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Abstract: Biological oxidation is a low-carbon technology for the treatment of As-containing gold ores,
but it causes a large amount of acidic As-containing wastewater that is harmful to the environment.
This paper proposed a novel, eco-friendly method to treat this wastewater. Thermodynamic analysis,
H,PO, ™ reduction, and wastewater recycling tests were conducted. Thermodynamic analysis
indicates the feasibility of the reduction of As(V)/As(Ill) by H,PO, ™~ or H3PO; to As? under acidic
conditions. Experimental results confirmed the thermodynamic prediction and showed that H,PO,~
could efficiently convert the As (i.e., As(V)/As(IIl)) in the wastewater to high value-added AsD.
Under the optimal conditions, 99.61% of As precipitated out, and the obtained As® had a high purity
of 98.5%. Kinetic results showed that the reaction order of H,PO, ™ concentration was 0.6399, and
the activation energy of the H,PO, ™ reduction process was 34.33 kJ /mol, which is indicative of a
mixed-controlled process (2040 k] /mol). Wastewater recycling results showed that after recovering
As, the wastewater could be reused as a bacterial culture medium. Based on the thermodynamic
analysis and experimental and analytical results, hypophosphite reduction mechanisms for removing
and recovering As from its acidic wastewater were proposed. The results presented in this paper
suggest the feasibility of this one-step HoPO, ™ reduction approach, which may be promising in
treating acidic As-containing wastewater.

Keywords: biological oxidation; acidic As-containing wastewater; hypophosphite; reduction;
elemental arsenic

1. Introduction

Arsenic has been classified as a primary carcinogen by the International Cancer
Organization [1-3]. In aqueous environments, As(IIl) and As(V) exist predominantly as
inorganic arsenite and arsenate species, with As(IlI) exhibiting significantly higher toxicity
and mobility compared to As(V) [4]. The contamination of the environment with arsenic has
been exacerbated in recent years due to ongoing mining activities [5], smelting processes [6],
the growth of the semiconductor manufacturing industry [7], and improper agrochemical
applications [8]. In the gold smelting industry, biological oxidation is extensively employed
for pretreating As-containing gold ores. However, this method generates substantial vol-
umes of acidic wastewater containing high concentrations of arsenic. Effective treatment
of such acidic wastewater derived from biological oxidation has emerged as a significant
challenge in the gold smelting sector.

Common methods for removing arsenic from As-containing wastewater include
adsorption [9], ion exchange [10], and precipitation [11-13]. The adsorption method offers
the advantages of low cost, simple operation, and large adsorption capacity. However,
the difficulty in recycling the adsorption material and the interference of co-existing ions
greatly affect its adsorption rate. The ion exchange method is susceptible to the influence
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of impurity ions. Although precipitation has the benefits of requiring less investment and
being easy to operate, it also produces hazardous waste. In comparison with the adsorption,
ion exchange, and precipitation methods, reduction using a reductant to convert As(V) and
As(III) in As-containing wastewater into high-value-added products with stable properties
and low toxicity is preferred.

There are only a few studies on the treatment of As-containing wastewater by the
reduction method. The reduction method can realize the resource utilization of arsenic-
containing wastewater and is a possible direction for future development. However,
current research mainly focuses on the reduction of arsenic-containing wastewater with
UV /reducing agents. Wang et al. [14] successfully recovered elemental arsenic by em-
ploying the UV /sulfite method to reduce As(V) and As(Ill) from solution. However, this
method is only suitable for treating wastewater containing low As concentrations. Al-
though this method can achieve the reduction of As(Ill)/As(V) in acidic As-containing
wastewater, whether the process can treat bio-oxidation As-containing wastewater is un-
known. Feng [15] used potassium borohydride (KBHj4) as a reducing agent to convert
soluble arsenic into gaseous arsenic (AsH3) or solid arsenic (As’), achieving the goal of
removing arsenic from wastewater. However, it should be noted that the generated AsHs
is toxic. Li and Tian [16] employed a two-stage reduction process of utilizing hydrazine
hydrate in the first stage and hypophosphite in the second stage to achieve a total reduction
efficiency of 91.77% for converting As into its elemental form from actual As-containing
wastewater. Although this two-stage reduction process allows for resource utilization of
arsenic in wastewater, it should be noted that the hydrazine hydrate used in the first stage
possesses certain toxicity and environmental harm [17]. Another disadvantage of the above
two-stage reduction process is its complexity. Therefore, it is of great significance to seek a
safe, environmentally friendly, and efficient reducing agent and develop a simple process to
realize the resource utilization of acidic As-containing wastewater with minimized impact
on the environment.

