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Abstract

This study presents a novel approach for extracting sulfuric acid from AMD. The proposed method comprises three stages:
AMD pre-treatment, sulfate extraction, and electrolysis of sodium sulfate solution to produce sulfuric acid. Field experiments
were conducted to evaluate the efficacy of sulfuric acid extraction from AMD. Results indicate that nano-zirconia hydroxide
particles exhibit promising selectivity in adsorbing sulfate from AMD under low pH conditions. The sulfate adsorption rate
reached 80%, with an energy consumption of 0.25 kW-h/kg for sulfuric acid generation. Techno-economic analysis reveals a
levelized cost of sulfuric acid (LCS) of $0.83/kg, indicating the economic viability of the proposed method. This innovative
approach addresses environmental concerns associated with AMD and presents a sustainable pathway for sulfate resource
recovery and commercialized valorization.

Keywords Bipolar membrane electrodialysis device (BMED) - Nano-zirconium hydroxide particles - Resource utilization

of acid mine drainage - Selective adsorption of sulfate

Introduction

Acid mine drainage (AMD) poses environmental challenges
globally, arising from the accumulation of groundwater,
surface infiltration, and production drainage during mining
operations (Kefeni et al. 2018; Park et al. 2018). Character-
ized by a pH < 6.0, AMD is prevalent in major coal-produc-
ing nations, often leading to severe pollution issues (Geof-
frey et al. 2014; Kefeni et al. 2017).
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A range of sustainable solutions has emerged to recover
valuable resources such as sulfuric acid (H,SO,), non-fer-
rous metals, and rare earth elements from AMD (Aydin et al.
2019; Lopez et al. 2019; Park et al. 2013; Roa et al. 2024).
The recovery of sulfuric acid within the chalcopyrite min-
ing industry was initially proposed using an electrodialysis
(ED) membrane process, with a case study conducted using
wastewater from a chalcopyrite mine in Turkey (Aydin et al.
2019).

In the process of treating AMD, specific adsorption
materials have been extensively developed and researched.
Zirconium hydroxide nanoparticles have emerged as promis-
ing adsorbents with the capability to adsorb arsenic, sulfur
dioxide, nitrogen dioxide, and sulfate from waters (Peng
et al. 2022; Singh et al. 2012). Magnetic nanometer zirconia
hydroxide, synthesized via the sol-gel method with nanom-
eter ferric oxide, has been investigated for its adsorption
performance regarding sulfate ions through static adsorp-
tion experiments. The study revealed a desorption rate of
90% and an adsorption capacity of 90 mg/g when sodium
hydroxide (NaOH) solution was employed for desorption
and subsequent readsorption of saturated magnetic nano
zirconia. Experimental findings suggest that magnetic nano
zirconia serves as an effective sulfate ion adsorbent and can
be reused (Li et al. 2013).
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The research results reported in the current literatures indi-
cate that sulfate ions in water can be selectively adsorbed and
desorbed, and form sodium sulfate. However, there have been
no reports of field experiments of sulfuric acid extraction from
AMD. So, we evaluated a sulfuric acid extraction technology
for AMD using nano-zirconia hydroxide particles as a case
study of the circular economy concept. This method contrib-
utes to both the treatment and resource utilization of AMD
and demonstrates the potential for swift commercialization
and valorization.

Principles and Technical Approaches

Sulfate ions (SO42_) can be selectively adsorbed from AMD
using nano-zirconium hydroxide (ZrO(OH),) under acidic
environmental conditions (Li et al. 2013; Peng et al. 2022).
Nano-zirconium hydroxide exhibits the unique ability to selec-
tively adsorb sulfate ions from AMD under acidic environmen-
tal conditions (with the optimum pH value falling within the
range of 2.0-3.0), demonstrating a distinctive performance in
selective adsorption (Lu 2006). Once the adsorption capac-
ity of the nano-zirconium hydroxide adsorbent is saturated, it
transforms into ZrOSO,, losing its ability to further adsorb sul-
fate ions. Regeneration of ZrOSO, is achieved through treat-
ment with NaOH solution, converting it back to zirconium
hydroxide (ZrO(OH),) and restoring its adsorption capacity.
The resulting solution is sodium sulfate solution (Na,SO,),
which undergoes electrolysis using a bipolar membrane elec-
trodialysis device (BMED) in a subsequent stage. During the
electrodialysis process, sulfuric acid (H,SO,) solution is gen-
erated in the anode chamber as an industrial product, while
sodium hydroxide solution is produced in the cathode chamber
(Aydin et al. 2019), which can be recycled as the regenerant
for ZrOSO,.

