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ARTICLE INFO ABSTRACT
Keywords: Acid mine drainage (AMD), characterized by high acidity and elevated concentrations of heavy
Acid mine drainage metals, poses a persistent threat to ecological systems. Conventional neutralizers (NaOH, NayCOs3,

Bio-alkali matrix

Heavy metal removal
Neutralization
Sustainable remediation

Ca(OH),) raise pH effectively but generate large sludge volumes and incur high operating costs.
Here, three urease-positive microbial consortia, enriched from soil and municipal activated
sludge, were cultivated with urea to produce bio-alkali matrices (BAM-A/B/C, final pH 9.3).
Abundant -CONHj,, -NHj, -OH, and ~COOH groups capable of chelating metal ions were found in
BAM, suggesting alkaline buffering is complemented by ligand-mediated metal sequestration.
When each BAM was mixed with AMD at a 3:10 vol ratio, the effluent pH stabilized at 7 and
removal efficiencies reached ~100 % for Al, Fe, Cr, Cd; > 90 % for As, V, Co, Ni; 79-80 % for Cu;
and 60 - 62 % for Mn. Geochemical analysis identified Fe/Al hydroxysulfates and organo-metal
complexes as dominant precipitates. A full cost comparison showed BAM-A lowered treatment
expenses to 35.5 RMB per m>, which is 12 % below NaOH and 26 % below Ca(OH),, while
reducing sludge generation. Coupling BAM with sulfate-reducing bacterial systems is advisable to
enhance Mn and SO3 removal. Overall, BAM provides an economical and environmentally sus-
tainable alternative for AMD neutralization by uniting alkaline buffering with organic
complexation.

1. Introduction

Acid Mine Drainage (AMD) is one of the most pervasive environmental problems posed by mining operations worldwide.
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Characterized by its low pH (0.5-3.5) and high concentrations of dissolved metals such as Fe, Mn, and Al and heavy metals like Cr, As,
and Pb, AMD poses significant risks to aquatic and terrestrial ecosystems around the mining area (Jiao et al., 2023). Even decades after
a mine is closed, AMD will remain active, causing severe contamination to nearby groundwater or soil, posing a threat to the sur-
rounding environmental safety and human health (Yang et al., 2024).

The global scale of AMD impact is staggering, with over 20,000 abandoned mines, most of which contribute to AMD production
(Rezaie and Anderson, 2020). Particularly, in China, the discharge of AMD has reached an alarming total of 3.6 billion tons annually,
accounting for nearly 10 % of the national industrial wastewater volume, whereas only approximately 4.23 % of this wastewater
undergoes proper treatment (Wang et al., 2024a). In fact, the treatment of AMD is not without complex and costly challenges. It has
been reported that managing AMD in areas heavily impacted by mining operations can cost $32 to $72 billion in regions like North
America, with similar financial burdens observed globally (Lottermoser, 2015; Otunola and Mhangara, 2024). Apparently, to mitigate
its extensive environmental impact, the persistent nature of AMD demands green and economical management strategies.

Current AMD treatment technologies are broadly categorized into active and passive systems (Zvinowanda and Caliphs, 2023).
Active treatments are considered the most efficient (above 90 % metal removal), focusing on neutralizing AMD’s acidity and removing
metals through the addition of alkaline chemicals such as calcium-based (CaO, CaCO3, Ca(OH)3) and sodium-based (NazCOs3, NaOH)
alkaline reagents (Carneiro Brandao Pereira et al., 2020). These treatments facilitate the precipitation of metal hydroxides as pH levels
increase, separating metal precipitates from the liquid phase. Despite their effectiveness, active treatment requires significant material
costs and can have substantial environmental impacts. In practice, calcium-based alkalis, although widely used, often suffer from poor
acid-neutralizing persistence and can lead to the extensive precipitation of CaSO4 (Song et al., 2022). This substantially increases the
volume of sludge produced, thereby escalating the challenges associated with sludge disposal. On the other hand, sodium-based al-
kalis, while achieving higher neutralization efficiency and less sludge production, are significantly more expensive, costing 3—-15 times
more than calcium-based counterparts, rendering them less sustainable for long-term use.

Recent advancements in AMD treatment have focused on developing methods that are both more sustainable and cost-effective. A
standout is the bio-alkali matrix (BAM) which utilizes natural buffering and metal-binding capabilities of biologically sourced solution
produced through the enzymatic breakdown of urea by urease, resulting in a highly alkaline and organic-rich complex. BAM can be
synthesized using high-concentration urea wastewater (9.3-23 g/L), significantly reducing costs and promoting a circular economy
(Rose et al., 2015; Yujing et al., 2022). Besides, studies highlight the effectiveness and versatility of BAM: Williamson et al. (2020)
found that BAM can elevate pH to between 8.8 and 9.8, significantly improving the leaching efficiency of copper-zinc ores compared to
traditional inorganic alkalis; Qin et al. (2021) demonstrated that, when the concentration of urea is 0.15 mol/L, the produced BAM
could quickly enhance alkalinity and precipitate CaCOj crystals, useful in concrete repair; Xuesong et al. (2024) applied the bio-alkali
matrix (BAM) to acidic metal-contaminated soils (initial pH = 5) to near-neutral levels and significantly enhancing the
carbonate-bound fractions of copper and lead. Furthermore, during the urea decomposition and biomass accumulation in BAM pro-
duction, a variety of organic metabolites, including amino compounds (alkylamines, amides, fatty amines), organic acids (stearic acid,
nucleic acids), and thiol compounds (thioalkanes, thioacids), may enhance the removal of heavy metals. These compounds facilitate
this process through mechanisms such as salt formation, bridging coordination, charged adsorption, and coagulative precipitation,
thereby strengthening the precipitation and removal of heavy metals (Mei et al., 2025; Ruacho et al., 2022; Wang et al., 2021).
Consequently, BAM emerges as a promising alternative to traditional acid-neutralizing agents for AMD treatment.

This study embarks with a definitive purpose: to rigorously evaluate the effectiveness of the bio-alkali in managing AMD. We aim to
investigate the (bio)chemical efficacy of BAM in neutralizing acidity of AMD and its capacity to remove heavy metals from the
drainage. Specifically, our objectives are: i) To determine the ability of BAM to adjust the pH of AMD and compare its performance with
traditional chemical reagents; ii) To quantify the capability of BAM to remove heavy metals from AMD and assess its efficiency against
established treatments; iii) To evaluate the cost-effectiveness of BAM in the long-term management of AMD, considering operational
and environmental impacts. Through this research, we intend to provide a detailed understanding of BAM’s potential as a sustainable
pathway in AMD treatment, potentially transforming current practices with a more environmentally and economically viable solution.

2. Materials and methods
2.1. Sample collection

Samples for microbial inoculum were collected as follows: Raw-A from topsoil at Chengdu University, Raw-B from the aerobic tank
of a wastewater treatment plant in Kunming, China, and Raw-C from an aerobic tank of another wastewater treatment plant in
Chengdu, China. Samples were centrifuged (4000 rpm, 20 min) using a SN-LSC-40 centrifuge (Shanghai Shangpu Instrument
Equipment, Co., Ltd.), retaining the sludge for experiments and taking 5 g of each for further analysis. AMD was collected from a
decommissioned site in northwest China, following standard water examination guidelines. Chemical characteristics of the AMD are
detailed in Table 1.