Hypophosphite (such as sodium hypophosphite), as a strong reducing agent, is widely
used in the food industry as an antioxidant and preservative [18]. In the alloy industry,
hypophosphite has the potential to replace formaldehyde to reduce high-valence metal
ions to low-valence metal elements [19]. Hypophosphite has the advantages of low cost
and non-toxicity. Few attempts, however, have been made to treat acidic As-containing
wastewater using only hypophosphite.

In this paper, one-stage hypophosphite reduction was adopted to treat an actual
acidic As-containing wastewater from the bio-oxidation pretreatment of a refractory As-
containing gold ore. This study started with thermodynamic analysis to reveal the likely
speciation change for the As, P, and Fe species in acidic As-containing wastewater and thus
predict the theoretical possibility of recovering As from its acidic wastewater as As’ by
hypophosphite reduction. An in-depth investigation into the effect of influencing factors
on the reduction efficiency of As by hypophosphite was then performed. The recycling of
the wastewater after hypophosphite reduction as a culture medium was also investigated.
Finally, the relevant hypophosphite reduction mechanisms for As recycling from the acidic
As-containing wastewater were elucidated. This paper offers a novel eco-friendly one-stage
hypophosphite reduction technology that may be promising for the treatment of acidic
As-containing wastewater, particularly in the bio-hydrometallurgy industry.

2. Materials and Methods
2.1. Experimental Materials

The acidic As-containing wastewater used in all experiments was the bioleaching
solution of a refractory As-containing gold ore (As 19.32%) after 14 days of bio-oxidation
pretreatment by Acidithiobacillus ferrooxidans (A. ferrooxidans). The A. ferrooxidans were from
the Key Laboratory of Biometallurgy, Ministry of Education of China (Changsha, China).
This wastewater has strong acidity (pH = ~0). Table 1 shows that it mainly consisted of
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As 2.532 g/L and Fe 5.594 g /L, of which the As included As3t and As® and the Fe was
mainly Fe3* [20-22].

Table 1. The content of main components in bio-oxidation leaching solution.

Element FeZ* Fe3* A3t Asd*

Content (g/L) 0.231 5.363 1.647 0.876

The reagents used in the hypophosphite reduction experiments and the cultivation
of bacteria were all analytical reagent grade. De-ionized water was used throughout
all experiments.

2.2. Experimental Methods

The unsterilized bioleaching solution, i.e., As-containing wastewater (500 mL), was
added to a closed container, and then the As-containing wastewater was purged with
nitrogen (N) for 30 or 180 min to remove the dissolved oxygen (O;) to different O,
concentration levels (38.0 mg/L, 8.5 mg/L, and 1.2 mg/L). After the constant-temperature
water bath was heated to the reaction temperature, the stirrer was opened, and the rotation
speed was adjusted to 300 rpm. Then a certain amount of sodium hypophosphite was
added to the As-containing wastewater, and the solution pH value was quickly adjusted by
the careful addition of ~0.01 mol/L H,SO,4 or NaOH solution. Each reduction test started
once the solution pH was adjusted well. During the reduction test, 1 mL of the sample was
taken at an interval of 30 min for chemical analysis. After each reduction test was completed,
the sample was filtrated through a filter membrane with a pore size of 0.45 pm to separate
the solution and the solid product for chemical analysis and characterization. Before the
characterization of the solid product, it was dried in a vacuum oven at 35 °C overnight.

