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Abstract: Due to its high acidity and toxic metal content, acid mine drainage (AMD) needs to be
properly treated before being discharged into the environment. This study took the AMD collected
from one specific mine in China as a sample and investigated the treatment methodology for AMD.
The water quality of the AMD was measured, and the sample was treated with caustic soda (NaOH)
and shell powder (one kind of conventional neutralizer, mainly composed of CaCO3) by the neu-
tralization method. The results show that the AMD has a relatively low pH (2.16) and contains
high concentrations of Fe (77.54 g/L), Mn (621.29 mg/L), Cu (6.54 mg/L), Ca (12.39 mg/L), and
Mg (55.04 mg/L). NaOH was an effective neutralizer to treat the AMD and performed much better
than shell powder. Various metals were precipitated, in the order of Fe(III), Cu, Fe(II), Mn, Ca, and
Mg. The metal removal mechanisms included precipitation, adsorption, and co-precipitation. The
optimal reaction conditions were the reaction duration was selected as 5 min and the mass ratio of
NaOH to AMD was 0.16:1 (w:v). By this stage, the pH rapidly increased from 2.16 to 8.53 during
AMD-NaOH interactions and various metals were efficiently removed (from 86.71% to 99.99%) by
NaOH. The residual mass concentrations of Fe, Mn, Cu, Ca, and Mg after the treatment were 1.52,
1.77, 0.10, 1.65, and 2.17 mg/L, respectively. These data revealed that NaOH was a good treatment
regent for this kind of AMD, based on the discharge criteria of China (GB28661 2012). Also, the shell
powder was a helpful neutralizer for pH adjustment and copper removal. This neutralization method
has the advantages of convenient operation, high speed, good effect, simple equipment, and low
infrastructure cost. In addition, the resulting neutralized residue is a valuable and high-quality raw
material, which can be used in metal smelting and separation.

Keywords: acid mining drainage (AMD); heavy metals; neutralization; precipitation; NaOH; shell powder

1. Introduction

Acid mine drainage (AMD) is one kind of typical wastewater mostly produced in
the mining industry [1]. It is mainly derived from metal sulfide minerals present in active
or abandoned mines, tailings ponds, waste rocks, and sulfuric acid soils [2–4]. Among
these sulfides, pyrite (FeS2) is the most important because of its ease of oxidation [5–7].
In addition, pyrrhotite (Fe1−xS, where 0 < x < 0.2) and arsenopyrite (FeAsS) are also
common metal sulfide minerals that generate AMD [8]. When exposed to oxygen (O2),
water, and certain microorganisms (such as Thiobacillus thiooxidans and Thiobacillus
ferrooxidans), these sulfides undergo complex chemical and biological oxidation, resulting
in the production of AMD [2,4,9].

The main environmental hazards posed by AMD are its extremely low pH (usually
below 3) and high concentrations of toxic metals ions [10,11]. A low pH is hazardous to
the survival of living organisms and may lead to metals leaching from rocks into aquatic
systems. That is to say, as water becomes acidic, the mobility and solubility of heavy metals
increase, leading to the chemical, physical, and biological erosion of the soil and water

Water 2024, 16, 821. https://doi.org/10.3390/w16060821 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16060821
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w16060821
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16060821?type=check_update&version=1


Water 2024, 16, 821 2 of 13

bodies [4,12]. Due to their toxicity, non-degradation, and bioaccumulation, in the long
run, heavy metals in AMD can accumulate in the food chain, posing a significant threat
to microorganisms, plants, animals, and humans [13–15]. For example, large amounts of
iron (Fe) and manganese (Mn) in AMD entering water bodies can cause various symp-
toms in the local residents, such as drowsiness, muscle tremor, hepatic necrosis, shock,
metabolic acidosis, DNA damage, and in severe cases, even death [16]. In summary, if
AMD is directly discharged without treatment, it may pose a serious threat to the environ-
ment, especially the soil, surface water, groundwater, and aquatic communities [17–19].
Therefore, it is necessary to properly treat AMD before discharge to meet the required
discharge standard.