Table 1
Chemical characteristics of the AMD used for experiments.
pH Al Fe As Cr cd Cu Mn \ Co Ni SoF
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
2.3 718.25 1034.32 0.07 5.52 4.93 0.42 77.55 20.55 10.35 15.72 9453
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2.2. Urease-producing microbial consortia screening

The screening medium was formulated based on previous study (Khadim et al., 2019). Solution A was prepared by dissolving 1 g
peptone, 5 g sodium chloride, and 2 g potassium dihydrogen phosphate in 900 mL deionized water and autoclaved at 121 °C for 25 min
using a DSX-30L-I sterilizer (Shanghai Shenan, Co. Ltd.) in a 2-liter flask. After cooling under UV light, Solution B was created by
dissolving 1 g glucose and 20 g urea in 100 mL deionized water and filtered through a 0.22 ym PTFE filter. Solution B was then added to
cooled Solution A to finalize the liquid culture medium.

Three urease-producing microbial consortia (UPMC), UPMC-A, UPMC-B, and UPMC-C, were initiated by adding 5 g of Raw-A, Raw-
B, and Raw-C, respectively, to 250 mL conical flasks containing 100 mL of the prepared medium. The flasks were incubated at 30 °C
and 100 rpm in a SHA-CB shaking water bath (Changzhou Surui Co., Ltd). Employing semi-continuous cultivation, fresh medium was
replaced with 50 mL of spent medium every 48 h until key indicators (ammonia nitrogen, pH, ODgqg) stabilized. This process produced
Bio-alkali matrix reserve liquids (BAMRL-A, BAMRL-B, BAMRL-C) for subsequent BAM preparation, and metagenomic analysis
characterized the microbial communities.

2.3. Bio-alkali matrix preparation

To optimize BAM preparation, a 72-h cultivation trial was performed. BAMRL was inoculated (10 % v/v) into a liquid medium
identical to the UPMC-enrichment formulation but without dipotassium hydrogen phosphate and sodium chloride; the resulting so-
lution maintained pH 8.3, indicating that further buffering was unnecessary. The inoculation entailed adding 10 mL of BAMRL to
90 mL of the medium in 250 mL conical flasks, incubated without further supplementation under conditions described in Section 2.2.
pH, ODgo0, and ammonia nitrogen levels were monitored at intervals, concluding at 72 h.

Following the initial trial, BAMRL-A, BAMRL-B, and BAMRL-C were each inoculated into fresh medium at a 10 % v/v ratio to
produce BAM-A, BAM-B, and BAM-C respectively. This was performed in triplicate in 250 mL conical flasks, following the same
protocol and incubation conditions as the trial. The duration of cultivation required to obtain the final BAM products was determined
based on the analysis from the 72-h trial. Additionally, 50 mL samples of each BAM type were stored at —60 °C for future analyses,
including the identification of organic components and determination of total organic content.

2.4. AMD neutralization experiment setup

For AMD neutralisation we compared the bio-alkali matrices (BAM, pH = 9.3) with three industry-standard chemical reagents
supplied at their customary field strengths: 40 % NaOH, 20 % NapCO3 and 20 % Ca(OH),. A 40 % NaOH solution delivers the high
alkalinity required on site yet remains sufficiently fluid for safe handling (solution pH > 14); a 20 % NayCOs solution, just below its
saturation limit (~22 %), provides a stable carbonate-bicarbonate buffer (pH around 11); and a 20 % Ca(OH); solution represents the
practical upper limit that avoids rapid crystallisation and pipeline fouling (slurry pH > 14). Each reagent, used at its native con-
centration, was titrated until the AMD reached pH 7.0, after which dosage volume, sludge mass and overall cost were recorded. This
target-driven set mirrors real-world operation and allows a realistic economic comparison between conventional bases and the NHsz/
NHj -buffered, ligand-assisted neutralisation offered by BAM.

The experimental setup involved placing 100 mL of AMD in a 250 mL beaker and stirring at 400 rpm using a magnetic stirrer (79-1,
Beijing Zhongxing Weiye, Co., Ltd.). Titration was conducted slowly with 20 % NayCOs and the three BAMs using a 50 mL burette,
while 40 % NaOH and 20 % Ca(OH), were added in increments of 0.01-0.05 mL using a pipette gun. The pH was monitored in real-
time until it reached predetermined targets of 3, 4, 5, 6, and 7. Each pH target was tested in triplicate, allowing the pH to stabilize for
5 min before concluding the titration.

After each titration trial, the pH meter probe (TSP > 95 %, E-201F, INESA Scientific Instrument, Co., Ltd) was replaced to ensure
accuracy. Following completion of all trials, the mixture underwent solid-liquid separation using qualitative filter paper. The filtrate
was collected, passed through a 0.22 um filter tip, and stored at 4 °C in 250 mL PVC bottles for future metal and sulphate concentration
analyses. The sludge generated during the neutralization experiments was quantified using the gravimetric difference method,
following SM 2540 D from the Standard Methods for the Examination of Water and Wastewater (APHA, 23rd edition, 2017). After
filtration, the sludge and filter paper were dried at 60 °C for 48 h in a drying oven (DHG-9140A, Shanghai Hongdu Electronic
Technology Co., Ltd.) until constant weight, and the dry mass was calculated. The sludge dry mass at pH = 7 was used to estimate
sludge disposal costs in the subsequent comprehensive cost analysis. Subsequently, the precipitate was ground in a ceramic mortar,
sieved through a 100 mesh screen, and stored in a sealed, dry environment for further analysis.

2.5. Chemical measurements

2.5.1. Ammonia nitrogen concentration

The ammonia nitrogen content was measured using a test kit (LH-YN2N3-100, Beijing Lianhua Yongxing Co., Ltd). A 10 mL sample
of diluted water was added to a 10 mL colorimetric tube, followed by 1 mL each of reagents LH-YN3 and LH-YN2. After thorough
mixing, the mixture was allowed to react at room temperature for 10 min. The ammonia concentration was then read directly at
420 nm using a multiparameter water quality meter (LH-M600, Beijing Lianhua Yongxing, Co., Ltd).
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2.5.2. ODggp determination
Optical density at 600 nm was measured using a spectrophotometer (UV2150, UNICOSH, Co., Ltd.). The sample was taken from the
supernatant, with fresh liquid medium used as the blank.

2.5.3. Sulfate concentration

Sulfate concentrations were measured using a barium chromate method. 5 mL sample was digested with 0.25 mL 2.5 mol/L HCI
(110 °C, 15 min) in a LH-1220 digester (Beijing Lianhua Yongxing, Co., Ltd.), followed by 0.25 mL barium chromate. After 10 more
minutes of digestion and cooling, 0.5 mL of diluted ammonia was added for 5 min. The solution was filtered through a 0.22 um PTFE
filter and absorbance was measured at 420 nm.