The nano-zirconium hydroxide adsorbent acts as ion
exchanger, selectively adsorbing sulfate ions from the AMD.
The adsorption chemical reaction is illustrated in Eq. 1.

ZrO(OH), + SO;~ — ZrOSO, + 20H~ (1)

The sulfate ion can be desorbed from the saturated adsor-
bent ZrOSO, by soaking it in a saturated NaOH solution. The
chemical equation representing the desorption or regeneration
reaction is illustrated in Eq. 2.

ZrOS0O, + 2NaOH — ZrO(OH), 4 Na,S0, )

The production of sulfuric acid through sodium sulfate
electrolysis in a bipolar membrane electrodialysis (BMED)
device is illustrated in Eqs. 3 and 4.

H,0 - 2H" + OH" (3)
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Na,SO, — 2Na* + SO;~ )

In the BMED, sulfuric acid (H,SO,) solution is gener-
ated in the anode chamber, while NaOH solution is pro-
duced in the cathode chamber in Egs. 5 and 6. (Aydin
et al. 2019).

2H* + SO3~ - H,SO, 5

Nat + OH™ — NaOH 6)

Under the action of an external DC electric field, cati-
ons in the salt chamber permeate through the cation per-
meable membranes into the alkali chamber. Simultane-
ously, water in the alkali chamber undergoes electrolysis
to produce hydroxide ions, resulting in the generation
of alkali. Similarly, anions in the salt chamber permeate
through anion permeable membranes into the acid cham-
ber. In the acid chamber, water undergoes electrolysis
to produce hydrogen ions, leading to the generation of
acid. The process of sulfuric acid extraction from AMD is
shown in the following schematic diagram (Fig. 1).

The main process of extracting sulfuric acid from AMD
involves three stages: pre-treatment of AMD, extraction of
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Fig. 1 Schematic diagram of sulfuric acid extraction from AMD
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sulfate from AMD, and electrolysis of sodium sulfate to
generate sulfuric acid.

Materials and Methods
AMD Water Sample

The experimental site was an abandoned coal mine in the
Yudong River basin in southwest China, characterized by
karst topography. The AMD in this area had sulfate (SO,*")
concentrations of 3,500—4,000 mg/L, iron ions Fe (II) rang-
ing from 120 to 350 mg/L, manganese ions Mn (II) between
8.0 and 12.0 mg/L, and a pH of 2.5-3.5 (Guo et al. 2021).
The AMD flowrate for the experiment was designed to be
1.0 m*h.

Adsorbent Materials

The sol—gel process was employed to fabricate nano-zirco-
nium hydroxide, an adsorptive material, following estab-
lished methods (Li et al. 2013; Lu 2006).

e Preparation method: sol-gel process.

e Raw materials: ZrOCl,-2H,0, ammonia, deionized
water, AgNO;, anhydrous ethanol, polyethylene glycol
(PEG2000).

e Process

Stage 1: Prepare 2.0 mol/L ammonia aqueous solution
and 1.0 mol/L ZrOCl, solution with a 5 wt% PEG2000
as a dispersant.

Stage 2: Precursor mixing: simultaneously add ZrOCl,
- 2H,0 and ammonia solutions into the reactor while
adjusting addition rates via valves to maintain pH around
10. Stir continuously at an appropriate speed to ensure
thorough mixing and reaction.

Stage 3: Sol (colloidal suspension) formation: Prepare
sol within 6 min, maintaining a 1:1 ratio of ZrOCl, solu-
tion to ammonia solution. Age the sol according to speci-
fied conditions. Wash and filter repeatedly with deionized
water until chloride ions are absent. Confirm absence
using 1 wt% AgNO; solution.

