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Abstract: The effects of nitrogen sources on the biosynthesis of jarosite were investigated by analyzing
the changes in pH, Fe2+, total Fe (TFe), and jarosite production in a 9K culture medium containing
different nitrogen sources. Three nitrogen sources, namely (NH4)2SO4, carbamide (CO(NH2)2),
and NH4NO3, were used in this study. The solution’s pH and Fe2+ concentrations were set to 2.5
and 160 mmol/L, respectively. The results demonstrated that the three different nitrogen sources
could be used by Acidithiobacillus ferrooxidans (A. ferrooxidans) LX5, but the degree of utilization
differed. The addition of (NH4)2SO4 facilitated the growth of A. ferrooxidans LX5 compared with
the other two nitrogen sources, while the bacterial activity in the CO(NH2)2 set was minimum. The
pH of the solution had an inverse correlation with bacterial activity. The mineralization rate using
(NH4)2SO4 as the nitrogen source was 42.48%, which was slightly higher than the rates obtained
with CO(NH2)2 and NH4NO3 (31.67% and 35.35%, respectively). The resulting minerals showed a
different appearance and chemical composition. However, the XRD spectra showed similar chemical
structure. The jarosites were identified as a mixture of jarosite, ammonioiarosite, and carphosiderite.

Keywords: Acidithiobacillus ferrooxidans; nitrogen sources; jarosite; biological mineralization

1. Introduction

Acid mine drainage (AMD) is acidic wastewater formed via biochemical reactions
during the mining process, primarily from sulfide minerals, such as pyrite. It contains
significant amounts of Fe2+, Fe3+, SO4

2−, and heavy metals with a pH of 2–6 [1,2]. Un-
der low pH (<4.0) conditions, the oxidation of Fe2+ by atmospheric O2 is hampered in
AMD environments [3]. If AMD is discharged without proper treatment, it can result in
contamination of water and soil, thereby endangering the health of animals, plants, and
humans [4,5]. Major mining countries, such as China, the United States, Canada, and Spain
face challenges due to AMD. Approximately 20,000 to 50,000 mines worldwide generate
AMD, and nearly 19,300 km2 of fresh water and 720 km2 of lakes and reservoirs are polluted
by AMD [6]. Extreme leachates were generated in the abandoned Tharsis mine in Spain,
reaching even negative pH and concentrations of up to 194 g/L of Fe [7]. Leaching of
reaction products into surface waters pollute more than 20,000 km of streams in the United
States alone [5].

Currently, various AMD control and treatment technologies play an important role in
reducing AMD synthesis, decreasing AMD acidity, and eliminating metal pollution. The
treatment of AMD is accomplished via neutralization, microbial techniques, constructed
wetlands, and membrane methods [8]. The microbial method primarily entails the use of
sulfate-reducing bacteria (SRB) for dissimilatory sulfate reduction, resulting in the forma-
tion of insoluble metal sulfide precipitates by reacting S2− with Cu2+, Fe2+/Fe3+, Cd2+, and
other heavy metal ions present in water, resulting in a heavy metal removal rate exceed-
ing 90% [9]. The simultaneous production of alkaline substances alleviates the acidity of
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AMD [10,11]. The SBR treatment of AMD requires minimal technical investment and low
operational expenses. However, the high acidity of AMD significantly hampers the growth
of sulfate-reducing bacteria, thereby adversely affecting the bioreactor performance [12].
The constructed wetland system offers several advantages over physical and chemical
processes, due to its cost-effectiveness, ease of operation and maintenance, and low energy
requirements [13]. Its removal rate of heavy metals is 97% [14]. However, the inherent
limitations of constructed wetlands include the need for extensive land, prolonged treat-
ment, and significant environmental impact [15]. Certain plants exhibit limited tolerance to
excessive levels of heavy metals, which can lead to plant death and subsequent damage
of the wetland system. Membrane separation techniques including nanofiltration, ultra-
filtration, electrodialysis, reverse osmosis, and membrane distillation are widely utilized
to treat AMD. Membrane separation technology facilitates selective metal ion separation
and recovery, sludge reduction, and high-quality water recycling. However, the membrane
separation technology is suitable for stable acid media and can cause rapid and serious
membrane pollution [16].