The AMD treatment includes active and passive treatment approaches [8]. Active treat-
ment methods commonly include neutralization, precipitation, adsorption, ion exchange,
membrane separation, and electrochemical approach [20–24]. Passive treatment methods
include constructed wetlands, limestone drains and channels, permeable reactive barriers,
and sulfate reduction bioreactors [25–29]. Each of these treatment methods has its unique
advantages and disadvantages when dealing with AMD. In terms of the AMD treatment
methods, active treatments can be used to treat various types of AMD through a single
or combination of multiple methods [11]. However, active treatments require continuous
chemical addition and secondary pollutant treatment [12]. The advantages of passive treat-
ments are their low cost of implementation, operation, maintenance, and management [28].
Their disadvantages are their low acid load, prolonged process time, poor effectivity during
winter, unstable water output, and being less efficient over time [30]. Among these methods,
chemical neutralization is currently the most common and widespread method for treating
AMD due to its rapid reaction rate and high removal efficiency [13]. The commonly utilized
alkaline neutralizing agents include lime and limestone (CaCO3), calcium oxide (CaO),
hydrated lime (Ca(OH)2), soda ash (Na2CO3), caustic soda (NaOH), ammonium hydroxide
(NH4OH), and magnesium hydroxide (Mg(OH)2) [13]. Among these neutralizing agents,
calcium-based reagents (particularly limestone) are used extensively worldwide because of
their low cost, abundant reserves, and convenient storage [16]. However, using limestone
or hydrated lime to treat AMD usually generates a large amount of metal-rich sludge,
which is hard to settle, recycle, and reuse [31]. To summary, although the treatment cost of
AMD using limestone or hydrated lime is cheap, the disposal cost of the sludge is relatively
expensive [32]. In recent years, alkaline industrial by-products, such as concrete fines,
lime kiln dust, coal ash, steel mill slag, red mud, and fly ash, have replaced traditional
alkaline chemicals for treating AMD [33–36]. Using alkaline industrial by-products further
reduces the treatment cost, but also makes it harder to reuse the sludge because industrial
by-products introduce a variety of cations and anions into the sludge. Therefore, more
effective and less sludge-producing AMD treatment processes are required. Particularly, if
the resulting solids by the neutralization method are relatively pure and free of complex
impurity components, they can be conveniently used as high-quality raw materials for
subsequent metal smelting.

In this study, the actual AMD derived from one mine in China was treated by the
neutralization method. The water quality of the actual AMD, including the pH and various
metal ions’ concentrations, was measured first. Based on the above results, NaOH was
selected as the neutralizing agent to treat the AMD. The performance of NaOH on raising
the pH and removing metal ions was investigated and compared to the performance of
shell powder (one conventional neutralization material). Then, the optimal dosage and
neutralization time of NaOH were investigated. Finally, characterization was performed
with X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) for the
neutralized residues. The research results can provide data support for operating conditions’
selection and process adjustment in the actual production.
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2. Materials and Methods
2.1. The Acid Mining Drainage and Reagents

The actual acid mine drainage (AMD) in this study was collected from one mine in
China just before entering the AMD treatment plant, packed in clean 20 L PVC plastic
drums, transported to the laboratory, and stored at 4 ◦C until analysis and treatment.

All chemical reagents used in this study were analytically pure and used as re-
ceived. Hydrochloric acid (purity 37%) and NaOH were purchased from Xilong Scientific
Co., Ltd. (Chengdu, China), and other reagents, for example, standard metal solutions
(1000 mg/L), were purchased from Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). Distilled water was used for all experiments.

2.2. Methodology
2.2.1. Characterization of the Acid Mine Drainage

Referring to the Chinese wastewater discharge standard of “Emission standard of
pollutants for mining and mineral processing industry” (GB28661-2012) [11], the water
pollution characteristics of the AMD were analyzed, including the pH value and various
metal concentrations. The pH was measured using a pH meter (PHS-3C, Ramag, Shanghai,
China). The concentrations of metals (Zn, Cu, Mn, Fe, Cd, Cr, Pb, Ni, Ag, Ca, and Mg)
were measured by a flame atomic absorption spectrophotometer (Shimadzu AA-7000F,
Kyoto, Japan).

2.2.2. Neutralization Performance Experiments of NaOH and Shell Powder

The chemical neutralization method was used to treat the above raw AMD. The exper-
iments were conducted at room temperature (25 ± 3 ◦C). The neutralization performance
of NaOH and shell powder were investigated by batch experiments. The neutralizer NaOH
(0.5, 1.0, 1.5, 2.0, and 2.5 g) or shell powder (0.5, 1.0, 1.5, 2.0, 2.5 g, and 3.0 g) with different
dosage ranges and 10 mL AMD solution were added to a series of 50 mL centrifuge tubes.
Subsequently, all tubes were placed in a Rotary Mixer (QB-228, Haimen Kylin-Bell Lab
Instruments Co., Ltd., Haimen, China) for 2 h at 60 rpm. After the reaction, the pH of the
suspension was measured. The remaining suspension was centrifuged at 4000 rpm for
5 min and filtered through 0.45 µm PTFE syringe-tip filters. The residual metal concentra-
tions (Fe, Mn, Cu, Ca, and Mg) were analyzed by a flame atomic absorption spectrophotome-
ter. The removal rate of each metal element was calculated by dividing the concentration
difference before and after treatment by the concentration before treatment [11].

