTUs (12.9%) were found in both reactors (Figure 7a). The evolution
of the microbial community should be closely related to the inflow substrates (e.g., the
concentration of arsenite) and the operating conditions (e.g., dissolved oxygen and pH).
R1 and R2 shared 71 common OTUs, accounting for 33% and 46% of their total OTUs,
respectively, although no inoculation was performed for R2. The microbial abundances
on the class level (Figure 7b) showed that β- and α-proteobacteria were dominant in R1
and R2, the two groups gathering most of the known AsOBs, as reported previously [33].
Anaerolineae in R1 was significantly dropped due to the presence of dissolved oxygen in
a relatively high concentration (6–8 mg O2 L−1) in the inflow. Several bacterial genera
identified in our treatment system include As(III)-oxidizing strains, i.e., Pseudomonas, Bosea,
Xanthobacter, and Mesorhizobium (Sultana et al., 2012) [34].



Water 2022, 14, 856 10 of 15

Figure 7. Evaluation of microbial diversity for the inoculum, R1 and R2: Venn diagram of OTUs level
(a); histograms of the abundances on class level (b); and hierarchically clustered heatmap graph at
the genus level (c).
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4. Discussion
4.1. Feasibility of Ion Exchange Technology on As Removal

The data obtained with different ion exchangers for As removal are gathered in
Table 2 [13,35–37], showing that 1g of modified polyacrylonitrile fiber could efficiently
remove 96.0 mg of As [8], which was similar to the As removal capacity of FFA-1
(Supplementary Figure S1). Herein, their similar fibrous structure could be the key reason
for their high As removal capacity [10,11]. Additionally, competing anions such as PO4

3−

and F− could influence the As removal capacity [8,10]. Our study showed that PO4
3− and

SO4
2− influence the As removal by FFA-1. However, the regeneration capacity of FFA-1

could exceed 90% even in the presence of bacterial cells attached to its surface.

Table 2. Comparison of As removal capacity via different ion exchangers.

References Ion Exchanger Form of Ion
Exchanger

As Removal Capacity
(mg g−1) Regeneration

Ratio (%)
Main Interfering

Ions
As(III) As(V)

This study FFA-1 Fiber - 82–89 90 PO4
3− , SO4

2−

[10] Zr-MPR Bead - 0.35–0.42 * - PO4
3−

[11] Zr-FCPS Fiber - 8.17–9.52 renewable -

[37] Vinylbenzyl chloride
copolymer coated on a glass fiber Fiber - >5.53 - -

[8] Modified polyacrylonitrile fiber Fiber - 96.0 - F− , PO4
3−

[13]
3-[2-(2-

Aminoethylamino)ethylamino]propyl-
trimethoxysilanesilica gel

Bead 2 13.2 excellent -

[36] Uniselec UR-10 Bead (100–200
mesh) 35.2 39.7 nonrenewable -

[35] IronIII-loaded chelating resin
(Fe-LDA) - 62.9 55.4 renewable -

* The corresponding unit was mg mL−1.

In order to improve the efficiency of As(V) removal, ion exchange technology was
combined with other methods, such as electrodialysis [38] and coagulation [39], to treat
wastewater containing As(V). However, As(III) was dominant in As-polluted groundwater
due to the reductive condition, while the anion exchangers generally did not efficiently
remove As(III), as shown in Table 2. As a consequence, oxidation technology, such as
chemical oxidation, was introduced to remove As(III) in ion exchange processes; the
literature reveals that most of the previous studies have been performed on As separation
by using Fe-loaded resins [40]. Du et al. [41] developed a bifunctional resin-supported
nanosized zero-valent iron (NeS-ZVI) composite by combining the oxidation properties of
nZVI/O2 with the adsorption features of iron oxides and anion-exchange resin NeS. Their
results indicated that their maximal adsorption capacity for As(III) was 121 mg g−1.