After removing the As, the wastewater was reused as a culture medium for A. ferrooxidans.
In the wastewater recycling tests, the initial pH of the wastewater was adjusted to 2.0 & 0.05
with H»SO4 or NaOH solution before the culture of A. ferrooxidans. The conventional 9K
culture medium was used as the standard to evaluate the effect of the wastewater on the
growth of A. ferrooxidans. More details can be found in our previous study [20].

2.3. Analytical Methods

The dissolved oxygen concentration in solution was determined by a dissolved oxygen
tester (Shanghai LeiCi, JPBJ-611Y, Shanghai, China). The total arsenic concentration in
solution was determined by inductively coupled plasma-atomic emission spectrometry
(ICP-OES, ICAP7400 Radial, Thermo Fisher Scientific, Waltham, MA, USA). The arsenic
reduction efficiency is calculated as shown in Equation (1). The arsenic content of the solid
sample was determined by the first dissolution of the solid sample using a NaOH solution
and then ICP-OES (Equation (2)).

M % 100%

A= 5V 1)

A: As reduction efficiency (%)
B: As concentration of original acidic wastewater (g/L)
C: As concentration of reduced solution (g/L)
V: acid wastewater volume (L)
Ccv o
A: purity of As (%)
B: solid mass (g)
C: arsenic concentration in solution (g/L)
V: solution volume (L)
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The concentrations of total soluble iron ([Fe']aq) and Fe?* ([Fe3*]aq) during hypophos-
phite reduction were determined using the 5-sulfosalicylic acid colorimetric method [23].
[Fe?*]aq was measured using the ferrozine method [24].The lattice structure of the solid
product was measured by X-ray diffraction (XRD; D8 ADVANCE, Bruker, Berlin, Germany).

The number of bacteria in the bacterial solution was directly counted with a binocular
electron microscope and blood cell counting plate. At regular intervals, microscopic
counting of A. ferrooxidans cultured in different liquids was performed. The cultured
bacteria droplets were taken on the blood cell counting plate to observe several typical
areas. The number of living bacteria in each region was recorded, averaged, and multiplied
by 4 x 10° to obtain the number of bacteria at some time point.

3. Results and Discussion
3.1. Thermodynamic Analysis

Based on the main composition of the acidic As-containing wastewater with high
acidity (pH = ~0) and high solution potential (Eh = ~860 mV), HYDRA-MEDUSA software
(version 16.1) was used to construct the Eh-pH diagram (Figure 1) of the As-Fe-H,PO, -
H,O system to present the Eh-pH predominance areas for the As, Fe, and P species under
acidic conditions (pH from —2 to 2). Thermodynamic analysis on relevant redox couples
was conducted to predict the theoretical possibility of the redox reactions among these
species. It should be noted that the thermodynamic data used for calculation were from
the Hydrochemical log K Database of the HYDRA module. All solution potentials were
reported relative to the standard hydrogen electrode (SHE).

Figure 1a,b shows that the predominance areas of As and Fe species at pH of —2-2
and Eh of ~860 mV are H3AsOy4 and Fe3*, respectively, which is consistent with the solution
composition (Table 1). In addition, the redox couples of H3AsO4/H;AsO," (equilibrium
potential Eh = 725-580 mV) at pH of —2-—0.3, H3AsO,/H3AsO; (Eh" = 580-100 mV) at
pH of —0.3-2, HyAsO,*/As” (Eh? = 300-230 mV) at pH of —2-—0.3, and H3AsO3/As’
(Eh® = 230-100 mV) at pH of —0.3-2 for As species, and Fe3* /Fe?* (Eh® = 800 mV) and
Fe?* /Fe’ (Eh? = —480 mV) for Fe species form at Eh scale of —1000-1000 mV. In terms
of the acidic wastewater used in this study, its solution potential is determined by the
Fe3* /Fe?* couple [20]. The Eh-pH stability area of As’ (Figure 1a) is completely included
in that of Fe?* (Figure 1b), indicating that the Fe species exist as Fe>* when the As species
occur in the form of As.