Table 1 Performance parameters of the ion exchange membranes

Stage 4: Ethanol treatment: Inject anhydrous ethanol
(sol amount to the anhydrous ethanol ratio 10:1) into the
filter cake, mixing and stirring homogeneously. Dry in a
constant temperature drying oven to obtain the sample.
¢ Influential factors or operation conditions: aging time 30
min, aging temperature 20 °C, ultrasonic time 30 min
(cycle time of 1:3), and drying temperature 80 C.

Since this study was a production experiment requiring
a large quantity, the adsorbent was produced by Jiupeng
New Materials Co., Ltd. in Hangzhou, China. This com-
pany specializes in new nano materials. (URL: www.jiupe
ngap.com).

Experimental Device

The experimental device mainly comprised three modules:
a pretreatment module, a sulfuric acid extraction module,
and a sodium sulfate solution electrolysis module.

The pre-treatment module included a coagulation reac-
tor, a quartz sand filter, and a manganese sand filter. Its
primary function was to remove suspended solids (SS),
iron ions, and manganese ions from the raw AMD to
ensure the normal operation of the subsequent sulfuric
acid extraction module.

The sulfuric acid extraction module comprised an
adsorption reactor, a regeneration reactor, and a preci-
sion separation filter. The adsorption reactor selectively
adsorbed sulfate ions from the pre-treated AMD using
nano zirconia hydroxide adsorbents. The regeneration
reactor was to restore the adsorptive capability of the satu-
rated adsorbents.

The sodium sulfate solution electrolysis module’s main
function was to use a bipolar membrane electrodialysis
device (BMED) to electrolyze the regenerated sodium sul-
fate solution. This process generated sulfuric acid solution
in the anode chamber and sodium hydroxide solution in the
cathode chamber. The BMED (Model JABCM-8040/20) was
manufactured by the Beijing Tingrun Membrane Technol-
ogy Development Co., Ltd in P.R. China, with the perfor-
mance parameters of the ion exchange membranes shown in
Table 1. The experimental device is shown in Figs. 2 and 3.

Membrane types Resistance Membrane thickness Exchange capac- Rate of water Ion trans-  Specifications (mm)
of membrane ity of membrane content (%) ference
surface rate
(Q-cm?) (mm) (mmol'kg")
FAB anion exchange membrane 3 0.11-0.13 3.9%1072 25-30 0.98 800x 400
FKB cation exchange membrane 5 0.11-0.13 43%x1072 25-30 0.96 800x400
4.6x1072
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Fig.2 Schematic diagram of the field experimental device

Fig. 3 Photo of the field experi-
mental devices

Water Quality Testing Methods

The Lab QC/QA adhered to the guidelines outlined in the
"Measures for Quality and Safety Management of Water
Quality Monitoring" Hydrology [2022] No. 136 issued by
the Ministry of Water Resources of China and the water
quality detection methods followed standards issued by the
environmental protection departments of the Chinese gov-
ernment (Guo et al. 2021).

The pH was measured using the “glass electrode
method”, utilizing a PHS-3C meter manufactured by
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Shanghai Scientific Instrument Co., Ltd, China. The
concentration of suspended solids (SS) was determined
gravimetrically, following the Chinese standard “Water
quality-Determination of suspended substance-Gravimet-
ric method GB 11901-1989.” Sulfate (SO42') was meas-
ured gravimetrically according to the Chinese standard
of “Water quality-Determination of sulfate-Gravimetric
method GB 11899-1989”. The concentration of Mn (II)
was assessed using potassium periodate spectrophoto-
metric methods as per to the Chinese standard of “Water
quality-Determination of manganese-Potassium periodate
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spectrophotometric method GB 11906-1989”. The concen-
tration of Fe (II) was measured by ortho phenanthroline
spectrophotometry following to the standard of “Envi-
ronmental Protection Industry Standards of China” HJ/T
345-2007.