2.5.4. Organic content identification

The total organic matter (TOM) was measured using the NY/T 1121.6-2006 method, suitable for samples with up to 15 % organic
content. About 0.5 g of sample was reacted with excess acidic potassium dichromate, heated to 170 °C for 5 min, then cooled. The
remaining dichromate was titrated with ferrous ammonium sulfate until a color change from blue-green to reddish-brown indicated
reaction completion. Organic matter concentration was calculated from the reacted dichromate. The identification process began with
drying chloroform extracts using anhydrous sodium sulfate, followed by evaporation under nitrogen. Samples were derivatized with
0.5 mL of BSTFA: TMCS (99:1, Supelco, USA) at 70 °C for 30 min. Analysis was performed on a Shimadzu GC-2010 Plus gas chro-
matograph coupled to a TQ8040 triple quadrupole mass spectrometer (Thermo Fisher Scientific, Japan), with an ion source tem-
perature of 250 °C. The GC oven temperature increased from 100 °C (3 min) to 300 °C (5 min) at 8 °C/min. Metabolites were identified
using the CAS mass spectral database, with spectra obtained at 70 eV in electron-impact mode.

2.5.5. Metal determination

Metal concentrations were quantified using an iCAP RQ ICP-MS (Thermo Fisher Scientific, Japan). Calibration involved mixed
metal standards (0-100 pg/L). Precision was established by measuring a 2 % nitric acid blank ten times, with detection limits set at
3-10 times the standard deviation. Sample preparation included acidifying 4 mL of filtered sample (0.45 pm) with 1 mL of 1 % HNOs
and dilution for analysis. XRD analysis of sediments was performed (Panalytical, Netherlands) using a copper anode, Ka radiation, and
graphite monochromator, scanning from 3° to 80° at 0.02° steps, 0.5 s per step, at 40 kV and 40 mA.

2.6. DNA extraction and sequencing

For the genomic DNA extraction, samples were filtered through a 0.22-um polyethersulfone membrane (PALL, USA) and the filter
was cut into 0.2 cm? sections. DNA was then isolated using the E.Z.N.A.® Stool DNA Kit (Omega, USA). Libraries were prepared with
the TruSeq Nano DNA LT Library Preparation Kit and sequencing was performed on an Illumina NovaSeq™ 6000 system (LC-Bio
Technology, Co., Ltd) with 2 x 150 bp paired-end reads. Data processing included adapter removal with cutadapt v1.9 and subsequent
bioinformatics analysis.

2.7. Data processing

Experimental data visualization was performed using Origin2021; Bioinformatic data analysis utilized OECloud tools; XRD phase
data was analyzed with JADE6 and visualized in Origin2021. Urease efficiency (Eq. (1)), neutralization (Eq. (2)) and removal (Eq. (3))
efficiencies of various reagents on AMD were calculated. Cost calculations for AMD treatment incorporated total and sub-costs related
to water treatment volumes (Eq. (4)). To extrapolate the experimental results to engineering applications, a scaling-up approach was
employed for the economic evaluation (Esteban-Gutiérrez et al., 2018; Koskue et al., 2022). All the foundational data were based on
the neutralization of AMD to pH = 7.

AP
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Eq. (1): The specific urea degradation (SUD) rate quantifies ammonium production per unit of ODggp over time (t), with SUD
expressed in g Lt h’l, ammonium production (AP) in g L’l, and time (t) in hours (h). Eq. (2): The constant (Ky,) signifies the rate of
pretreatment at a specified pH, with (dV,) representing the infinitesimal volume of reagent consumed, and (d,) the infinitesimal
change in pH. The volume (V},) is measured in milliliters (mL). Eq. (3): The removal efficiency (RE) measures the reduction of metal
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elements or sulfate ions (SO%’) from AMD when treated to pH = 7. Initial concentration (C;) and concentration after treatment (Cp) are
measured in mg/L. The volumes of AMD (Vamp) and reagent (Vgeagent) are in liters (L). Eq. (4): The total cost (TC) encompasses all
expenses for treating each cubic meter of AMD to pH = 7, expressed in RMB/m?. It includes the volume of treatment (Vryeatment) inl m°
and the cost components (X;), including reagent, sludge disposal and water expenses (Data obtained from the Chinese National
Development and Reform Commission), in RMB/m°.

3. Results and discussion
3.1. Optimization of UPMC growth and BAM preparation timing

To select a consortium with urease metabolic activities, semi-continuous cultivation supplied consistent urea and nutrients,
providing microbes with ample substrates for steady physiological and biochemical progression until stable endpoints were reached.
Moreover, to elucidate the growth dynamics of UPMC in the medium and determine the duration for BAM preparation, we conducted a
72-h continuous cultivation trial. The cultivation cycles were named with Ci, where i refers to the cycle number. After determining the
optimal cultivation time of 72 h, we explored how the cultivation temperature affects the final pH value of BAM.

Stability in ODggp, ammonia nitrogen, and pH readings, illustrated in Fig. 1A-C, during C5-C7, informed the conclusion of culti-
vation after C7, resulting in the generation of UPMC liquid. Initially, the culture system presented a mild acidity at CO due to the release
of H' from dipotassium hydrogen phosphate in the culture medium. During the C1, the pH of the liquid medium approached 9.3,
indicative of urea breakdown by urease-producing microbes, as seen in the production of ammonia, supporting the findings of Die-
z-Marulanda and Brandao (2023). The ammonia, highly soluble in water, dissociated to yield OH’, contributing to the pH increase. This
pH fluctuation aligns with patterns reported in other urease-producing microbe selection studies (Jalilvand et al., 2019; Jiang et al.,
2016). Biomass density in the UPMC-A, UPMC-B, and UPMC-C media surged during the C1-C2 initiation phase, likely linked to the rich
microbial community in the initial samples and externally supplied nutrients, which facilitated robust microbial proliferation in the
early stages. Additionally, the ammonium from urea decomposition likely fueled ATP production, hence boosting metabolism and
enzyme activity (Hamzah et al., 2013; Mempinl et al., 2013), contributing to the rapid microbial growth observed, particularly for
UPMC-A, where ODgqg reached 2.0.

As semi-continuous cultivation progressed, a decline in ODggg values from C3 suggested microbial mortality. We speculate this was
due to high concentrations of free ammonia permeating microbial cell membranes, disrupting proton balance, and altering
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Fig. 1. Dynamic profiles of microbial cultivation and activity in UPMC. A-C show the semi-continuous screening process of UPMC, monitoring pH,
ODggo, and NHZ across seven cycles (C1-C7). D-G shows the dynamic profiles of pH, ODgg0, NHJ, and SUD over a 72-h continuous cultivation period
following inoculation with 10 % (v/v) UPMC. The SUD values, where higher readings reflect greater urea decomposition efficiency, are emphasized
to illustrate enzymatic activity across the cultivation timeline. F shows the effect of temperature on pH endpoint values of BAM set at 30 °C, 10 °C,
and 4 °C.
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intracellular pH, diminishing enzymatic efficiency and increasing energy requirements for cell maintenance (Palakodeti et al., 2021).
Additionally, an alkaline environment, while inhibiting microbial proliferation (Fan et al., 2020), is generally hostile to most microbes,
which may elucidate the observed microbial die-off at the elevated ammonia nitrogen levels and pH of 9.3. This is in concordance with
similar findings from a previous study regarding the influence of pH and ammonia nitrogen on biomass (Yang et al., 2020). In later
cycles, although ODgq fluctuated marginally around 1.0, ammonia nitrogen concentrations remained above 10 g/L at pH 9.3. Bacteria
following the urea degradation pathway typically meet longevity, non-pathogenicity, and survival in alkaline conditions criteria
(Marin et al., 2021), confirming the presence of urease metabolic pathway microorganisms in all three samples. Elmi et al.(2022)
subjected four purified strains (Sporosarcina pasteurii, Lysinibacillus boronitolerance, Bacillus spp.) to stress tests (pH, temperature, NaCl
concentration), observing inhibition at pH 9. However, our UPMC maintained urea degradation capabilities at pH 9.3, suggesting a
greater alkaline tolerance compared to single colonies.