The predominance areas of P species are shown in Figure 1c, including H3PO4 (P(V)),
H3PO3/HpPO, (P(ION), H3PO, /HaPO, ™ (P(I)). The species of H3PO3/H,PO3™ appear
unstable due to their quite narrow stability areas. A series of redox couples also form for P
species, i.e., H3PO,/H3PO3 (Eh® = —400-—600 mV) at pH of —2.0-1.5, H3PO4/H,PO3~
(Eh® = —600-—620 mV) at pH of 1.5-2.0, H3PO3/H3PO; (Eh? = —410-—610 mV) at pH of
—2.0-1.3, H,PO3~ /H,PO,~ (Eh? = —610-—640 mV) at pH of 1.5-2.0. It is clear that the
redox potentials of the P species couples are much lower than those of the As species and
Fe species couples. In other words, when H,PO3™ was added to the acidic As-containing
wastewater, thermodynamically, H,PO3; ™~ reacted with H* to form more stable H3POj3. The
formed H3POj is able to reduce Fe3* and H3AsOy to Fe?* and H3AsO3/H,AsO,™, respec-
tively, and simultaneously it is oxidized to mainly H3PO,. In addition, H3AsO3/H;AsO,*
can be reduced to As’ with no reduction of Fe? to Fe’. Although the redox couple of
0,/H,0 (Eh? = 1345-1107 mV at pH from —2 to 2) is not shown in Figure 1, it has much
higher potential than that of the P species couples. This indicates that the dissolved oxygen
(Oy) in solution has a significant influence on the stability of H3PO,/H;PO,~, which is
readily oxidized by O, to H3POj.
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Figure 1. Eh—pH diagram of the As—Fe-H,PO, ~-H,O system showing the predominance areas of
(a) As species, (b) Fe species, (c) P species and (d) partially enlarged plot of P species. Conditions:
[As] 33.8 mM, [Fe] 100 mM, [PO,3~] 338 mM; 25 °C, latm.

3.2. Recycling of As from the Acidic Wastewater by Hypophosphite Reduction

Hypophosphite reduction experiments were conducted based on the thermodynamic
analysis. The effects of dissolved oxygen, hypophosphite concentration, pH, temperature,
and time on As reduction efficiency were investigated.

3.2.1. Effect of Dissolved Oxygen

Due to the easy oxidation of H3PO,/H,PO, ™ by dissolved oxygen (O;), the influence
of O, on the reduction of As from the wastewater using hypophosphite was investigated
under the conditions of n(H,PO, ™) /n(As) 5, pH 0, stirring speed 300 rpm, temperature
50 °C. The results are shown in Figure 2.

The presence of O, markedly influences the reduction of As (Figure 2a). Under the
same dosage of H,PO, ™, the As reduction efficiency was increased by around 15.33% (from
38.92% to 54.25%) when the O, concentration was reduced from 38.0 mg/L to 8.5 mg/L. In
addition, the As reduction efficiency was further increased (from 54.25% to 66.02%) with
the further decrease in O concentration (<8.5 mg/L). The better As reduction achieved at
a lower O, concentration can be explained by the fact that a lower O, concentration causes
lower hypophosphite consumption through the reaction of (1). The solution potential (Eh)
levels (Figure 2b) under high and low concentrations of O, (i.e., 38.0 mg/L, 1.2 mg/L)
were found to both have a decreasing tendency. This is mainly due to the decrease in
the Fe3* oxidant (Equation (2)). The Eh level in the presence of a high O, concentration
(38.0 mg/L) was greater than that at a low O, concentration (1.2 mg/L) since the O, itself
is also an oxidant. The pH also changed during the reduction process with a downward
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trend, as shown in Figure 2c. The decrease in pH is largely attributed to the formation
of H* from the reduction of Fe** by H3PO, (Equation (2)). Compared to the situation for
high O, concentration (i.e., 38.0 mg/L), the pH level was lower than that under low O,
concentration (i.e., 8.5 mg/L, 1.2 mg/L). The reason for this phenomenon is likely due to
the oxidation of O, toward Fe?*, where H* is consumed, as shown by Equation (5).