Pretreatment Experiments

The raw AMD water pretreatment experiment conditions:
the flowrate of raw AMD water was controlled by an inlet
valve, maintaining a hydraulic retention time (HRT) of 45
min in the coagulation reactor. The mixer speed was set to
150 r/min, and the dosage of coagulant PAC and floccu-
lants PAM were 12.0 mg/L and 0.5 mg/L respectively. The
filtering speeds of the quartz sand filter and manganese
sand filter were controlled at 8.0 m/h.

Results and Discussion
Pretreatment Experiments

Figure 4 shows the removal effects of impurity contents,
including SS, Fe (II) ions, and Mn (II) ions in the raw
AMD water by the pretreatment process. The removal rates
for suspended solids (SS) averaged 87.0% when the SS
concentration fluctuated between 80 to 120 mg/L in the
influent during the pretreatment period. For Fe (II) ions,
the removal rates averaged 90% when the concentration of
Fe (II) ions fluctuated from 120 to 350 mg/L. Similarly, for
Mn (II) ions, the removal rates averaged 86.0% when the
concentration of Mn (II) ions fluctuated from 8.0 to 12.0
mg/L. These pretreatment experiment results showed that
the pretreatment met the expected requirements.
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Fig.4 Pretreatment effect for SS, Fe (II), and Mn (II)

Sulfate Adsorption Experiments

(1) Influence of AMD pH values on sulfate adsorption.

The influence of initial AMD pH values on the sul-
fate adsorption effect was investigated by adjusting its
pH to 2.0, 3.0, and 4.0 in the adsorption reactor at a
sulfate concentration of 3,500 mg/L and an adsorbent
dosage of nano zirconia hydroxide of 30.0 g/L. The
influence of AMD pH on sulfate adsorption is shown
in Fig. 5. The sulfate adsorption rates reached 80%
after 30 min when the initial AMD pH was 2.0. While
the adsorption rate continued to increase, the rate of
increase slowed down, and the adsorption curve gradu-
ally flattened over time.

When the initial AMD pH was 3.0, the sulfate
adsorption rates reached 50.0% after 35 min. Similar
to the previous case, the rate of adsorption continued
to increase but at a slower pace, and the curve flattened
gradually over time.

At an initial AMD pH of 4.0, the sulfate adsorption
rate only reached 35% after 40 min, indicating a slower
increase in the adsorption rate. The experiment results
showed that the sulfate adsorption rates decreased grad-
ually as the initial AMD pH increased.

(2) Relationship between sulfate adsorption rate and time.

The variation of sulfate adsorption rate with adsorp-
tion time was investigated at an AMD pH of 2.5 and a
sulfate concentration of 3,500 mg/L. The experiment
examined the sulfate adsorption rate over time with dif-
ferent dosages of nano zirconia hydroxide: 10.0 g/L,
20.0 g/L, and 30.0 g/L. The results showed that the
sulfate adsorption rates increased with higher dosages
of nano zirconia hydroxide. At a dosage of 30.0 g/L,
the sulfate adsorption rate reached 64.2% after 30 min,
and 78.5% after 60 min. The sulfate adsorption rate
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Fig.5 Influence of the AMD pH on sulfate adsorption
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increased rapidly in the first 30 min and could achieve
a maximum adsorption rate over 80.0%. However, the
growth rate of adsorption began to slow down approxi-
mately 40 min after the adsorption began, even though
the adsorption rate continued to increase (Fig. 6).
Equilibrium adsorption capacity and equilibrium
adsorption rate.

Adsorption capacity refers to the amount of adsorb-
ate adsorbed per unit of adsorbent when equilibrium is
reached, characterizing the ability of an adsorbent to
adsorb a particular substance. The relationship between
the adsorption capacity of nano zirconia hydroxide and
its dosage was investigated by adjusting the adsorbent
dosage under the condition of an initial AMD pH of 2.5
and a sulfate concentration of 3,500 mg/L. The adsorp-
tion capacity was determined by measuring the sulfate
concentration after an adsorption duration of 60 min.
The test results are shown in Fig. 7.

