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Abstract: Spent electrolyte from lead-acid battery contains high concentrations of sulfate acid and
heavy metals; therefore without proper handling, they might cause severe environmental pollution.
A relatively high concentration of sulfate ions (approximately 3000 mg/L) and heavy metals still
exists in the effluent even after precipitation with slaked lime and carbonation process, which need
to be further processed to lower both the concentrations of sulfate and heavy metals for direct
discharge. A process that involves the reduction of sulfate to sulfide with sulfate-reducing bacteria
and precipitation of the excessive sulfide with Fe(OH), was adopted to dispose of the effluent after
precipitation and carbonation for direct discharge. Thermodynamic calculations were adopted to
narrow down the optimum experimental range and understand the precipitation mechanism. In the
whole process, no new impurities nor ions were introduced and 99.2% of sulfate, 99.9% of sulfide,
99.1% of Ca and more than 94.6% of Pb and 99.8% of Cd were removed and the obtained effluent was
safe to discharge.

Keywords: sulfate removal; spent lead-acid battery; heavy metals; sulfate-reducing bacteria

1. Introduction

Lead-acid batteries (LABs), composed of grid (Pb), lead paste (PbO, PbO,, PbSOy), electrolytes
(36-39% H,S0y4), and shells, are generally utilized as rechargeable power storage devices, e.g.,
stand-alone power systems [1-3], motor vehicles [4,5], and backup power supplies [6-8]. As the
main component of LAB, the majority of lead (approximately 85%) is consumed in the production
process [9], which encourages the recycling of spent LABs. The recycling of lead grid and plastics have
already been commercialized [10-12], while the recycling of lead paste and electrolyte are still under
intense investigation [13-17]. Spent electrolyte from LABs contains high concentrations of sulfate acid
and a certain amount of heavy metals, which are highly corrosive and poisonous and could cause
serious environmental crises without proper disposal methods. [18] LABs, as one of the major sources
of lead exposure worldwide, can cause many adverse clinical outcomes in children and adults, [19]
especially, for fetuses and gravidas since lead exposure can occur at each stage of pregnancy [20,21].
The adverse effect caused by lead exposure continues during the life course [22] and affects several
key organ systems, e.g., the cardiovascular [23], renal [24,25], and hepatic [26,27] systems. Depending
on the concentration of sulfate ions, wastewater is disposed of by precipitation with lime or slaked
lime [16,28], crystallization [29] for solutions with high sulfate concentration and exchange resin [30],
and sulfate-reducing bacteria (SRB) [31-35] for solutions with low sulfate concentration. Compared
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with other techniques, SRB methods have the advantages of high removal ratio, low capital, and
operation cost and are capable of large scale operation at low sulfate concentrations and medium pH
range. The mechanism and kinetics of reducing sulfate with different SRB under different pH, heavy
metal concentrations, and carbon sources have already been investigated in detail [31-41]. However,
there is very little research reported on the removal of the reduced product, i.e., sulfide, from the
resulting solution to meet the standards for direct discharge. In our previous study, as shown in
Scheme 1 (refer to box with red dashed line), slaked lime and CO, was utilized to remove the majority
of sulfate and heavy metals (Pb and Cd) from spent LAB electrolyte with the theoretical removal ratio
of sulfate around 99% [15] and experimental removal ratio of sulfate around 97% [16] by precipitation
and carbonation. The theoretical removal ratio was mainly determined by the solubility products
of gypsum. Even after precipitation and carbonation process, a certain amount of sulfate (around
3000 mg/L) and heavy metals still exist in the effluent, which is too high for direct discharge.
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Scheme 1. Illustration of the disposal approach to recycle LAB electrolyte.