H3PO,(a) + O,(g) = HzPO4(1) 3)

4Fe>* (aq) + HyPO; (aq) + 2H,0 = 4Fe*™ (aq) + HyPO4(1) + 4H ' (aq) 4)
4H3As03(aq) + 3H;PO, (aq) = 4As(s) + 3H;PO4(1) + 6H,0 ()
4H3As0;5(aq) + 3H;P0z(aq) = 4As(s) + 3H;PO,(1) + 6H,0 (6)
4Fe’" (aq) + 4H" (aq) + O,(g) = 4Fe’" (aq) + 2H,0 %)

The Gibbs free energy of the above reactions was calculated by H5C6.0 software. The
results show that the reactions can be spontaneous at room temperature.

370 900
< (a) (b) —o— 38mg/L
Seo | 850 —2—8.5mg/L
o 1.2mg/l
12 50 — 800 —o- 1.2mg/L
S >
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Figure 2. Effect of dissolved oxygen on (a) the As reduction efficiency, (b) solution potential (Eh), and
(c) pH during the hypophosphite reduction process. Conditions: n(H,PO, ™) /n(As) 5, initial pH 0,
stirring speed 300 rpm, temperature 50 °C.

3.2.2. Effect of Hypophosphite to Arsenic Molar Ratio

The effect of the hypophosphite to arsenic molar ratio (i.e., n(H,PO, ~)/n(As) ratio) on
the recycling of As from the wastewater is shown in Figure 3. The hypophosphite concentra-
tion was found to have a significant effect on the As reduction efficiency. With the increase
in the n(H,PO, ™) /n(As) ratio from 5 to 10, the As reduction efficiency rose constantly from
54.80% to 91.61%; the further increase in n(H,PO;~)/n(As) ratio from 10 to 12 basically
could not enhance the As reduction efficiency. The variation of Eh in Figure 3b indicates
that the Eh descended with the reduction process under all n(H,PO,~)/n(As) ratios. The
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rise of n(H,PO,7)/n(As) ratio led to a decrease in Eh levels due mainly to the reaction
of hypophosphite with Fe3* (Equation (2)). Consistent with the change of E, the pH also
declined, and its level was continually reduced with the increase in the n(H,PO, ™) /n(As)
ratio from 5 to 7 as a result of the enhanced formation of H" (Equation (2)). Little change
in the pH level occurred when the n(H;PO; ™) /n(As) ratio was greater than 7 (i.e., 9-11),
which likely results from reaching an equilibrium of Equation (2).

[
=
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Figure 3. Effect of hypophosphite to arsenic molar ratio on (a) the As reduction efficiency, (b) Eh and
(c) pH during the hypophosphite reduction process. Conditions: initial pH 0, stirring speed 300 rpm,
O, concentration 1.2 mg/L, temperature 50 °C.