The adsorbent dosage of nano zirconia hydroxide
influences both the equilibrium adsorption capacity and
equilibrium adsorption rate. When the dosage was 3.0
g/L, the sulfate adsorption rate only reached 30.0%, and
the equilibrium adsorption capacity peaked at 115.0
mg/g. At a dosage of 30.0 g/L, the sulfate adsorption
rate peaked at 70.0%, while the equilibrium adsorption
capacity was 35.0 mg/g.

As the sulfate adsorption rate increased, the sulfate
adsorption rate increased, whereas the equilibrium
adsorption capacity gradually decreased. However, a
crossing point was observed on the equilibrium adsorp-
tion capacity curve and the equilibrium adsorption rate
curve, indicating the optimal adsorbent dosage. At this
point, with a dosage of 11.0 g/L, the sulfate adsorption
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rate was 55.0% and the equilibrium adsorption capacity
was 98.0 mg/g. The result of the equilibrium adsorption
capacity experiment results indicate the existence of an
optimal, economically efficient adsorbent dosage.

Adsorbent Regeneration Experiments

ey

Influence of the regenerant dosage on the regeneration
of the adsorbent.

The dosage of regenerant (sodium hydroxide solu-
tion) influences the regeneration effectiveness of the
saturated adsorbent (nano zirconia hydroxide) to a cer-
tain extent. Investigating the optimum or economic dos-
age is therefore meaningful. The dosage ratio, defined
as the ratio of actual dosage to theoretical dosage, was
used to assess the optimum dosage. The theoretical
regenerant dosage was calculated to be 1.20 mol/L
when the adsorbent equilibrium adsorption capacity
was 98.0 mg/g.

The influence of regenerant dosage on the adsorbent
regeneration effect was investigated at dosage ratios of
1.0, 1.5, and 2.0, corresponding to regenerant concen-
trations of 1.2, 1.8, and 2.4 mol/L, respectively. The
regeneration experiment yielded the following results
(Fig. 8):

e With a regenerant dosage ratio of 1.0, the sulfate des-

orption rate of the saturated adsorbent reached 37.0%
after 30 min and 44.0% after 60 min of regeneration.

e With a regenerant dosage ratio of 1.5, the sulfate des-

orption rate reached 53.0% after 30 min and 62.0%
after 60 min of regeneration.
With a regenerant dosage ratio of 2.0, the sulfate des-
orption rate reached 82.0% after 30 min and 95.0%
after 60 min of regeneration.
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Fig.8 Influence of the regenerant concentration on the regeneration
of the adsorbent

e The experimental results indicate that the concen-
tration of the regenerant influences the regenera-
tion of the saturated adsorbent. Higher regenerant
concentrations result in higher sulfate desorption
rates and improved regeneration effectiveness. The
experimental results also suggest that the sulfate
desorption rates nearly reached equilibrium after
30 min of regeneration, with only a slow increase
in desorption rates after that.

(2) Useful life of the adsorbent.

The nano zirconia hydroxide adsorbent can be reused
and recycled multiple times for sulfuric acid extraction
from AMD, and its useful life influences performance
parameters. The useful life of the adsorbent was inves-
tigated through adsorption and desorption experiments
to evaluate its re-adsorption capability. Experimental
conditions: the regenerant (sodium hydroxide) concen-
tration was 60.0 g/L, and the adsorbent solution tem-
perature was 20 °C.

The initial adsorption rate of fresh adsorbent of
nano zirconia hydroxide was 73.8%, but its adsorption
performance gradually decreased with each regenera-
tion. The readsorption rates dropped to 45.0% after
four cycles of reuse and to 26.7% after seven cycles
(Fig. 9). There was a rapid decline in performance after
the fourth cycle, indicating that while nano zirconia
hydroxide is an effective selective adsorbent for sul-
fate from AMD and can be recycled several times, its
adsorption efficiency decreases with repeated regenera-
tion.
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Fig.9 Influence of regeneration times on the adsorption rates