Pure cultures of urease-producing bacteria exhibit significant limitations such as difficulty in maintaining enzyme activity, poor
environmental adaptability, and high costs (W. H. Liu et al., 2022). Therefore, screening mixed bacterial cultures can mitigate these
drawbacks. The initial materials for UPMC were sourced from soil or aerobic sludge from municipal wastewater treatment plants. The
residues of plants and animals in the soil provide energy substances for microbial activities, making soil a treasure trove of microbial
diversity. Many researchers have successfully isolated urease-producing bacteria from soil using urea media (Alizadeh et al., 2017;
Gupta et al., 2022). Similarly, species of urease-producing bacteria persist in the nutrient-rich sludge of wastewater treatment plants,
with numerous successful isolations reported from these sources (Newton et al., 2022; Xu et al., 2017a; Yang et al., 2020). This dis-
cussion highlights the broad range of sources for urease-producing bacteria. In our work, the successful selection of urease-producing
bacteria was indicated by a rapid increase in pH and ammonia nitrogen within a short period (2 days), demonstrating the short
screening cycle for these bacteria.

Fig. 1D—G detail the pattern of indicator changes during the 72-h continuous cultivation. For Fig. 1D, pH significantly changed
over time, with an initial weak alkalinity due to the addition of BAMRL (pH 9.3), followed by a rapid ascent to pH 9.3 within 0-24 h for
all three samples, and stability at this pH from 25 to 72 h, mirroring the end-point pH pattern in the continuous UPMC screening.
Fig. 1D illustrates the change in ODggo over time for bacterial cultures. In the 0-24 h period, the ODgq values for UPMC-B/C rapidly
increased, followed by a slower growth rate from 25 to 72 h, which then plateaued. This pattern aligns with the semi-continuous
screening process of UPMC, and it is hypothesized that this is mainly due to pH elevation and toxicity inhibition of bacterial
growth caused by an increase in NHJ concentration resulting from urea decomposition. However, UPMC-A exhibited a different
pattern, with continuous growth in ODggo from 0 to 60 h before plateauing from 61 to 72 h. The reason for this anomaly is related to
the specific bacterial communities within UPMC, which will be further elaborated in Section 3.3 during the microbial community
analysis. In the 0-48 h interval, the concentration of NH4 increased over time with a significant slope in the curve. Despite the growth
inhibition observed in UPMC-B/C after 24 h, urea concentration continued to increase between 25 and 48 h, indicating that urea
decomposition in UPMC-B/C was not limited by bacterial growth inhibition. The peak NH4 concentration for UPMC-A/B/C was
reached at 48 h, with little change observed from 48 to 72 h, and the concentrations were similar across all variants, suggesting that
the final NHj concentration is more dependent on the substrate urea concentration rather than bacterial ODggo. Fig. 1G presents the
curve for the change in urea decomposition efficiency over time within the bio-amino matrix. The pattern observed was an initial
increase, followed by a decrease, and finally stabilization, similar to findings from a previous study (Ghezelbash and Haddadi, 2018).
Notably, at 12 h, UPMC-A exhibited peak urea decomposition efficiency (SUD = 1.05). Additionally, despite the lower ODg( values at
this time compared to other intervals, the SUD value was the highest, indicating that UPMC can begin functioning effectively in a short
timeframe, which is beneficial for accelerating the preparation process of BAM.

Fig. 1H presents the results exploring the impact of temperature on the final pH values of BAM preparations, cultivated over 48 h.
The final pH values of the three different UPMC variants were essentially the same at any given temperature, indicating a commonality
in the endpoint pH values of the three types of BAM at the same temperature. The overall trend showed that as the temperature
decreased, the pH endpoint values increased: at 30 °C, the pH was 9.30; at 10 °C, it was 9.55; and at 4 °C, it reached 9.73. According to
Henry’s Law, the decrease in temperature reduces the kinetic energy of gas molecules, making them more likely to be captured by and
remain in the liquid, thus increasing the amount of ammonia dissolved in the liquid (Sander, 2015). In summary, UPMC has a wide
range of bacterial sources, which can be rapidly selected from soil and nutrient-rich sludge using urea media, and these sources
demonstrate a capacity to tolerate weakly alkaline conditions and high ammonia concentrations. The specific advantageous com-
munities will be detailed in Section 3.3 during the analysis of community structure. The endpoint pH value of UPMC is influenced by
both temperature and the concentration of urea in the substrate. Therefore, the broad source of urease-producing bacteria and the
short screening time are valuable for the application of BAM. Minor fluctuations in SUD values at 48 h across all UPMC samples
highlight the critical 48-h incubation period for obtaining BAM using BAMRL inoculation. This part produced UPMC liquid as a mi-
crobial consortium harboring urease metabolic activities, and the 72-h trial suggested a 48-h BAM preparation period, establishing a
timeline for BAM production. When the temperature is lowered, the BAM obtained after a 48-h cultivation exhibits a higher endpoint
pH value, which can effectively reduce the volume of BAM used for neutralizing pH in AMD wastewater. This also serves as important
guidance for optimizing the culture medium in different temperature usage scenarios.

3.2. Chemical and functional characterization of BAM
BAM was synthesized by inoculating a 10 % volume of BAMRL into a liquid culture medium, subsequently cultured for 48 h. The

resultant BAM variants, namely BAM-A, BAM-B, and BAM-C, achieved a consistent pH of 9.3, with ODggq values of 0.45, 0.55, and
0.91, respectively. To elucidate the composition of organic metabolites within BAM, GC-MS analysis was employed, focusing on
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organic substances equipped with metal ion chelating functional groups. Concurrently, the TOM concentration was determined. The
results, as presented in Table 2, indicate a compositional consistency between BAM-B and BAM-C, diverging from BAM-A, with TOM
values ranging between 0.44 and 0.45 g/L across the three BAM types (Data not shown). This suggests a significant organic content
within BAM, capable of providing a plethora of reactive functional groups.