Chemical neutralization and its modification are widely used to ensure high efficiency
and stability, with a utilization rate higher than 90%. However, when AMD is enriched
with Fe2+, CaCO3 and Ca(OH)2 are used to increase the pH of AMD [17,18]. The resulting
hydroxide precipitate is unstable and susceptible to pH. Due to the formation of H2CO3,
the solution pH increases to approximately 6 when CaCO3 is used for neutralization [19],
resulting in poor Fe2+ removal efficiency. Non-biological oxidation is a challenge at a pH
below 5; however, biological oxidation can be carried out [20]. A. ferrooxidans is used to
carry out microbial oxidation of AMD to generate secondary iron minerals, which can
effectively remove iron and other heavy metals from wastewater, reducing the load for
subsequent lime neutralization. Iron and heavy metals can be removed under lower pH
conditions, resulting in a significant reduction in lime consumption. Accordingly, the
resulting precipitation has limited potential risk for the environment.

The secondary mineral formation is important for the removal of Fe2+, Fe3+, and SO4
2−

in AMD, which is of great significance. Numerous studies have demonstrated that the
secondary minerals induce heavy metal adsorption and precipitation [21,22]. A. ferrooxidans
in AMD mediates the oxidation of Fe2+ to Fe3+, which is then hydrolyzed to produce sec-
ondary minerals, such as jarosite (K, Na, NH4, H3O) Fe3(SO4)2(OH)6 and schwertmannite
(Fe8O8(OH)6(SO4)4). Schwertmannite contains hydroxyl and sulfate groups, and has a large
specific surface area [23]. Jarosite is an uncommon and valuable yellow ocher inorganic
pigment [24]. The adsorption capacity of schwertmannite for As can reach 120 mg/g [25]
and 55 mg/g for Cr [26]. Cu2+ and Pb2+ exist on the surface of schwertmannite in the form
of ternary complexes [27], which play an important role in the migration of heavy metals. In
other studies, organic carbon was used to modify Fe3O4/schwertmannite (Fe3O4/Sch/OC)
by introducing Fe3O4 into the A. ferrooxidans-driven Fe2+ oxidation to generate catalysts.
Further, the in situ H2O2 was disintegrated to produce •OH in a Fe3O4/Sch/OC-driven
Fenton reaction to degrade the methylene blue (MB) [28]. Several parameters, including
temperature, pH, crystal species, Fe2+ concentration, and monovalent cation, affect A.
ferrooxidans-induced Fe2+ oxidation and the formation of secondary iron minerals [29,30].
Monovalent cations have a strong alum-forming ability, in the order of K+ > NH4

+ >
Na+ [25]. Further, K+ promotes the oxidation of Fe2+ by A. ferrooxidans.

A. ferrooxidans, which is present in AMD, oxidizes Fe2+ and reduces sulfur compounds
to generate metabolic energy. It has been used in AMD treatment, biological hydromet-
allurgy, and desulfurization [31]. A. ferrooxidans is an obligate aerobic Gram-negative
electrochemical autotroph, which utilizes reduced pentose phosphate cycle (Calvin–Benson
cycle) to immobilize CO2 as the sole carbon source for growth [32]. The oxidation of Fe2+

by A. ferrooxidans is mainly controlled by the electron transport chain [33]. Cyc2 in the
outer membrane of A. ferrooxidans is the key protein mediating electron transfer between
extracellular inorganic iron and the intracellular metabolism [34]. Microorganisms require
external carbon sources to initiate growth. These carbon sources are converted into different
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metabolic intermediates, such as pyruvate and oxaloacetic acid, through various metabolic
pathways. Amino acids are then synthesized using sources of nitrogen and sulfur, and
other elements. Finally, proteins are synthesized by ribosomes. Nitrogen is an important
component of biomolecules, such as amino acids, pyrimidines, purines, and enzyme cofac-
tors. Therefore, when nitrogen is deficient, amino acid synthesis is severely affected [35],
thereby hindering the oxidative activity of A. ferrooxidans. Bacteria absorb a variety of
nitrogen sources as well as specific nitrogen compounds to maintain growth [36]. Studies
have shown that A. ferrooxidans uses specific amino acids as nitrogen sources. However, the
strain exhibited a lower growth rate and a growth yield when compared with a medium
containing Fe2+-NH4