3.2.3. Effect of pH

As(V) needs to be reduced to As(IV) (HyAsO3 or H4AsOy). Then, As(IV) is reduced
to As(III) by He or through its disproportionation [25]. The reaction of As(V) in aqueous
solution can be regarded as a complex formation between AsO43~ and H* [26], which is
more difficult to directly reduce to As? from the solution than As(IIT) [27]. The concentration
of hydrogen ion(pH) played an important role in the reduction of As(Ill) by As(V). The pH
of the solution in the reduction process is studied. As shown in Figure 4, the As reduction
efficiency was influenced noticeably by the initial pH (from 1 to —1). When the initial pH
declined from 1 to —0.5, both the reduction rate and efficiency of As increased with the
reduction process. Once the initial pH was lower than —0.5, i.e., —0.6, the As reduction
efficiency was reduced at the initial stage (30 min) of the reduction process, but afterwards
it would steadily increase and reach a higher As efficiency (90.73%) than that obtained at
the initial pH of 0 (88.89%) after 180 min. It is interesting that the further decrease in the
initial pH (i.e., —1) would cause a deterioration for the reduction process; the As reduction
rate and ratio both started to descend. The reason for this phenomenon is unclear at this
stage, which requires further investigation in the future.
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Figure 4. Effect of initial pH on the As reduction efficiency during the hypophosphite reduction
process. Conditions: n(H,PO,™)/n(As) 10, stirring speed 300 rpm, O, concentration 1.2 mg/L,
temperature 50 °C.

3.2.4. Effect of Temperature

The temperature commonly has a significant impact on chemical reactions [28]. The
effect of temperature on the hypophosphite reduction process was also investigated, as
shown in Figure 5. It was found that the increase in temperature is beneficial to the
recycling of As from the wastewater. At lower temperatures of 25 °C and 40 °C, the
efficacy of hypophosphite reduction was much worse than that under higher temperatures
(50-80 °C). In addition, the As reduction efficiency was constantly increased from 25.52%
to 99.42% after 180 min with the temperature increase from 25 °C to 80 °C.

100

Arsenic reduction efficiency(%)

0 20 40 60 80 100 120 140 160 180
Time(min)
Figure 5. Effect of temperature on the As reduction efficiency during the hypophosphite reduction

process. Conditions: n(H,PO,™)/n(As) 10, initial pH —0.6, stirring speed 300 rpm, O, concentration
1.2mg/L.
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3.2.5. Effect of Time

The reduction is carried out under heating conditions to minimize energy consumption,
and the reaction time is also studied. Under the optimal conditions of n(H,PO,™)/n(As) 10,
initial pH —0.6, O, concentration 1.2 mg/L, temperature 80 °C, the change of As reduction
efficiency with reaction time was investigated as shown in Figure 6. The As reduction
efficiency increased fast in the initial 90 min to 93.95%, and then it rose slowly to 99.61%
after 180 min. Afterwards (>180 min), the As reduction efficiency kept basically unchanged.

100 ————
80 |
60 |
40

20

Arsenic reduction efficiency(%)

0 1 1 1 1

0 50 100 150 200

Time(min)

Figure 6. Variation of the As reduction efficiency during the hypophosphite reduction process under
the conditions of n(H,PO,~)/n(As) 10, initial pH —0.6, stirring speed 300 rpm, O, concentration
1.2 mg/L, temperature 80 °C.

3.3. Kinetics of the Hypophosphite Reduction Process
3.3.1. Reaction Order of Hypophosphite

Under the optimal conditions obtained from Section 3.2, the reaction order of hy-
pophosphite concentration on the reduction of As from the acidic As-containing wastew-
ater was investigated, as shown in Figure 7. The order of the reaction is calculated by
the differential method. The logarithm of the slope of the fitted curve in Figure 7a is the
vertical coordinate of Figure 7b, and the logarithm of the concentration of hypophosphite
in different concentrations is the horizontal coordinate of Figure 7b. The reaction order was
obtained by fitting the scatter plot.