In this study, we focused on the removal of sulfide obtained from sulfate by SRB and other
hazardous elements (Pb and Cd) to meet the standard for direct discharge. Hereby, a two-step process,
as shown in Scheme 1 (refer to box with green dashed line), was proposed and utilized to remove
sulfate, sulfide that originated from sulfate, heavy metals (Pb and Cd), and Ca?* from the effluent
of spent LAB electrolyte. In the first step, SRB was utilized to remove sulfate from the effluent by
precipitation and carbonation process, and the resulting sulfide was then utilized to precipitate the
heavy metals in the effluent. In the next step, the sediment was filtered and Fe(OH), was added to
remove the excessive sulfide as FeS. Both thermodynamic modeling and experiments were adopted to
interpret and optimize the recycling process. Thermodynamic calculations were utilized to understand
the precipitation mechanism and narrow down the optimum recycling conditions.

2. Materials and Methods

2.1. Materials

The spent LAB electrolyte effluent was obtained from the precipitation and carbonation process
as described in our previous study [16]. The SRB utilized in the study was a mixed culture obtained
from the local wastewater plant and cultured with Postgate C (0.5 g/L K,HPOy, 1.0 g/L NHyCl, 4.5 g/L
NapSOy, 0.06 g/L CaCl,e6H,0, 0.06 g/L MgSO4e7H,0, 6.0 g/L sodium lactate, 1.0 g/L yeast, 0.004 g/L
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FeSO4e7H,0, 0.3 g/L sodium citratee2H,0, and 25 g/L. NaCl) [36]. Lactate was reported as the optimum
carbon source for SRB [37], however, in this study, to avoid the release of acetate from the partial
degradation process [38,39], methanol was utilized [40]. Before utilization, SRB was pre-grown and
cultivated in the Postgate C medium with an incubating time of one month. After this, the enriched
community was inoculated to the effluent to start the sulfate reduction process. The bacteria proved to
be Gram-negative species. The initial methanol concentration, redox potential, and temperature of the
effluent were kept at 4 g/L, 0.1V, and 30 °C, respectively. Table 1 shows the initial concentration of
effluent obtained after the precipitation and carbonation process, with the main components being
CaZ* (400.1 mg/L) and SO42- (3013.5 mg/L) with pH 7.01. Two heavy metals, i.e., Pb and Cd, were
detected with a concentration of 0.924 and 2.10 mg/L, respectively.

2.2. Methods

The reduction of sulfate to sulfide was conducted according to Equation (1) in the batch experiments
with immobilized SRB in a 1 L glass vessel [41]. The concentration of 50,42, HS™, and HCO3~
were measured with spectrophotometric method (HS-3300 Water analyzer & spectrophotometer,
HUMAS) [42], 4500-S?>~ method [43], and Raman spectroscopy (DXR Smart Raman spectrometer,
Thermo Fisher Scientific Inc.) [44], respectively (detailed information can be found in Supporting
Information). The concentration of metal ions (Ca%*, Pb**, Cd**, and Fe®**) were measured with
Inductively coupled plasma - optical emission spectrometry (ICP-OES) (PerkinElmer® Optima 5300
DV). pH was monitored by a Thermo Scientific pH meter equipped with a highly sensitive ROSS
electrode. The parameters of the reduction process were monitored every two days.

3502 +4CH;0H ¥ 3HS™ +3HCOj +5H20 + CO; )

After the reduction of sulfate, the precipitate was filtered, the effluent then further precipitated
with fresh Fe(OH); (6.29 g/L) to remove sulfide for 24h at 200 rpm stirring, after which the obtained
precipitate was also filtered. Both precipitates were dried at 80 °C for 48h and analyzed with X-ray
powder diffraction (XRD). The precipitation and removal process were simulated by thermodynamic
calculations with Matlab® R2010a. All thermodynamic parameters (Table S1, Supporting Information)
and ionic strength were taken into consideration according to our previous study [15].