+-salts, which suggested that the ammonium ion was a superior nitro-
gen source compared with amino acids [37]. The nutrient solution for A. ferrooxidans LX5
growth traditionally contains 9K medium carrying (NH4)2SO4 as a nitrogen source. Cur-
rently, the effect of nitrogen sources on biological mineralization mediated by A. ferrooxidans
LX5 has received minimum attention. In contrast, several relevant studies have focused
on the desulfuration of Thiobacillus ferrooxidans under different nutritional conditions [31].
Briceo and Tuovinen et al. [38,39] analyzed the impact of culture composition on bacterial
growth and the subsequent precipitation by modifying the composition of the 9K medium
used to cultivate T. ferrooxidans. Zhang et al. [40] decreased the concentrations of NH4

+

and K+ in the nutrient medium by replacing the sources of nitrogen ((NH4)2SO4) and
phosphorus (K2HPO4) with (NH4)2HPO4, which not only maintained a high oxidative
activity for bacterial growth but also reduced the yield of the mineral precipitate.

After pre-oxidizing Fe2+ to Fe3+, the Fe2+-rich AMD can be effectively neutralized
under low pH conditions using inexpensive limestone. The resulting sediment exhibits
excellent settling performance, with a low water content, and minimal volume. Therefore,
the “Fe2+ bio-oxidation-neutralization” can be used to effectively treat AMD containing
significant levels of Fe, especially Fe2+. However, the low rate of Fe2+ bio-oxidation is a
challenge. Additionally, during the Fe pre-oxidation stage, only A. ferrooxidans is utilized
to oxidize Fe2+ to Fe3+ in AMD, without removing soluble iron from the water. It does
not reduce the load of subsequent neutralization. Development of an efficient Fe2+ bio-
oxidation method is therefore crucial to decrease the load on the lime neutralization,
minimize the usage of neutralizers and sludge generation for Fe2+ removal from AMD,
and ultimately decrease the cost associated with subsequent neutralization. In actual water
processing, the treatment efficiency is improved by altering the type of nitrogen sources.
The current investigation maximized the removal of soluble iron in AMD via precipitation
of jarosite. This process involved the oxidation of Fe2+ and subsequent hydrolysis of
Fe3+ mediated by A. ferrooxidans LX5. Thus, the effect of nitrogen sources on the jarosites
generated via Fe2+ oxidization and Fe3+ hydrolysis by A. ferrooxidans LX5 was investigated.
The findings are expected to facilitate practical engineering applications.

2. Materials and Methods
2.1. Concentrated Solution of A. ferrooxidans LX5 and Nitrogen-Free 9K Solution

The laboratory isolates of A. ferrooxidans LX5 are currently stored in the China Gen-
eral Microbiological Culture Collection Center under the preservation number CGMCC
No. 0727.

A. ferrooxidans LX5 was inoculated in 9K medium composed of 44.24 g of FeSO4·7H2O,
3.0 g of (NH4)2SO4, 0.50 g of K2HPO4, 0.50 g of MgSO4·7H2O, 0.10 g of KCl, and 0.01 g
of Ca(NO3)2·4H2O in the presence of l L of deionized water. The pH was adjusted to
2.5 using 9 M H2SO4 in a volume ratio (v/v) of 10%. The total volume of the reaction
system was 250 mL. The reaction was performed at 28 ◦C and 180 rpm. In the late stage of
the exponential growth phase (about 3 d) [29], the nutrient solution was filtered through
a qualitative filter paper to remove the resulting iron precipitate. The bacterial density
in the filtrate was found to be approximately 6 × 107 cells/mL, based on a double-plate
method [29]. The filtered bacterial solution was further centrifuged at 10,000× g and 4 ◦C
for 10 min to obtain the thallus. The thallus obtained was rinsed three times with a diluted
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H2SO4 solution (with an approximate pH of 1.5) to eliminate various hetero ions. The
bacterial solution derived from the 250 mL culture system was suspended in 5 mL of an
acidic solution (pH 2.5) generated by adding H2SO4 with the concentration ratio set to 50.
The resulting solution represented concentrated A. ferrooxidans LX5 solution.

The nitrogen-free 9K solution was prepared by dissolving 10.0 g of K2HPO4, 10.0 g
of MgSO4·7H2O, 2.0 g of KCl, and 0.2 g of CaCl2·6H2O (CaCl2·6H2O was used to replace
Ca(NO3)2·4H2O) in 1 L of deionized water. The pH of the solution was adjusted to 2.5 by
adding an equal volume of H2SO4 for used in the follow-up tests.