In-depth examination through the Chemical Database of the Chinese Academy of Sciences (CSDB) highlighted that functional
groups such as -CONHy, -NHj, -OH, and -COOH are adept at forming stable complexes with heavy metal ions through coordination
interactions, attributed to the lone electron pairs on nitrogen and oxygen atoms within these groups (Biswas and Biswas, 2023). -NHg
groups, upon protonation, acquire a positive charge, conferring an attraction to negatively charged heavy metal ions, while -OH groups
can also partake in protonation (Jiang et al., 2023; Qiu et al., 2022). Both -CONH; and -COOH are prone to protonation, potentially
releasing H' ions in acidic metal-bearing wastewaters, and forming stable chelates with heavy metal ions, existing as coordination
complexes (Kanmani et al., 2017; Lu et al., 2020; Turingan et al., 2021). The propensity of these functional groups to neutralize acidic
liquids through protonation, although potentially sacrificing ligand capacity, is a critical property for wastewater treatment appli-
cations. Notably, BAM-A identified the presence of Cyclo(glycylprolyl), an alkaline substance capable of neutralizing H" in acidic
environments.

Relevant studies have leveraged active functional groups for heavy metal chelation removal. Turingan et al. (2021) utilized
substances with -NHy and -OH groups for AMD treatment. Sun et al. (2020) reported evident metal removal from electroplating
wastewater using modified chitosan, featuring -OH and -NH, functional groups. Applications in heavy metal adsorption from
wastewater with chelating resins have highlighted carboxyl and amine groups as two of the most effective functional groups for metal
removal from aqueous solutions (Emik, 2014). Lopez et al. (2018) achieved over 90 % interception efficiency for metals (Fe2+, Zn2+,
Cu®") using a composite material with a semi-aromatic polyamide active layer containing carboxyl (-COOH) and amine (-NHy) groups.
These findings corroborate the feasibility of removing metal ions from wastewater via chelation with functional groups. These findings
affirm that chelation between metal ions and functional groups is a viable route for metal removal from wastewater. With BAM
enriched in active functional groups and Cyclo(glycylprolyl), it theoretically possesses the dual capability to neutralize the acidity of
AMD and facilitate metal ion removal through chelation, bolstering its potential application in AMD treatment. In fact, the ability of
functional groups like -CONHy, -NHj, -OH, and -COOH to chelate heavy metals is primarily due to the presence of lone pairs on ni-
trogen and oxygen atoms, which can form coordination bonds with metal ions. This interaction is essential for the stability of metal
complexes. The spatial arrangement of these atoms and the flexibility of the molecule can affect the accessibility of the lone pairs to
participate in metal binding. This suggests a more detailed exploration into the electronic structures of these groups could enhance our
understanding of their chelation mechanisms. Analyzing the electron density and spatial orientation might provide insights into how
these groups interact with different metal ions, potentially influencing the design of more efficient chelating agents.

Table 2
Identification of organic compounds in BAM. Cells shaded in light green indicate the presence of a compound in a particular BAM variant, while cells
shaded in light red denote its absence.

Functional ~ Ligating

Organic matter CAS Chemical formula Chelation reaction (with M2*) BAM-A BAM-B/C
group atom
Alkanes / CiHane2 (C=8—20) / / /
2,2'-(hexadecylazanediyl)diethanol ~ 18924-67-9 C20H43NO2 -NH> N
M2?*+RNH>—M-RNH>
Ethanamine 85404-22-4 C4Hi2CN -NH> N
Acetamide 60-35-5 CioH1sNOs -CONH: N
N-Methylpropionamide 1187-58-2 C4HoNO -CONH: N
M?*+RCONH?>->M-RCONH:
N,N-Diethylformamide 617-84-5 CsHuNO -CONH: N
(Z)-docos-1,3-enamide 112-84-5 C22H43NO -CONH: N
2-Methyl-1,3-butanediol 684-84-4 Cs5H1202 -OH (0]
Glycerol 56-81-5 C3HsOs -OH O
1-Monomyristin 75685-84-6 C17H3404 -OH (0] M?*+ROH—M-ROH
1-Monopalmitin 19670-51-0 Ci9H3304 -OH (0]
Glycerol monostearate 1188-75-6 C21H4204 -OH O
2-Ethylbutyric acid 88-09-5 C4H3N304 -COOH (0]
M2*+RCOOH—M-RCOOH
3-Oxopentanoic acid 1821-02-9 CsHsOs -COOH O
Cyclo(glycylprolyl) 19179-12-5 C7H10N202 / / /
D-Threonine 632-20-2 C4HoNO3 / / /
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3.3. Microbial community dynamics and dominant profiles of UPMC

In the quest to enrich a microbial consortium capable of urease metabolism, initial samples were subjected to a selective process
using a urea-supplemented liquid culture medium. To investigate the structural changes in the microbial community before and after
selection, and to identify dominant microbes within the UPMC, microbial community analysis at different levels was performed on the
initial samples and the three UPMC variants.

Fig. 2A shows the dominant microbes at phylum level. In Group A, Proteobacteria was the dominant family in Raw-A, which shifted
to Firmicutes (comprising over 80 %) in UPMC-A after the selection process. This shift is likely attributable to the robust cell walls and
endospore production of Firmicutes, enhancing their adaptability to alkaline environments (Zhou et al., 2020), and could explain the
sustained increase in ODggg values for UPMC-A observed during the 72-h continuous cultivation. Firmicutes are known to significantly
promote carbon cycling and are crucially involved in most carbon metabolism pathways (Pang et al., 2017), and are also significant
contributors to the nitrogen cycle (Ospina-Betancourth et al., 2020). In UPMC-B and UPMC-C, Proteobacteria remained dominant, a
phylum known for its roles in carbon and nitrogen cycles (Jia et al., 2020). Other dominant families across all groups included
Bacteroidota and Actinobacteriota, with Bacteroidota playing a major role in the hydrolysis of organic substances and some Actino-
bacteriota species participating in nitrogen cycling related to urea decomposition (Liu et al., 2023; Thomas et al., 2011).

The microbial diversity within the three UPMC largely displayed simplicity in community assembly, with the functionality of these
communities being highly predictable and predominantly determined by the availability of nutrients (Goldford et al., 2018). These
bacteria collaboratively participate in carbon and nitrogen cycling, synergistically maintaining the diversity and functional balance of
the microbial community. Fig. 2B illustrates the proportional changes at the family level in the bacterial communities before and after
selection. Integrative analysis with Fig. 2C, which shows the microbial composition at genus level, reveals that in Group A, Bacillaceae
(~60 %) and Planococcaceae (~20 %) are predominant, with species like Pseudogracilibacillus and Sporosarcina having the highest
representation. Many bacteria within Bacillaceae possess urease metabolic pathways and are highly efficient in urea decomposition
(Heidari Nonakaran et al., 2015), with reports indicating that Pseudogracilibacillus species harbor urease pathways (Dubey et al., 2021).
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Fig. 2. Comparative analysis of microbial community shifts post-selection process. A shows a cumulative bar chart showing the microbial
composition changes at phylum level. B shows a Circos plot that represents microbial composition changes at the family level. C shows a heatmap
detailing the microbial composition changes at the genus level; the color gradient from blue to red in the heatmap corresponds to the z-scores, where
blue indicates values below the mean and red indicates values above the mean.
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Sporosarcina, for instance, secretes urease, facilitating ammonia production from urea decomposition (Ma et al., 2020). These three
bacterial species significantly influence the urea decomposition efficiency in UPMC-A. In Group B of Fig. 2C, the characteristic
abundance in UPMC-B is Pseudochrobactrum, belonging to Proteobacteria, with reports of urease pathway presence allowing for urea
decomposition (Mao et al., 2015). Other potential contributors in UPMC-B include Bacillus and Sporosarcina. In Group C, Fla-
vobacteriaceae dominates UPMC-C (~70 %), containing key nitrogen cycling microbes (Zhu et al., 2018). Myroides from Fla-
vobacteriaceae is the dominant species in UPMC-C, demonstrated to enhance soil enzyme activities when introduced into soils (Wang
et al., 2022), and enriching urease content in compost when used in a mixed microbial consortium (Shi et al., 2022). These results
indicate that each UPMC hosts a diverse microbial consortium equipped with urease metabolic pathways, illustrating the complexity
and specificity of microbial community adaptations and interactions within such engineered environments.