3. Results and Discussion
3.1. Sulfate Reduction and Heavy Metal Removal

3.1.1. Sulfate Reduction with SRB

The treatment starts with the reduction of sulfate to sulfide by SRB, as shown in Figure 1. The
batch experiments show the reduction kinetics of sulfate in a sterilized anaerobic medium. A decrease
in sulfate concentration at around 99% was observed within 12 days in the immobilized batch reactor.
The pH increased sharply in the first 4 days from 7.01 to 8.34 and then slowly increased to 8.81 on day
12. The mean sulfate reduction rate in the first 12 days was 10.36 mg/h. The concentration of ions in
the effluent after 12 days of reduction is shown in Table 1, and as seen, the majority of Ca%*, SO,%,
Pb%*, and Cd?* were removed in the sulfate reduction process.
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Figure 1. Sulfate concentration and pH value in the batch reactor with pre-grown mixed SRB.

3.1.2. Pd?*, Cd%* and Ca?* Removal

According to Equation (1) in the sulfate reduction process, sulfate was reduced to sulfide with
the electrons from methanol, with the assistance of SRB, resulting in the existance of both sulfide and
bicarbonate. The concentration of sulfide and bicarbonate increased with the reaction time, until the
ion products (Qsp) of PbS, CdS, and CaCOg in the solution are larger than their solubility products
(Ksp), resulting in precipitation of excess ions from the solution as solids. To predict the extent of the
reaction between sulfide and bicarbonate with Pd?*, Cd?*, and Ca?™, thermodynamic calculations
were carried out on the assumption that 99% sulfate was reduced to sulfide and the same amount
of bicarbonate was also produced according to the stoichiometric number. The detailed results are
shown in Figure 2. Figure 2a shows the concentrations of all ions in the effluent vs. pH; as seen, several
precipitates exists in the effluent, i.e., CaCOs, PbS, and CdS. The parameters used in the calculation
process is shown in Table 1. Equations (51)—(S27) (Table S1, Supporting Information) were utilized to
calculate the equilibrium after the sulfate reduction process. Four kinds of cadmium complex (CdHS™:
logK= 8.24, Cd(HS),: logK= 15.46, Cd(HS)3™: logK= 17.36 and Cd(HS),>": logK= 19.32) [45] and three
kinds of lead complex (PbHCO3: logK= 13.35, PbCO3: logK= 6.6, Pb(CO3),%": logK= 10.1) were taken
into consideration, while three kinds of both cadmium precipitates (Cd(OH);: logK= —13.65, CdCOs:
logK=12.1 and CdS: logK= 14.13) and lead precipitates (Pb(OH),: logK= —13.6, PbCO3: logK=13.2,
and PbS: logK= 14.86) were selected as possible precipitates. As can be seen, CdS and PbS precipitate
are the main species for cadmium and lead ions in the whole pH range [46], while CaCOj is the main
species for calcium when pH > 6.2. A typical distribution of sulfide ions was observed in Figure 2b
with H,S, HS™, and S?~ being the main species in low (pH < 7), medium (7 < pH < 12), and high (12 <
pH < 14) pH range, respectively. Due to relatively low concentration, no HjS gas was observed in the
calculation even in the high acid region. The fraction of bicarbonate shown in Figure 2c suggested
that both soluble carbon dioxide (CO,), carbonate acid (H,COj3), bicarbonate (HCO;3 ™), and carbonate
(CO527) ions exists in different pH regions. Due to the existence of calcium ions and the fact that the
Qsp(cacos) > Ksp (cacos), calcium carbonate precipitate (CaCOj3) started to appear when pH > 6.2. A
similar distribution of carbonate ions can also be observed as sulfide ions with CO, and H,COj3 being
the main species when pH < 6, HCO3~ dominates when 6 < pH < 10, and CO32~ dominates when
10 <pH < 14. For calcium ions, five species (CaCOj: logK = 3.339, CaHCO;: logK = 11.44, CaOH™*:
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logK=-12.83, CaCOs3(s): logK= 8.3, Ca(OH);(s): logK= -22.62) were considered in the whole pH range,
as shown in Figure 2d, and three species were observed, i.e., Ca?t (pH <9), CaHCO;* (5 < pH< 8),
and CaCOs(s) (6.2 < pH). For lead (Figure 2e) and cadmium (Figure 2f), the circumstances were much
simpler, with the precipitates being the main species in almost the whole pH range (1 < pH < 14),
which suggested that the precipitates (PbS and CdS) are extremely stable in the effluent. According
to the final pH measured, after sulfate reduction, the main species for all related ions were HS™ for