2.2. Effects of Nitrogen Sources on the Mineralization of A. ferrooxidans LX5

A single test involved three treatments, and each treatment was performed in triplicate.
A 12.5 mL aliquot of nitrogen-free 9K medium was added to a 500 mL conical bottle. The
nitrogen sources were (NH4)2SO4, carbamide (CO(NH2)2), and NH4NO3. The dose of
nitrogen in each treatment was 1 g. The concentrations of nitrogen source in the reaction
system were 61, 133, and 50 mmol/L, respectively. The initial concentration of Fe2+ was
set to match the concentration used in previous bacterial cultures based on 9K medium
The Fe2+ was traced to FeSO4·7H2O (11.06 g), and its concentration was 160 mmol/L
(8960 mg/L). Each treatment was inoculated with 1 mL of the concentrated bacterial so-
lution. A controlled pH (range: 2.0–2.5) was recommended to facilitate the conversion of
secondary iron minerals into jarosite and enhance the precipitation of total iron (TFe) [41].
Therefore, in this experiment, an initial pH of 2.5 was set. The total volume of the reaction
system was 250 mL, and the culture was vortexed at 28 ◦C and 180 rpm.

During the entire culture, the pH of the solution was monitored regularly. The concen-
trations of Fe2+ and total iron were analyzed after filtration through a 0.22 µm membrane.
The samples were collected at 6 h, 12 h, 24 h, 48 h, 72 h, and 96 h. The mineral precipi-
tates were collected at the end of the culture using qualitative filter paper. These mineral
sediments were washed twice with deionized water (pH 1.5) and twice with deionized
water. Next, they were dried to a constant weight at 60 ◦C before being stored in a vac-
uum drying chamber. The elemental composition of these minerals was evaluated after
acid dissolution.

The purpose of pre-oxidation of Fe2+-rich AMD is to oxidize Fe2+ to Fe3+ and remove
a portion of the soluble iron from the water, thus decreasing the load of subsequent neu-
tralization reaction, reducing the amount of neutralizer used, and the amount of sludge
generated. Iron can be completely removed via “Fe2+ biological oxidation-neutralization”.
Extension of the reaction indeed enhanced the rate of iron removal. However, the increase
is relatively small and is related to the rate of Fe3+ hydrolysis. Complete oxidation of
Fe2+ also attenuates the rate of Fe3+ hydrolytic mineralization. Therefore, in this experi-
ment, the experiment was terminated at 96 h when all the Fe2+ in the three systems was
completely oxidized.

2.3. Analytical Methods

The solution pH was tested with a pHS-3C acidity meter (Shanghai Leici Factory,
Shanghai, China). Fe2+ was measured using the phenanthroline colorimetric method. The
TFe test entailed initial reduction of Fe3+ to Fe2+ with hydroxylamine hydrochlorides,
followed by phenanthroline colorimetry. The weight of minerals was recorded using an
electronic scale (China Bailing, Xuzhou, China).

The TFe precipitation rate was determined as follows:

TFe (%) = (TFeinitial − TFet)/TFeinitial × 100,

where TFeinitial represents the initial iron concentration, and TFet is the iron concentration
at t (hours) of reaction time.

The oxidation rate of Fe2+ was calculated as:

Fe2+ (%) =
(

Fe2+
initial − Fe2+

t

)
/Fe2+

initial × 100,
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where Fe2+
initial denotes the initial Fe2+ concentration, and Fe2+

t is the Fe2+ concentration at t
(hours) of reaction time.

In the same experiment, three sets of parallel samples were utilized to obtain error bars.
The mineral phases of the sediments were identified using an X-ray diffractometer

(XRD, X’Pert PRO, Panaco, Almelo, The Netherlands) under the following conditions: tube
voltage, 50 kV; tube current, 150 mA; scanning interval, 10–80◦ (2θ); step length, 0.02◦; scan
rate, 5◦/min; and Cu target (curved-crystal monochromator).

The morphology of the sediments was analyzed using a Hitachi S-4800 scanning
electron microscope (Tokyo, Japan). Samples were pasted onto the working table with
a double sticky tape and then coated with a 10 nm gold film using an ion-sputtering
instrument. The samples were observed under an accelerating voltage of 3.0 kV.

The elemental analysis of the secondary minerals was performed using a portable
ore analyzer (Innov-X Explorer-9000SDD, Enos, Schaumburg, IL, USA). The samples were
tested under two modes (soil and two-beam ore), with assistance from the Guangxi Key
Laboratory of Environmental Pollution Control Theory and Technology, Guilin University
of Technology.