Generation of Sulfuric Acid and Energy
Consumption

A BMED device was used to electrolyze sodium sulfate
solution to generate sulfuric acid. After comparing differ-
ent experimental schemes, the equivalent current method
was selected for setting the BMED parameters. The opera-
tional parameters of the BMED device was as follows: the
membrane stack voltage was 50.0 V, the limit current density
was1530.0 A/m?, the concentration of raw sodium sulfate
solution in the salt chamber was 0.56 mol/L, and the circu-
lating flowrate in each chambers was 100 L/h. The energy
consumption of sulfuric acid production by BMED was
investigated with 15 membrane couples. The results showed
that the energy consumption increased with both electrolysis
time and sulfuric acid concentration. The current efficiency
equation of BMED is shown as Eq. 7:

n= Fa(eiV: — eoo) x 100% %)
nlt

where: 7 =the average current efficiency during the time of
0-t; F=Faraday’s constant (96,485 C/mol); z=the number
of charges carried by migrating ions; ¢,=the solution con-
centration at time ¢, mol/L; V,=the solution volume at time
t, L; c,=the initial solution concentration, mol/L; V,=the
initial solution volume, L; n,=the membrane couples; /=the
electric current, A; and r=the time, s.

The energy consumption equation of generated sulfuric acid
is shown as Eq. 8:

@ Springer



630

Mine Water and the Environment (2024) 43:623-632

Uldt

_ 8
3600 x 10° X m ®)

t
E=/

0
where: E the energy consumption per unit mass of gener-
ated sulfuric acid, kW.h/kg;  U=the voltage, V; I electric
current, A; mthe mass of sulfuric acid generated, kg; and
t=the time, s.

During the electrolysis process, the sulfuric acid concen-
tration increased rapidly in the first 120 min but continued
to increase slowly after that. In contrast, energy consumption
increased slowly during the first 120 min, but then increased
rapidly as the electrolysis continued.

At 120 min, the sulfuric acid concentration reached
0.38 mol/L. Approximately 85.0% of the 0.45 mol/L
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Fig. 10 Influence of energy consumption on the sulfuric acid concen-
tration

Table 2 Levelized cost of target sulfuric acid (LCS)

concentration was achieved at 150 min. Similarly, energy
consumption reached 4.6 kWh at 120 min, about 56% of the
8.2 kWh consumed at 150 min. The average current effi-
ciency during the electrolysis process was calculated to be
65.4% for the alkali chamber and 54.3% for the acid cham-
ber. The energy consumption for sulfuric acid generation
was 0.25 kWh/kg (Fig. 10).

Techno-Economic Analysis

A preliminary cost model has been developed for the pro-
posed technology, allowing for a comparison of its economic
benefits with those of competing technologies. The model
includes a levelized cost of target sulfuric acid (LCS) recov-

ery (Eq. 9).
$
Krecovered >

Annual yield of recovered sulfuric acid(—',("”zf""“‘"d )
Total
(€))

The total annualized cost of recovered sulfuric acid was
determined by summing the process costs and dividing by
the mass of recovered sulfuric acid per year. Process costs
comprise the capital cost (Capex) multiplied by a capital
recovery factor (CRF) for a 15-year operating life, along
with annual operating costs (Opex). A techno-economic
analysis (TEA) was conducted, considering the influencing
factors shown in Table 2.

Considering the average concentration of sulfate (SO,>7)
in AMD was 3500 mg/L, and assuming a 75.0% extraction
rate for concentrated sulfuric acid recovery, the LCS of sul-
furic acid can be calculated as 0.83 $/kg.

Operational costs for acid wastewater treatment using the
acid-base neutralization method typically range from 7.7 to