3.4. Geo-chemical transformation of precipitate in BAM treated AMD

To delineate the composition and transformation patterns of precipitates formed when BAM neutralizes AMD to designated pH
levels, XRD analysis was carried out for precipitates formed at specific pH levels. XRD patterns, characterized by broad peaks indicative
of amorphous materials, were compared with the International Centre for Diffraction Data (ICDD) standards.

We calculated the weighted-profile R-value (Rwp) to assess the phase fit against reference materials (Fig. 3). An Rwp below 10 %
generally signifies a reliable match, confirming the accuracy of our results (Toby, 2006). Notably, all Rwp values reported in Fig. 3
were below this threshold, supporting the robustness of our analytical methods. The XRD diagrams revealed consistent changes in peak
characteristics across all three BAM variants at specific pH levels, suggesting a systematic transformation in precipitate composition.

Our analysis detected that the dominant peaks for BAM-A-4, BAM-B-4, and BAM-C-4 corresponded with the known peaks of
schwertmannite (FegOg(OH)x(SO4)y, with 8-x = yand 1.0 <y < 1.75, PDF#47-1775). This alignment, coupled with similar findings in
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Fig. 3. XRD patterns of precipitates formed where BAM was used to treat AMD to specific pH levels (4, 5, 6, and 7).
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other studies (Ding et al., 2022), and the yellowish-brown coloration of the precipitates observed in Fig. 4B, suggests the formation of
schwertmannite. The formation mechanism involves BAM addition reducing acidity by consuming H' ions and introducing NHZ,
promoting schwertmannite formation within the optimal pH range of 2.5-4.5 (He et al., 2024). The weaker intensity of the
schwertmannite peaks may be due to short mineralization periods or interference from other substances (Paikaray, 2021).

At pH 5, the characteristic peaks of schwertmannite disappeared in samples BAM-A-5, BAM-B-5, and BAM-C-5, aligning with the
mineral’s stability profile between pH 2.5 and 4.5 (Johnston et al., 2016), and were identified as AI(OH)3 (PDF# 74-1775). At pH 7, the
primary peaks in BAM-B-7 and BAM-C-7 closely matched those of Fe(NHy4)2-(SO4)2-6H20 (PDF#35-0764), indicating the formation of
this complex, absent in BAM-A-7. This detailed characterization of precipitates via XRD provides crucial insights into the trans-
formations occurring as BAM neutralizes AMD to specific pH values, guiding further optimization of BAM application in AMD
treatment. The discovery that precipitates such as schwertmannite and Fe(NH4)2:(SO4)2-6H20 can facilitate sulfate removal offers a
promising avenue for environmental remediation strategies. Notably, the absence of peaks for other metals in AMD precipitates may be
due to their low concentrations. Particularly, they may also form poorly crystalline structures that do not yield distinct XRD signals,
and thus are overshadowed by the same but strong amorphous curves produced by large amounts of the main component, particularly
schwertmannite.

3.5. Efficacy of BAM in AMD neutralization and heavy metal removal

To verify the capability of BAM in neutralizing AMD and removing heavy metals, we conducted titration experiments with three
types of BAM (pH = 9.3) on AMD samples. The volume of titrant used and the weight of precipitates formed were meticulously
recorded. For comparative purposes, titrations were also performed with traditional neutralizing agents, 40 % NaOH (a strong base),
20 % NayCOs3 (a weaker base, pH = 9.9), and 20 % Ca(OH),. This comparison aimed to highlight differences between BAM and
conventional alkaline reagents. Additionally, changes in the color of the AMD solution and the precipitates were observed and
recorded as the titration progressed to specific pH levels.

Notably, changes in the turbidity and color of the AMD were documented in Fig. 4A. The initial yellow-brown color, primarily due
to the presence of Fe>" in the AMD, shifted across the pH range. At pH 2.3-3, all solutions except those treated with 20 % Ca(OH),
remained clear, indicating minimal precipitate formation and suggesting that the primary reaction was acid-base neutralization.
Conversely, the solution treated with 20 % Ca(OH); turned turbid and reddish-brown, likely due to the formation of Fe(OH)3; and
CaS0y. As the pH increased from 3 to 6, all solutions predominantly displayed a brownish-yellow hue. At pH 7, except for the 20 % Ca
(OH), treatment which turned dark green, the 40 % NaOH solution exhibited the deepest greenish-gray, possibly indicating the
formation of Fe(OH)2, which appears green in solution. However, the BAM-treated solutions showed lighter shades, suggesting that
Fe?" hydroxide formation was not the predominant reaction in BAM, as confirmed by XRD analysis. The precipitate mass produced by
all six reagents at pH 3 was minimal; therefore, for consistency in our discussions of precipitate mass, we treat it as zero at pH 3. Fig. 4B
demonstrates a consistent pattern in the colors of precipitates generated by the six reagents when treating AMD, with 40 % NaOH and
20 % NayCO3 producing a rust-like color at pH 4, while the colors of the other precipitates varied shades of brownish-yellow.

The results from Fig. 5A and B show that the volume of titrant used and the corresponding changes in neutralization capacity (Kn)
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Fig. 4. Visual representation of AMD treatment using various alkaline reagents. The left panel displays the color changes in the liquid phase when
the alkaline reagents treat AMD to achieve specific pH levels. The right panel depicts the precipitated materials formed under the same conditions.
Notably, at pH 3, minimal precipitate formation occurs, and thus, these results are excluded from the display.
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for 40 % NaOH and 20 % Ca(OH); followed similar patterns, with these reagents requiring smaller volumes due to their strong alkaline
nature, fulfilling the OH- demand of AMD more efficiently. The three types of BAM, along with 20 % NayCOs, required larger volumes
to achieve the same neutralization, with 20 % Na;CO3 showing the largest volume and lowest efficiency. Theoretically, BAM would
need 32 L to neutralize free H' without accounting for metal cation interactions. However, experimental titrations demonstrated that
only 28-31 mL of BAM was necessary to neutralize AMD to pH 7, suggesting that active functional groups within BAM, through
protonation and metal chelation, reduce the overall demand for OH’, with BAM-A showing the smallest volume requirement. Fig. 5C
presents the precipitate formation resulting from titration with six different reagents to designated pH levels in AMD. Notably, the
concentrations of Fe and Al in the AMD significantly exceed those of other metals, often by more than tenfold. Consequently, the
variations in the precipitate masses of Fe and Al are particularly significant in our analysis. The data reveal diverse pathways for metal
removal from AMD, as evidenced by the varying amounts of precipitates produced when the AMD is titrated to specific pH levels with
each reagent. At pH 3, the precipitate mass was essentially negligible. Accordingly, for consistency across the study, we consider the
precipitate mass at this pH level to be zero.