Microsoft Excel® 2019 was used to determine the mean and standard deviation of each
data point. All figures were drawn using Origin® 9.0 software.

3. Results and Discussion
3.1. Change in the pH of a Solution during the Reaction with Different Nitrogen Sources

The pH changes in the reaction systems containing different sources of nitrogen are
shown in Figure 1.
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Figure 1. Variation in solution pH during 96 h of culture in the presence of different nitrogen sources.

The variation in pH was consistent in the presence of different sources of nitrogen.
The pH of the solution initially increased and subsequently decreased as the culture time
was prolonged [42]. Fe2+ oxidation in the bacteria accompanied by H+ consumption
increased the pH of the solution. Subsequently, the Fe3+ ions generated continuously were
hydrolyzed to release H+ and slightly lower the pH of the solution. This phenomenon was
consistent with our previous study [43], which demonstrated that A. ferrooxidans-mediated
biological mineralization entailed initial acid consumption, followed by acid production.
However, no clear boundary was detected, and the change in pH was a comprehensive
manifestation of the following reaction mechanism:
1© Oxidation of Fe2+ to Fe3+ involving consumption of H+.

4Fe2+ + O2 + H+ A. f errooxidans−−−−−−−−−→ 4Fe3+ + 2H2O (1)
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2© Hydrolysis of Fe3+ to schwertmannite or jarosites and release of H+.

Fe3+ + SO2−
4 + 14H2O→ Fe8O8(OH)6(SO4)4(schwertmannite) + 22H+ (2)

M + 3Fe3+ + 2SO2−
4 + 6H2O→ MFe3(SO4)2(OH)6(jarosites) + 6H+M =

(
NH+

4 , K+, H3O+
)

(3)

The addition of (NH4)2SO4 increased the pH of the system during the first 6 h, followed
by a decline. The pH of the other two reaction systems showed an upward trend within
12 h. However, the pH of the carbamide system was slightly higher, which might be
attributed to the products of alkaline hydrolysis. The pH of the carbamide system after
12 h of reaction was higher than that of (NH4)2SO4, which was consistent with the results
of a previous study [44]. After 12 h, the solution pH started to decline rapidly due to
the steady consumption of NH4

+ by the bacteria. After 96 h of reaction duration, the
(NH4)2SO4, carbamide, and NH4NO3 reaction systems had pH values of 1.90, 1.96, and
1.90, respectively. The pH of the carbamide system was the highest during the entire
reaction, while the pH of the (NH4)2SO4 system was the least. The reaction steps (2) and
(3) indicate that 1 mol of Fe3+ was hydrolyzed to produce 2.75 mol H+ of schwertmannite,
and 2 mol of H+ of jarosites was released. Fe3+ was hydrolyzed in the solution, which
decreased the levels of Fe3+ and pH. The findings suggest that an increase in the production
of secondary minerals led to a corresponding increase in the synthesis of H+, resulting in a
decrease in pH. This observation was consistent with the rate of TFe precipitation. Further,
the highest yield of secondary minerals was obtained using (NH4)2SO4 as a nitrogen source.

3.2. Effects of Nitrogen Source on Fe2+ Oxidization

The oxidation of Fe2+ in different reaction systems is shown in Figure 2. The average
oxidation rate of Fe2+ was used for quantitative comparison, based on that shown in Table 1.
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Figure 2. Effects of different nitrogen sources on Fe2+ oxidation.

Table 1. Effects of different nitrogen sources on the mean rate of Fe2+ oxidation (mg/(L·h)).