Figure 7a shows the fitting curves that can provide the reaction rates (r) for the
hypophosphate reduction process (i.e., the As reduction efficiency) at the initial stage under
different hypophosphite concentrations. By taking the logarithm for the chemical reaction
rate equation of ¥ = kC", Equation (8) was obtained. The fitting curve for the relationship
between the r values and the hypophosphite concentrations in Figure 7a is further shown
in Figure 7b in the form of lgr vs. 1g[H,PO, ~]. The obtained slope of this fitting curve was
0.6399 (Figure 7b), i.e., the reaction order of the hypophosphite concentration. The value of
this reaction order explains why the hypophosphite concentration has a crucial impact on
the recycling of As from the acidic As-containing wastewater.

lgr = nlg C +1gk 8)

7: reaction rate

n: reaction order

C: H,PO, ™ concentration
k: reaction rate constant
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Figure 7. Fitting curves showing (a) the effect of hypophosphite concentration on the As reduction
efficiency and (b) the relationship between the rate of As reduction efficiency (r) and the hypophos-
phite concentration in the initial stage of the reduction process. Conditions: initial pH —0.6, stirring
speed 300 rpm, O, concentration 1.2 mg/L, and temperature 80 °C.

3.3.2. Activation Energy

The reaction rate calculated by the four lines in Figure 8a is the reduction rate constant
r of arsenic at different temperature conditions. The equation y = —4.1287x + 15.655 can
be obtained by plotting In r to 1/T, as shown in Figure 7b. According to the Arrhenius
equation (Equation (9)), the apparent activation energy (Ea) of arsenic precipitation can be
obtained as 34.33 k] /mol, which is between 20 and 40 k] /mol, indicating that this process
is a mixed-controlled process.

—Ea
Inr= ﬁ—kln A )

r: reaction rate

R: molar gas constant (J-mol~1.K™1)
T: temperature (K)

Ea: activation energy (kJ/mol)

A: pre exponential factor

100
(a)@ 50°C 4.0 Hb) _
\? a 60°C y—'4.1287x+15.655
S 80F o 70°C 38 F
g 80°C
% 60 3.6
= .
e = J4F
= -
S 4 f
5 2 b
=]
=
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28 F
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Figure 8. Fitting curves showing (a) the effect of temperature on the As reduction efficiency and
(b) the relationship between In r and 1/T. Conditions: HyPO, ™~ concentration 0.2500 M, initial pH
—0.6, stirring speed 300 rpm, O, concentration 1.2 mg/L.
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3.4. Characterization of the Elemental Arsenic Product

X-ray diffraction analysis was carried out on the arsenic precipitate collected from the

reduction process under optimal experimental conditions, and the analysis result is shown
in Figure 9.

+-As

Intensity (a.u.)

10 20 30 40 50 60 70 80

26 (%)
Figure 9. XRD pattern of the product.

Figure 9 shows that the attained arsenic precipitate is a pure elemental arsenic product.
Its purity was further confirmed by ICP-OES; this AsQ product was shown to have an As
purity of 98.5%. Consistent with the thermodynamic analysis (Section 3.1), the reduction of

arsenate/arsenite by the hypophosphite achieves high-value-added pure arsenic without
the formation of Fe®.

3.5. Reuse of the As-Containing Wastewater after Hypophosphite Reduction as Biological
Culture Medium

After recycling As from the As-containing wastewater via hypophosphite reduction
under optimal conditions, the main composition of the obtained wastewater was detected,
as shown in Table 2. The total content of the As (As®* and As®*) that is inhibitory for
bacterial growth was found to be as low as 0.011 g/L. In addition, the energy substances
FeZ* (5.591 g/L) and PO,3~ (24.361 g/L) for the reproduction of bacteria were contained
in the wastewater. Therefore, the hypophosphite-reduced wastewater was reused as the
culture medium for bacteria, i.e., A. ferrooxidans. The relevant results are shown in Figure 10.

Table 2. Composition of arsenic-containing wastewater content (g/L).