sulfide ions, HCO3~ for bicarbonate ions, CaCOs(s) for calcium ions, PbS for lead ions, and CdS for
cadmium ions.
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Figure 2. Calculated species distributions of the effluent after the sulfate reduction process: (a)
Distributions of all elements in the effluent at equilibrium vs. pH; (b) Fraction of sulfide ions in the
effluent vs. pH; (c) Fraction of bicarbonate ions in the effluent vs. pH; (d) Fraction of calcium ions in

the effluent vs. pH; (e) Fraction of lead ions in the effluent vs. pH; (f) Fraction of cadmium ions in the
effluent vs. pH.
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After the sulfate reduction process, a certain amount of black sediment was filtered and analyzed
with XRD (Figure 3). As can be seen from the graph, three different phases were observed, i.e., calcite
(CaCO3), galena (PbS), and hawleyite (CdS). The main composition was calcite (96%), while PbS and
CdS both count for approximately 2% of the sediment. This result was in good accordance with the
thermodynamic simulation results. After the sulfate reduction process, 99.1% S0,4%, >99.8% Cd%™,
>94.6% Pb%*, and 99.1% Ca?* were removed according to the results shown in Table 1. Considering
the detection limit of ICP-OES for Pb (0.05 mg/L) and Cd (0.005mg/L), the removal ratios of Pb and Cd
were calculated based on the lowest detection limit. In Table 1, the removal ratios of Pb and Cd were
calculated to be larger than 94.6% and 99.8%, respectively, since the concentrations of Pb and Cd after
precipitation were out of the detection limit (ODL).
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‘® 2000 —
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Figure 3. XRD pattern of the sediment obtained from the sulfate reduction process.

3.2. Sulfide Precipitation

After the sulfate reduction process, both heavy metals (Pb and Cd) and calcium ions were removed
from the solution. However, a large amount of sulfide and bicarbonate ions were produced and existed
in the effluent. Due to the rotten egg smell and toxicity of sulfide ions, a precipitation step was added
to remove the hazardous sulfide ions. To avoid introducing new impurities into the effluent, Fe(OH),
was selected as the precipitation agent for removing sulfide. In the precipitation process, excessive
Fe(OH), was added, and the reaction mechanism was simulated by thermodynamic calculations as
shown in Figure 4.
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Figure 4. Calculated species distributions of the effluent after the sulfide precipitation: (a) Distribution
vs. pH; (b) Fraction of sulfide ion vs. pH (c) Fraction of bicarbonate ion vs. pH; (d) Fraction of iron ions
vs. pH.

Figure 4a shows the simulated species distributions in the sulfide precipitation process. Equations
(51), (512)—(518), and (S28)—(S35) (Table S1, Supporting Information) were utilized to simulate the
equilibrium distributions. Eight species of iron, including four complexes (Fe(CO3),%: logK=20.53,
FeHCO;™: logK=24.93, Fe(OH)3™: logK= —19.9 and Fe(OH)4>: logK= -32.85) and three precipitates
(Fe(OH),(s): logK= —7.3, FeCOs(s): logK= 21.22 and FeS(s): logK= 16.95) were taken into consideration
in the calculation process. Three precipitates were observed, i.e., Fe(OH),, FeCOs, FeS, in different pH
ranges. The simulation was calculated according to the results shown in Table 1. As can be seen from
Figure 4b, three sulfide containing species were observed with H,S being the main species when pH <
4, FeS dominates in 4 < pH < 13 and S?~ exists in 12 < pH < 14. Where the pH ranged from 5 to 12.5, all
sulfide was observed in the form of FeS. As for bicarbonate ions, similar distributions were observed
(Figure 2c) while, due to the adding of iron, a certain amount of FeCO3; may also be observed in the pH
range of 6.5 to 9.2. Two complexes FeHCO;3;™ and Fe(CO3),2~ were also observed in pH5 to 8 and 8.5
to 10, respectively. As can be seen (Figure 4d), five out of the eight calculated species were observed,
which involved all three precipitates (Fe(OH),, FeCOj3, and FeS) and one complex (FeHCO3™). FeS
precipitate can be observed in a relatively wide pH range from 3.2 to 14, while Fe(OH), exists when
pH > 7.8 and FeCOj3 can only be observed in a narrow range of 6.5-9.2. By referring to the equilibrium
pH shown in Table 1 after precipitation of sulfide, all three precipitates might exist in the sediment,
while 99.9% sulfide can be removed.