At each specified pH level (excluding pH 3), 20 % Ca(OH), produced the highest amount of precipitate, distinguishing it from the
other reagents. At pH 4, the majority of the precipitates consisted of Fe>* (Li and Zhang, 2022). However, the three types of BAM
generated a greater mass of precipitates than did 40 % NaOH. This increased precipitate mass is primarily attributed to the BAM
inducing the formation of schwertmannite, which incorporates additional SO?{ into the precipitates. By pH 5, a considerable portion of
the precipitates was composed of Al hydroxide (Seo et al., 2017). Additionally, the difference in precipitate mass between the three
types of BAM and 40 % NaOH became more pronounced, likely because the BAM facilitated the inclusion of larger molecular weight
organic compounds into the precipitates through the chelation of metal ions by active functional groups. By pH 7, the target endpoint
for pH adjustment, the sequence of precipitate masses, from highest to lowest, was: 20 % Ca(OH)z > 20 % Nay;CO3 > BAM-B > BAM-C
> BAM-A > 40 % NaOH. This ordering indicates that while the three types of BAM produced a smaller precipitate mass relative to
20 % Ca(OH); and 20 % NayCOs, their effectiveness exceeded that of 40 % NaOH. Among the BAM types, BAM-A produced the least
precipitate, with a difference of approximately 0.3 g from BAM-B and BAM-C. This variation is likely due to a lower quantity or absence
of Fe(NH4)2(S04)2-6 HoO precipitated during the treatment with BAM-A, a finding substantiated by Fig. 3 and reflected in BAM-A’s
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Fig. 5. Comparative analysis of reagent efficiency and outcome in AMD treatment. A shows the volumes of different reagents required to adjust the
pH of AMD to specific values, showing each reagent’s consumption rate. B shows the neutralization efficiency of these reagents, with smaller Kn
values indicating higher effectiveness. C shows a variation curve for the mass of precipitates produced by the reagents at various pH levels. D shows
the removal rates of metals and SO achieved by three types of BAM when treating AMD to a target pH of 7.
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lower SOF removal efficiency compared to BAM-B and BAM-C, as detailed in Fig. 5D. During the adjustment of AMD pH from 5 to 7
using alkaline reagents, the precipitate mass from 20 % NapCOs titration consistently increased, possibly due to induced carbonate
formation (Garcia-Valero et al., 2020).

Fig. 5D illustrates the metal removal efficiencies and SOF removal rates for three types of BAM when treating AMD to pH 7. The
patterns of metal removal rates by the three BAM types are consistent. The removal rates for Al, Fe, Cr, and Cd are approximately
100 %, while As, V, Co, and Ni show removal rates between 90 % and 95 %. Cu and Mn have removal rates of 79—80 % and 60—62 %,
respectively. It is noteworthy that the removal efficiency of Mn was significantly lower than that of other metals, which may be
attributed to a combination of its coordination properties and relatively high initial concentration. On one hand, as a moderately hard
acid, Mn tends to preferentially bind with medium-to-strong hard base ligands such as -OH and -COOH, while exhibiting weaker
affinity toward -NHj groups, which are abundant in the BAM system. This results in a relative deficiency of effective coordination sites
(Wang et al., 2020; Xu et al., 2017b). On the other hand, the initial concentration of Mn in AMD reached as high as 77.55 mg/L,
substantially higher than that of Cd or Cr, thereby increasing competitive binding pressure and further limiting its removal efficiency.
To improve Mn removal, strategies such as promoting MnS precipitation via SRB (sulfate-reducing bacteria)-mediated sulfate
reduction, or enhancing complexation through recirculation to increase contact between Mn and ligands in BAM, may be considered
(Bagheri Novair et al., 2024). At pH 7, the SO%’ removal rates are 21 % for BAM-A and 31 %—32 % for BAM-B and BAM-C. The
variation in removal rates is mainly attributed to the precipitation of Fe(NH4)2(SO4)2-6 H20 during the treatment with BAM-B/C,
which incorporates a portion of SOF into the precipitate. However, these removal rates do not meet the discharge limits set by
various regions, necessitating further treatment for SO (Chatla et al., 2023). Studies suggest that the presence of significant amounts
of Fe and Al does not lead to the co-precipitation and substantial removal of Co, Ni, and Mn (Markovic et al., 2020; Seo et al., 2017),
and adjusting the pH to 8-11 can enhance their removal (Klimko et al., 2023). Mn and Cd begin to precipitate as hydroxides at a pH
exceeding 8 (Lewis, 2010). In this study, Co, Ni, Cd, and Mn exhibited high removal rates at pH 7, presumably due to the chelation of
metal ions by the active functional groups in BAM. Additionally, V typically exists as metal oxide ions in wastewater, thus its removal
through pH adjustment is generally ineffective; it is presumed to be removed via chelation as well (J. Liu et al., 2022).

The BAM-AMD step rapidly neutralises acidity and precipitates metals, but it also releases ca. 10 g/L NHJ together with readily
biodegradable metabolites such as ethanolamines, amides, glycerol and short-chain acids. Because these compounds are low-
molecular-weight and labile, they are readily consumed in the biological "polishing" units that are routinely installed at AMD sites
to meet tight NH4*, SO4>~ and COD discharge limits. Typical options include sulfate-reducing-bacteria (SRB) reactors, Feammox-SRB
coupled systems, up-flow anaerobic sludge blanket (UASB) units and constructed wetlands, which simultaneously convert SO+* to
innocuous sulfide while oxidising or assimilating NH+* and residual organics (Wang et al., 2024b; Wimalaweera et al., 2025; Yan et al.,
2022). The organic load introduced by BAM is modest relative to that from mine-camp sewage or flotation reagents often co-present in
drainage, and thus it functions as an auxiliary electron donor rather than an added pollutant, completing a closed, multi-barrier
remediation train.

Together, these results indicate several pathways for removing metals from AMD. Metal chelation can effectively remove Cr, Co, Ni,
As, Cu, Mn, Cd, and V (Hossain et al., 2015; Padilla-Rodriguez et al., 2015; Rahman et al., 2023; Vaghetti et al., 2009). Co-precipitation
can effectively target As and V (J. Liu et al., 2022; Yuan et al., 2021), and the co-precipitation with schwertmannite can also assist in
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Fig. 6. Comparative costs analysis for treating one cubic meter of AMD, including reagent costs, sludge disposal costs, and water costs.
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the removal of As and Cr (Xiong et al., 2023). The formation of hydroxides can facilitate the removal of Fe (II, III), Al (III), and Cu (II).
Overall, BAM demonstrated a strong capacity to neutralize AMD pH and remove metals effectively.

3.6. Comprehensive cost analysis of reagents for AMD neutralization treatment

To evaluate the effectiveness and economic efficiency of various reagents in neutralizing AMD to pH = 7. We conducted a detailed
cost analysis in Fig. 6, comparing their associated costs in terms of reagents, sludge disposal, and industrial water usage. The costs were
calculated for treating 1 cubic meter of AMD, taking into account the disposal of hazardous waste sludge and the water costs associated
with each treatment.