Time (h)
Nitrogen

(NH4)2SO4 CO(NH2)2 NH4NO3

0–12 124 69 90
12–24 601 100 330
24–36 42 118 24
36–72 - 135 78
72–96 - 39 40

The oxidation efficiency of Fe2+ in all the reaction systems was relatively low (<20%)
within the initial 12 h. In particular, the oxidation rate of Fe2+ was only 9.02% in the car-
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bamide reaction system. Compared with the reaction duration of 12 h to 24 h, the average
speed of oxidation within the initial 6 h was less than 150 mg/(L·h), indicating relatively
slow oxidation. The average oxidation speed was only 69 mg/(L·h) in the carbamide reac-
tion system. At 24 h, the oxidation rate of Fe2+ in the (NH4)2SO4 reaction system rapidly in-
creased to 94.49%, and the oxidation speed was significantly elevated to 601 mg/(L·h). The
oxidation rates of Fe2+ in the carbamide and NH4NO3 reaction systems were 22.07% and
55.50%, respectively, corresponding to oxidation speeds of 100 mg/(L·h) and 330 mg/(L·h),
respectively. These values were substantially lower than in the (NH4)2SO4 reaction system.
The Fe2+ was completely oxidized to Fe3+ in the (NH4)2SO4 reaction system after 36 h,
while only 37.43% and 50.63% of Fe2+ ions were converted in the carbamide and NH4NO3
reaction systems, respectively. The Fe2+ ions in the carbamide and NH4NO3 reaction sys-
tems were oxidized completely until 96 h. The oxidation efficiency of Fe2+ directly reflected
bacterial activity. The higher oxidation speed corresponded to a greater oxidation rate and
stronger activity of A. ferrooxidans [45]. The nitrogen (N) levels in (NH4)2SO4, CO(NH2)2,
and NH4NO3 were 21.2%, 46.6%, and 35.0%, respectively. Therefore, carbamide had the
highest available N content, and (NH4)2SO4 showed the least available N level when the
same mass of nitrogen sources was fed to A. ferrooxidans. However, the oxidation speed
of Fe2+ was the highest in the (NH4)2SO4 reaction system and the least in the NH4NO3
reaction system. This result indicates that the three nitrogen sources were utilized by A.
ferrooxidans LX5 to different degrees. Previous studies demonstrated [44] that A. ferrooxi-
dans induced the hydrolysis of carbamide. Carbamide was mainly synthesized from cell
metabolism, and it generated CO2 except for the available N. This mechanism facilitated
cell metabolism. However, A. ferrooxidans is a chemoheterotroph that obtains energy for
bacterial growth by oxidizing Fe2+ to Fe3+. The hydrolysis of carbamide turns the solution
alkaline. The OH− released combines with soluble iron, resulting in precipitation. The
oxidation speed of Fe2+ was gradually retarded as the source of energy was consumed
by A. ferrooxidans. The growth of A. ferrooxidans was affected by anions in the solution,
which further controlled the oxidation capacity of Fe2+. Anions affected the activity of A.
ferrooxidans in the following order: NO3

− > Cl− > SO4
2− [46]. Thus, SO4

2− has minimal
effect on the growth of A. ferrooxidans, while Cl− and NO3

− levels inhibit bacterial activity.
The presence of NO3

− strongly suppressed bacterial growth and potentially led to bacterial
mortality. The high NO3

− concentrations (49.4–65.8 mmol/L) inhibited Fe2+ bio-oxidation
during the initial stage [47]. Further, the Fe2+ bio-oxidation capacity of A. ferrooxidans was
inhibited by treatment with 8.2–65.8 mg/L NO3

−. In this experiment, NH4NO3 was uti-
lized as a nitrogen source, with an initial NO3

− concentration of 50 mmol/L. The findings
indicate that the activity of A. ferrooxidans was inhibited, which was consistent with the
previous study findings [47]. Consequently, the addition of NH4NO3 as a nitrogen source
suppressed A. ferrooxidans LX5 growth and subsequently reduced bacterial activity. As
SO4

2− is one of the metabolites, A. ferrooxidans can tolerate a high concentration of SO4
2−.

Studies have also reported that SO4
2− facilitate the electron transport of copper atoms

from an iron–sulfur cluster to ceruloplasmin in an oxygen-dependent electron transport
chain. Further, in vitro studies of iron and ceruloplasmin oxidoreductase revealed that
ceruloplasmin was only reduced by ferrous ions in the presence of sulfate ions [48].

The utilization of the three nitrogen sources differed during the mineralization of A.
ferrooxidans LX5. In general, A. ferrooxidans LX5 prefers the (NH4)2SO4 reaction system,
followed by the NH4NO3 system and the carbamide reaction system.

3.3. Effects of Nitrogen Sources on Mineralization Efficiency

The changes in soluble iron levels in the different reaction systems are depicted in
Figure 3. Further, the hydrolysis of Fe3+ induced a partial phase transition of iron from
liquid to solid via synthesis of jarosite [49].
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Figure 3. Effects of different nitrogen sources on the removal of total iron.