Total annualized cost of recovered sulfuric acid(
LCS =

Categories Influence factors Indicators Units Values
Pre-treatment cost Cost of pre-treatment processes Cuo $/kg 0.08
Adsorption- regeneration cost Adsorption capacity of the adsorbent Cay g/kg 230
Regeneration capacity of the adsorbent Cas g/kg 160
Cost of the adsorbent Cas $/kg 0.26
Cost of the regenerant Cas $/kg 0.16
Electrochemical cost Energy intensity of the process Cg) $/kg 0.12
Cathode and anode materials expected lifetime Cpp year 5.00
Cost of other materials Cgs 0.006
Cost of any pre or post treatment (O $/kg 0.05
Recovered sulfuric acid yield and the value Cgs $/kg 0.36
Recovered sodium hydroxide yield and the value Cgg $/kg 0.15
Capex and Opex cost Capex mainly contains equipment cost Capex $/kg 0.03
Opex mainly contains the process and maintenance cost Opex $/kg 0.12
LCS $/kg 0.83
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16 $/m>, depending on factors such as sulfuric acid concen-
tration and the presence of other metals in the AMD (Aydin
et al. 2019). Energy consumption for sulfuric acid recovery
via bipolar membrane (BPMED) for reuse in the ammonium
sulfate scrubber ranges from 7.1 MJ/ kg (SO,%7) to 9.5 MJ/
kg (SO42‘) (Narayen et al. 2024). In this study, the LCS was
calculated as 0.83 $/kg, encompassing various costs incurred
during the recovery process, with an average sulfate con-
centration of 3500 mg/L in the AMD. While this approach
can potentially reduce operating costs for AMD treatment,
it may not entirely offset the treatment expenses. However,
if the concentration of sulfate ions in AMD is high enough,
the cost-effectiveness of sulfuric acid extraction becomes
more pronounced, offering greater cost reductions in AMD
treatment.

Conclusion

A productive experiment of sulfuric acid extraction from
AMD was conducted on-site, based on an analysis of basic
principles and technical approach options.

(1) Sulfuric acid was successfully extracted from AMD
through a process involving pre-treatment, sulfate
adsorption, and sodium sulfate solution electrolyzation.

(2) Pre-treatment experiments demonstrated that the pro-
cess effectively removed suspended solids (SS), iron
ions (Fe I)), and manganese ions (Mn II) from raw
AMD, with removal rates averaging 87%, 90%, and
86%, respectively, confirming the feasibility of the pre-
treatment process.

(3) The sulfate adsorption experiments revealed that the
nano zirconia hydroxide served as a selective adsor-
bent, effectively adsorbing sulfate from the AMD at
low pH conditions. However, its adsorption perfor-
mance gradually declined with increasing pH. The
maximum adsorptive capacity of the adsorbent was
115.0 mg/g, while the equilibrium adsorption capac-
ity was 85.0 mg/g, indicating an economically viable
dosage. Moreover, the sulfate adsorption rate exceeded
80.0%.

(4) The experiments showed that the nano zirconia hydrox-
ide could be regenerated and reused after reaching satu-
ration. The regeneration effect was influenced by the
regenerant dosage, with higher concentrations resulting
in a better desorption rate and improved regeneration
effectiveness. At a regenerant dosage ratio of 2.0, the
saturated adsorbent’s sulfate desorption rate reached
95.0% within 60 min. Nevertheless, the useful life
experiment showed a gradual decline in adsorption
performance with regeneration cycles.

(5) The electrolysis experiment demonstrated an increase
in sulfuric acid concentration with electrolysis time
using BMED membrane couples. With 20 membrane
couples, the average current efficiency during the elec-
trolysis was 65.4% for the alkali chamber and 54.3% for
the acid chamber, with an energy consumption of 0.25
kW-h/kg for sulfuric acid generation.

(6) Techno-economic analysis revealed a LCS of sulfuric
acid at 0.83 $/kg.
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Statement of Novelty Conventional treatments for acid mine drainage
(AMD) focus on neutralizing sulfate as a harmful byproduct, often
overlooking its potential as a valuable resource. We introduce a novel
approach to AMD treatment that prioritizes sulfate recovery and com-
mercial valorization. By employing a three-stage process—AMD pre-
treatment, sulfate extraction, and electrolysis of sodium sulfate solu-
tion to produce sulfuric acid—we demonstrate a significant shift from
traditional practices. Our field experiments show that nano-zirconia
hydroxide particles achieve an 80% sulfate adsorption rate under low
pH conditions, with an energy consumption of 0.25 kW.h/kg for sulfu-
ric acid generation. Our techno-economic analysis reveals a competi-
tive Levelized Cost of Sulfuric Acid (LCS) of $0.825/kg, underscoring
the economic feasibility of this innovative technique. This approach
not only mitigates environmental impacts of AMD but also provides
a sustainable and economically viable pathway for resource recovery
and commercial utilization.
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