Element Fe?+ Fe3+ A3t As®t PO,3-

Content 5.591 0.003 0.003 0.007 24.367

Comparing Figure 10a with b, the jarosite with a yellow color was found to form
during the bacteria acclimation process, which is indicative of the propitious growth and
reproduction of A. ferrooxidans. Figure 10c shows the growth curves of A. ferrooxidans in
the 9K culture medium and hypophosphite reduced wastewater. The two curves with
little difference confirm the success of the reuse of hypophosphite-reduced wastewater as a
bacterial culture medium. The SEM image of the bacteria presented in Figure 10d further
supports the above success. The results showed that the wastewater could be used as a
culture medium for bacterial growth compared with 9K medium.
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Figure 10. Photographs showing the hypophosphite reduced wastewater (a) before and (b) after
9 h bacterial acclimation. (c) Bacterial growth curves of A. ferrooxidans in the 9K culture medium
and hypophosphite reduced wastewater. (d) SEM image of A. ferrooxidans in the hypophosphite
reduced wastewater.

3.6. Hypophosphite Reduction Mechanisms for As Recycling from the Acidic As-Containing Wastewater

Based on the above thermodynamic analysis and experimental and analytical results,
the possible mechanisms for the recycling of As from the acidic As-containing wastewater
by hypophosphite reduction were proposed as shown in Figure 11. When excessive
hypophosphite (H,PO, ™) was added to the acidic As-containing wastewater, the H,PO,~
was readily protonated and converted to the form of hypophosphorous acid (H3PO,). The
formed H3PO, with a high reducibility would react preferentially with Fe3*, which has a
strong oxidizability, producing H3PO, and Fe?*. The excessive H3PO; also reacted with the
oxidative As-containing oxyanions, i.e., H3AsOy4, H3AsO3, and Hy AsO,", to reduce them as
elemental As. H3AsO3 and HyAsO;,* could be directly reduced to the elemental As, while
H3AsO4 was likely to be first reduced as H3AsO3 /Hp AsO,*, which was then reduced as the
elemental As. The redox couples of H3PO,/H3PO3 and H3PO3;/H;3PO; play a pivotal role
in the above redox reaction process. H3PO, converts Fe3* and H3AsO4/H3AsO3/HyAsOy*
separately to Fe>* and As’, and simultaneously itself becomes H3PO; finally. The removal
and recycling of the As from the solution eliminates the adverse impact of As on bacterial
growth; the formed Fe?" and H3POy can be used as energy substances for bacterial growth.
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Figure 11. Schematic diagram of the mechanisms for As recycling from the acidic As-containing
wastewater by hypophosphite reduction.

4. Conclusions

This paper puts forward a novel eco-friendly method of one-step hypophosphite
reduction for the treatment of acidic As-containing wastewater. This method realizes the
recovery of elemental arsenic, and compared with other methods, the treated solution can
be used as a bacterial medium to reuse waste water. Thermodynamic analysis suggests the
theoretical feasibility of the reduction of As(V)/As(Ill) by H,PO,~ or H3PO, to As? with
no formation of Fe? in acidic solutions. Consistent with the thermodynamic prediction,
the experimental results showed that hypophosphite can effectively reduce the As from its
acidic wastewater as the As’. The optimal conditions were found to be n(H,PO;, ™) /n(As) 10,
initial pH —0.6, stirring speed 300 rpm, anaerobic environment (e.g., O, concentration
1.2 mg/L), time 180 min, and temperature 80 °C, under which 99.61% of the As reduction
efficiency was achieved. XRD analysis confirmed that the obtained solid product was
elemental arsenic, and its purity was identified of reaching 98.5%. Kinetic results showed
that the reaction order of H,PO,~ concentration was 0.64 and the activation energy was
34.33 kJ/mol, suggesting that the reduction of As(V)/As(Ill) by H,PO,™ to As? was a
mixed control process. Wastewater recycling results showed that after recovering As, the
wastewater could be reused as a bacterial culture medium. The one-step hypophosphite
reduction approach proposed in this paper is eco-friendly and feasible for removing and
simultaneously recovering the As from acidic As-containing wastewater in the form of
high-value-added As’, which may have a great potential for practical application.
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