As shown in Figure 3, the precipitation rate of TFe showed no significant difference
in the three reaction systems within the initial 12 h, which was only about 2.45–2.99%.
However, the precipitation rate differed increasingly after 12 h. The precipitation rate of
TFe in the (NH4)2SO4 reaction system was significantly higher than in the carbamide and
NH4NO3 reaction systems. The precipitation rate of TFe in the (NH4)2SO4 reaction system
was the highest (42.48%) at 96 h, followed by the NH4NO3 (35.35%) and carbamide reaction
systems (31.67%). The rate of Fe3+ hydrolytic mineralization is directly proportional to the
rate of Fe3+ supply. A higher rate of Fe3+ supply accelerated the formation of secondary
minerals and increased the precipitation of TFe [50]. However, the rate of Fe3+ hydrolytic
mineralization slows down once Fe2+ is completely oxidized. Based on the analysis of Fe2+

oxidation rate, it can be concluded that the treatment utilizing (NH4)2SO4 as a nitrogen
source rapidly generated Fe3+, thereby promoting the formation of secondary minerals,
resulting in maximum TFe precipitation. Thus, nitrogen sources control mineralization
efficiency. (NH4)2SO4 was the most efficient nitrogen source for the mineralization of A.
ferrooxidans LX5.

The weights of jarosite based on different reaction systems after 96 h are presented in
Figure 4.
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The mineral mass showed a positive correlation with the efficiency of TFe precipitation.
The mineral masses of (NH4)2SO4, carbamide, and NH4NO3 reaction systems were 2.27 g,
1.85 g, and 2.00 g, respectively. The conversion rates of iron from solution to minerals were
42.48%, 31.67%, and 35.35% in the (NH4)2SO4, carbamide, and NH4NO3 reaction systems,
respectively, based on the changes in initial and final iron concentrations.

3.4. Identification and Analysis of Sediments
3.4.1. XRD and Chemical Element Analysis

X-ray diffraction (XRD) is the most common method used to identify the mineral
phases, as it can distinguish different categories of crystalline minerals from amorphous
structures [51]. The XRD spectra of different mineral sediments (Figure 5) show that the
minerals formed in different reaction systems exhibited consistent peaks. The location of
the highest diffraction peak remained constant within an error in the range of ±0.2◦. The
main diffraction peak attributed to (NH4)2SO4 and NH4NO3 was slightly higher than that
of carbamide, and the crystallinity of the mineral phase increased slightly. Secondary min-
erals containing high levels of iron including jarosites and schwertmannite often co-existed
during the test. Schwertmannite, an amorphous mineral, exhibits a broad characteristic
peak [52]. Based on the standard spectrum of schwertmannite (PDF#047-1775), the charac-
teristic peak of schwertmannite was identified at 2θ = 35.16◦ [53], which was not significant.
The comparative analysis revealed mineral sediments as mixtures of KFe3(SO4)2(OH)6,
NH4Fe3(SO4)2(OH)6, and H3OFe3(SO4)2(OH)6.
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The chemical composition of the mineral precipitates (Table 2) showed significant
differences in iron content. The iron levels in the minerals obtained from (NH4)2SO4,
carbamide, and NH4NO3 systems were 32.8%, 20.9%, and 28.6%, respectively. The iron
content in the mineral formed from (NH4)2SO4 reaction system was comparable to the
theoretical value. The iron levels in jarosite, ammonioiarosite, and carphosiderite were
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33.5%, 35.0%, and 34.8%, respectively. However, the iron levels in the other two systems
were slightly lower than the theoretical values. In particular, the iron content in the jarosite
derived from the carbamide-containing system was 12.6%, which was substantially less
than the theoretical value. In addition, the K, N, and SO4

2− levels were relatively low in
all the minerals obtained. The K and N ratios were significantly lower than those of ideal
minerals. The short reaction time (96 h) in this experiment may be a contributing factor,
as extending the reaction time appropriately enhanced the levels of monovalent cations
in synthetic minerals [54]. Higher levels of Fe3+ during the initial stage of the reaction
induced the formation of crystalline jarosite [55]. Combined with the above Fe2+ oxidation
rate, the oxidation rates of (NH4)2SO4 and NH4NO3 were substantially higher than that
of carbamide in the first 24 h of the reaction, which facilitated the formation of crystalline
jarosite. The substitution of monovalent cations by H3O+ in jarosite is a widely recognized
phenomenon. Therefore, the iron precipitates in these tests represent mixtures of jarosite,
ammonioiarosite, and carphosiderite.

Table 2. Elemental analyses of precipitates derived from different nitrogen sources.