4.2. Role of Biological Arsenite Oxidation on the Combined Process

Chemical ion exchangers can only remove As(III) from strong alkaline environ-
ments [40]. Thus, biological As(III) oxidation could be a cost-effective strategy for the pre-
treatment of As removal under neutral conditions. Wan et al. [23] combined biological As(III)
oxidation with zero-valent iron to remove concentrated As(III) ([As(III)] = 10 mg L−1) from
synthetic groundwater. The maximal biological As(III) oxidation rate reached
8.36 mg h−1 L−1 and about 45% of total As was removed with HRT of 1 h. Moreover,
arsenite could be completely biologically oxidized by AsOB, using NO3 and O2 as electron
acceptors [28]. Based on these results, a novel and integrated As(III) removal process,
i.e., biological As(III) oxidation coupled with the fibrous anion exchange technology, was
suggested in this work. As shown in Figure 7, the microbial structure evolved in this
combined process, with diverse bacteria colonizing R1 then R2. Firstly, over 95% of arsenite
was stably oxidized in R1 under low HRT (ca. 2 h). Secondly, the FFA-1 fiber in R2 could
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retain the microorganisms from R1 effluent and help to form a biofilm, due to its high
specific surface area (Figure 4a).

4.3. Operating Cost

The operating cost of this combined process mainly depends on the consumption of
the regenerated chemicals and the loss of FFA-1, regardless of the electricity consumption.
Herein, the operating cost can be calculated by Equation (5) [42]:

Operating cost (¥/g As) = (A + B × n)/(n + 1) (5)

where A (g−1 As) is the cost of the first cycle, B (g−1 As) is the cost of each regeneration
process, n is the number of regenerations, and (n + 1) is the total number of cycles.

Herein, A is a function of the As removal capacity for FFA-1 and the price of FFA-1,
while B depends on alkali and acid consumption for the regeneration process; thus, A and
B can be obtained from Equations (6) and (7) [42]:

A = a1/a2 (6)

B = (C + D)/a2 (7)

where a1 is the unit price (37 ¥ kg−1 FFA-1) and a2 is the actual exchange capacity
(78 g As kg−1 FFA-1). C and D are the cost of the alkali cleaning process and the acid
pickling process, respectively. Here, the values of C and D are 0.21 and 1.14, respectively
(¥ kg−1 FFA-1) (the detailed calculation can be seen in the Supplementary Table S2).

As shown in Figure 8, the operating cost per unit volume of groundwater is mainly
determined by the initial concentration of As in the groundwater and the number of
regeneration cycles, without the consideration of competition from interfering ions. It
should be pointed out that the exchange capacity of FFA-1 would decrease with its wear
after long-term operation [26], although the effect of the biofilm, including AsOB, on the
regeneration ratio of FFA-1 could be ignored.

As shown in Figure 8b, assuming that initial As concentration was 0.5 mg L−1, the
calculated operation cost could not decrease obviously, even if the cycle number was
more than 10. Therefore, the recommended number of cycles should be less than 10 in
order to ensure that As in the effluent of the combined process meets the As requirement
(i.e., 10 µg L−1). With the increase in the initial As concentration from 1 to 10 mg L−1, the
recommended number of cycles could be in the range from 20 to 50. Herein, the presence of
interfering ions, such as sulfate and nitrate, in the polluted groundwater was not considered
due to the different characters of groundwater quality in various regions. In order to ensure
the quality of the effluent, the penetration removal capacity, rather than the saturated
adsorption capacity, is used in the calculation. In the future of real engineering, FFA-1
could be regenerated after saturation by using multi-stage reactors in series which could
reduce the operating cost.
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Figure 8. Effect of initial As concentration (a) and cycle time (b) on the operating cost.

5. Conclusions

In this study, the As(III) removal from synthetic groundwater was successfully achieved
by using microbial oxidation combined with ion exchange fiber technology. The main con-
clusions are as follows:

• The combined process can efficiently and reliably remove As(III) from groundwater,
achieving effluent total As concentration below 10 µg L−1 over 130 days;

• Attention should be paid to competing anions (e.g., SO4
2− and NO3

−) present in the
groundwater when the fibrous FFA-1 as an anion exchange material is utilized in the
combined process for ultimate As(V) removal;

• This combined process would be economically feasible as an alternative for the reme-
diation of As from polluted groundwater.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14060856/s1, Figure S1: Effect of pH (a) and regeneration time
(b) on FFA-1 to As(V) removal capacity; Table S1: Composition of the synthetic groundwater; Table S2:
Cost analysis table of regeneration process.
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