A black sediment was obtained after filtering the solution from the sulfide precipitation process,
while after drying at 80 °C in an oven, the black sediment turned dark red (Figure 5a). This might
suggest that certain chemical reactions occurred during the drying process. Figure 5b shows the XRD
pattern of the dried precipitate; three components were observed, i.e., magnetite (Fe30;), troilite (FeS),
and siderite (FeCO3). Magnetite in the sediment might result from the partial oxidation of Fe(OH), to
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Fe30y, as shown in Equation (2), with the reaction being spontaneous. According to the results shown
in Table 1, 99.9% of sulfide was removed at pH 9.08.

6Fe(OH), + 0y(g) — 2Fe304 + 6H,O AGY = —495.85 kJmol 2)
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Figure 5. XRD pattern of the sediment obtained after the sulfide precipitation process. (a) Photo of the
sediment obtained before and after drying (b) XRD pattern of the sediment obtained after drying.

Table 1. pH, ion concentrations, and removal ratio in the effluent at different steps of processing.

Parameters Initial 2 SRB Treatment?®  Precipitation ? Removal Ratios (%) WHO Value 2
pH 7.01 8.86 9.08 NAPD 6.0-9.0
Pb2+ 0.924 ODL ¢ ODL >94.6 0.2
Cdz* 2.10 ODL ODL >99.8 0.01
80,2 3013.5 27.1 25.2 99.2 300
Ca2t 400.1 3.78 343 99.1 200
HS- NA 1001 1.27 99.9 1.0
HCO;5;~ NA 1278 786 NA NA
Fe2* NA NA 89.5 NA NA

2 All concentrations were in the unit of mg/L, ® NA: Not applicable, ¢ ODL: out of the detection limit.

4. Conclusions

With the assistance of SRB, 99% of sulfate was first reduced to sulfide and heavy metals while
99% of calcium ions were removed simultaneously after 12 days of reduction with SRB. In the sulfate
reduction process, the reaction mechanism for the heavy metal and calcium ion removal was simulated
by thermodynamic calculations, which predicted the appearance of CaCOj3, PbS, and CdS. In the
following sulfide precipitation process, Fe(OH), was selected and tested due to the following facts: 1)
Fe(OH); has poor solubility in aqueous solution which will not introduce new impurity in the effluent;
2) the product resulting from reaction of Fe(OH), and sulfide, i.e., FeS, is insoluble in aqueous solution,
which would help remove excessive sulfide ions thoroughly. The reaction mechanism for sulfide
precipitation was also simulated and interpreted with thermodynamic calculations. The predicted
results are different from the XRD analysis results due to the oxidation of Fe(OH); to Fe3Oy4. After the
two-step removal process, the overall removal ratio of Ca?*, S0,4%~, Pb%*, and Cd2* were 99.1%, 99.2%,
> 94.6%, and > 99.8%, respectively. The concentration of sulfate, lead, cadmium, and calcium ions in
the effluent were significantly lower than the concentration recommended by WHO for wastewater
discharge into streams [47], which is considered safe for directly discharged.
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