Nitrogen K (wt.%) N (wt.%) Fe (wt.%) SO42− (wt.%)

(NH4)2SO4 1.10 0.22 32.8 21.6
CO(NH2)2 1.79 0.35 20.9 22.3
NH4NO3 1.43 0.18 28.6 21.0

KFe3(SO4)2(OH)6 7.80 33.5 38.3
NH4Fe3(SO4)2(OH)6 2.92 35.0 40.0
H3OFe3(SO4)2(OH)6 34.8 40.0

3.4.2. SEM Analysis

The SEM images of jarosite formed in different reaction systems are shown in Figures 6–8.
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Jarosites are composed of multiple micron crystal clusters with approximate diameters
ranging from 2 µm to 10 µm. They exhibit a smooth surface and clear profile. SEM images
reveal similar morphology of minerals produced in the (NH4)2SO4 and NH4NO3 reaction
systems. The form cauliflower-like crystal clusters with smooth surfaces. The minerals
produced in the carbamide reaction system exhibit smooth surfaces and clusters of irregular
moon-shaped crystals. SEM analyses revealed slight variation in the morphology of miner-
als generated in different reaction systems. However, the peak positions of the XRD spectra
were basically similar. Figures 6–8 do not show the typical structure of amorphous schw-
ertmannite [56]. Schwertmannite is a metastable substance. Schwertmannite transforms
into highly crystalline jarosite at a pH less than 3 in the presence of monovalent cations,
such as K+ and Na+ [57]. This transformation is consistent with the results of XRD analysis
mentioned earlier. Additionally, the minerals formed from different nitrogen sources are
expected to be a mixture of jarosite, ammonioiarosite, and carphosiderite.

4. Conclusions

Currently, active treatment systems based on lime neutralization of acidity and precip-
itation of harmful elements are the most common methods used to treat AMD. However,
most of the Fe in AMD exists as Fe2+, suggesting the need for generation and removal of
Fe(OH)2 precipitate at a pH 8–9. This strategy not only requires increasing levels of lime but
also produces treatment wastewater with high pH and hardness, which is detrimental to
the environment. It also hinders hydroxide gel sedimentation. Therefore, introducing a Fe2+

bio-oxidation stage before the neutralization reaction by inoculating A. ferrooxidans can lead
to rapid oxidation of Fe2+ to Fe3+ under low hydrolysis for secondary mineral precipitation.
Dissolved Fe can be directly removed from AMD, while other harmful components are
eliminated via adsorption and co-precipitation. Thereby, both the load on subsequent neu-
tralization and the amount of generated sludge are decreased by minimizing the amount
of neutralizer required. The objective of this study was to maximize soluble iron removal
from AMD during the Fe2+ bio-oxidation stage via jarosite precipitation. To address the
low bio-oxidation rates of Fe2+, this study analyzed the effect of nitrogen source on the
oxidation of Fe2+ by A. ferrooxidans LX5 and Fe3+ hydrolysis to generate jarosite. The study
findings are summarized below:

(1) The pH of the solution was decreased by A. ferrooxidans. Carbamide supplementation
yielded the highest pH value, followed by treatment with NH4NO3 and (NH4)2SO4.

(2) The utilization efficiency of (NH4)2SO4 was the highest, followed by NH4NO3. The
microbial activity of A. ferrooxidans LX5 was the lowest in the CO(NH2)2-dosing
reaction system. The rate of TFe precipitation in the (NH4)2SO4-containing system
was substantially higher than in the carbamide- and NH4NO4-containing systems.
Compared with the other two nitrogen sources, (NH4)2SO4 was strongly conducive
to the growth of A. ferrooxidans LX5.
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(3) The morphologies and chemical compositions of minerals varied slightly when dif-
ferent nitrogen sources were used. However, the peak positions on the XRD spectra
were basically consistent. The resultant secondary mineral was a mixture of jarosite,
ammonioiarosite, and carphosiderite.

(4) Using (NH4)2SO4 as a nitrogen source, A. ferrooxidans LX5 oxidized Fe2+ to Fe3+ within
36 h at a low pH of 2.5. At the end of the 96 h experiment, approximately 42.48%
of soluble Fe yielded secondary iron-containing minerals, which were effectively
removed. The enhanced biological oxidation of Fe2+ compared with traditional
neutralization technique has significant practical implications for lime neutralization.
It minimizes the usage of neutralizers, and decreases sludge generation.
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