Fig. 6 presents a comparative analysis of the comprehensive costs associated with treating 1 m® of AMD. The costs range from the
lowest to the highest as follows: BAM-A at 35.512 RMB/m?>, 40 % NaOH at 39.44 RMB/m?, BAM-B/C at 43.006 RMB/m?, 20 % Ca
(OH): at 48.187 RMB/m?, and 20 % Na»COs at 211.510 RMB/m? . Water costs contribute minimally to the overall expenses, indicating
that the major cost drivers are the reagents and sludge disposal. Notably, the cost of treating 1 m®> AMD with 20 % Na2COs is several
times higher than the other treatments, primarily due to its significant reagent expenses, rendering it economically unfavorable. The
most cost-effective treatment for 1 m® AMD is BAM-A, despite producing more precipitate than 40 % NaOH when adjusting 100 mL
AMD to pH= 7, suggesting an increase in sludge disposal costs. However, the lower cost of BAM-A reagents offsets these additional
expenses, making it more economical overall compared to 40 % NaOH. Conversely, the overall cost for BAM-B/C variants is slightly
higher than that of 40 % NaOH due to doubled sludge disposal costs, which negate the cost benefits from lower reagent expenses,
resulting in a higher total cost for BAM-B/C. It is noteworthy that the reagent cost for treating 1 m® AMD with 20 % Ca(OH): is the
lowest among the treatments. However, the corresponding sludge disposal cost is two to three times higher than that of the other
formulations, thereby diminishing the financial advantage gained from lower reagent costs. Variability in total costs across the three
BAM treatments primarily arises from differences in sludge disposal costs, with BAM-B/C having a slightly higher reagent cost than
BAM-A, but similar water costs.

In fact, the substantial discharges of acid mine wastewater, totaling 3.6 billion tons annually in China (Wang et al., 2024a) and
approximately 400,000 megaliters in the Western region of South Africa (Masindi et al., 2022), emphasize the need for cost-effective
AMD management solutions. In evaluating costs for large-scale AMD treatment, selecting the optimal reagent can lead to significant
economic and environmental benefits. For an annual treatment volume of one million cubic meters, comprehensive costs escalate
dramatically. Among the evaluated reagents, BAM-A offers notable savings: 12 million RMB compared to 20 % Ca(OH),, 3.5 million
RMB relative to 40 % NaOH, and 174.5 million RMB versus 20 % NaCOs. The benefits of using BAM-A grow with treatment volume,
enhancing its suitability for long-term mining operations and potentially reducing overall costs through water recycling. Moreover,
scaling factors significantly impact cost efficiency as treatment volumes increase. Costs associated with BAM production are likely to
decrease due to economies of scale. This is typical for biological systems where larger volumes lead to more efficient resource use and
lower per-unit costs, driven by initial setup and culture development. Conversely, the costs for chemical reagents such as Ca(OH),,
NaOH, and Nay,CO3 may increase with scale. While bulk purchasing might reduce material costs, handling and application expenses,
especially those related to safety and infrastructure needs due to the corrosive nature of these chemicals, are likely to rise. Additionally,
the need for complex mixing and control systems at larger scales could further inflate costs. Thus, the savings using BAM can be
considerably greater, especially when factored over the long term and across large volumes, underscoring its economic and envi-
ronmental viability for AMD treatment projects.

Operational implications reveals that for achieving pH 7, 40 % NaOH requires additional quantities for effective metal removal,
leading to higher downstream acid reduction treatments and associated costs. NaOH, a potent alkaline with considerable energy
demands, also incurs elevated storage and handling expenses (Kennedy and Arias-Pai¢, 2020). In contrast, BAM, a milder alkaline,
reduces operational costs due to less stringent storage requirements. The use of Ca(OH), often necessitates excessive amounts to
achieve treatment goals, elevating water hardness and necessitating further softening and acid treatments, thereby increasing oper-
ational expenses. Furthermore, the traditional application of Ca(OH), in AMD treatment can result in blockages and additional costs
due to the formation of surface layers on the Ca(OH), particles (Song et al., 2022). Optimizing BAM formulations to decrease urea
content may further reduce reagent costs. Consequently, BAM, especially BAM-A, presents a significant reduction in operational costs
and stands out as a practical option for AMD treatment, with substantial economic and environmental advantages.

Taken together, the foregoing results confirm that BAM is technically feasible and economically attractive for AMD treatment. Yet
to appreciate the full significance of these findings, it is essential to view them against the backdrop of what the AMD-remediation
literature still lacks: (i) Limited studies have benchmarked bio-alkali fluids against the complete set of conventional bases under
strictly identical AMD conditions; our side-by-side titrations close that gap. (ii) The dual mechanism in which BAM couples alkaline
buffering with ligand-driven metal chelation has remained speculative; by linking identified functional groups in BAM to both removal
efficiencies and precipitate mineralogy, we provide the first experimental verification. (iii) precipitate speciation during BAM neu-
tralisation, especially the coexistence of Fe/Al hydroxysulfates and organo-metal complexes, was unclear; XRD and geochemical
profiling here clarify this pathway. (iv) The holistic techno-economic assessment of BAM at scale is important for its application; our
cost model supplies that critical benchmark. By filling these research gaps, the present work reframes BAM as a mechanistically
understood and commercially viable alternative for sustainable AMD remediation.

4. Conclusion
In this study, we have demonstrated that the BAM formulations, particularly BAM-A, significantly enhance the removal of heavy
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metals from AMD when adjusted to a pH of 7. The three strains of bacteria isolated, Pseudogracilibacillus from UPMC-A, Pseudochro-
bactrum from UPMC-B, and Myroides from UPMC-C, proved adept at thriving in environments with weak alkalinity and high ammonia
concentrations, which is critical for the sustainability of bioremediation processes in AMD treatments. The organic components
identified in BAM, containing functional groups like -CONHj, -NH,, -OH, and -COOH, and particularly the presence of alkaloids in
BAM-A, are instrumental in the successful neutralization and metal remediation processes.

Our results confirm that the unique bio-alkaline mixture of BAM when used in a ratio of 3:10 with AMD, not only brings the pH
down to neutral but also effectively precipitates out metals such as Aluminum, Iron, Chromium, and Cadmium nearly completely, and
achieves substantial removal of As, V, Co, Ni, and Cu. However, the removal rates for Manganese and Sulfates, although significant, did
not meet the discharge standards, highlighting areas for future improvement. The efficacy in managing metal concentrations in AMD
suggests that the application of BAM could be significantly cost-effective, with BAM-A showing the most promise in reducing oper-
ational costs.

The findings from this study provide a foundation for further research, particularly in optimizing the treatment process to enhance
the removal rates of less responsive contaminants like Manganese. Future experiments could explore the modification of effluent
recirculation ratios to achieve this. Overall, our study underscores the potential of BAM, especially BAM-A, as a viable and
economically advantageous solution for the treatment of AMD, offering substantial environmental benefits and aligning with sus-
tainable mining practices. This contribution is poised to influence future strategies in AMD management, focusing on improving cost-
efficiency and compliance with environmental standards.
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