2.2.3. The Optimal Dosage Experiments of NaOH

According to the experimental results of Section 2.2.2, the optimum dosage of NaOH
is between 1.5 g and 2.0 g. Therefore, to further explore the optimal dosage of NaOH,
the neutralization experimental process was conducted once again. Therefore, in order to
neutralize 10 mL AMD, the dosages of NaOH were selected as 1.6, 1.7, 1.8, and 1.9 g. The
neutralization reaction time was set to 2 h.

2.2.4. The Optimal Neutralization Time Experiments of NaOH

The influence of the neutralization reaction time of NaOH on the AMD treatment was
determined through batch experiments. A total of 2.0 g NaOH and 10 mL AMD solution
were added to a series of 50 -mL centrifuge tubes. The neutralization experiments were
conducted under different neutralization reaction times (1, 2, 3, 5, 7, 10, 15, 20, 30, 45, 60, 90,
120, 180, and 240 min).

2.2.5. Characterization of the Neutralized Residues

The neutralized residues were placed in an oven (DHG-9076A, Shanghai Kunquan
biotechnical Co., Ltd., Shanghai, China) at 50 ◦C for 48 h, and then ground into a pow-
der. The mineral phases of the residues were performed by a powder X-ray diffraction
spectroscopy (XRD, Dandong Fang-yuan Instruments Co., Ltd., Dandong, China) equip-
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ment, with Cu Kα scanning range from 5◦ to 80◦ (2θ) at a scan speed of 2◦/min. The
surface functional groups and valence bounds were determined using Fourier transform
infrared spectroscopy (FTIR, Nicolet 360FT-IR spectrometer, Thermo Nicolet Corporation,
Madison, WI, USA), over a wavenumber ranging from 4000 to 400 cm−1 by using KBr as
a reference.

3. Results and Discussion
3.1. Water Quality of the Raw Acid Mine Drainage

The water quality of raw AMD before treatment and the discharge standard (“Emission
standard of pollutants for mining and mineral processing industry” (GB28661-2012)) are
shown in Table 1. As expected, the AMD had a relatively high acidity, with a pH of 2.16,
and contained various metal elements. In the extensive literature about AMD, both actual
and synthetic AMD generally contain large amounts of iron (Fe) and manganese (Mn)
elements. The concentration range of Fe is generally from tens to hundreds of milligrams
per liter, while the concentration of Mn is tens of milligrams per liter [11,18,23,28]. The
AMD in this study had an iron concentration of up to 77.54 g/L and a Mn concentration
of up to 621.29 mg/L, both of which are much higher than those in general AMD. In
addition to its strong acidity, the main feature of this AMD was its high contents of Fe and
Mn elements. Magnesium (Mg), calcium (Ca), and copper (Cu) were found in moderate
concentrations, ranging from a few milligrams per liter to tens of milligrams per liter, while
lead (Pb) was a trace element at a concentration of tens of micrograms per liter. Heavy
metals, such as Zn, Cd, Cr, Ni, and Ag, were not detected in the raw AMD; so, these
metals were considered no longer of concern and were not measured in the subsequent
neutralization experiments.

Table 1. The water quality of the raw AMD and the relative discharge standard “Emission standard
of pollutants for mining and mineral processing industry” (GB28661-2012).

Parameters Acid Mine Drainage (AMD) GB28661-2012

pH 2.16 6–9
Zn (mg/L) undetected 2.0
Cu (mg/L) 6.54 0.5
Mn (mg/L) 621.29 2.0
Fe (mg/L) 77.54 (g/L) 5.0
Cd (mg/L) undetected 0.1
Cr (mg/L) undetected 1.5
Pb (mg/L) 0.06 1.0
Ni (mg/L) undetected 1.0
Ag (mg/L) undetected 0.5
Ca (mg/L) 12.39 /
Mg (mg/L) 55.04 /

According to the “Emission standard of pollutants for mining and mineral processing
industry” (GB28661-2012) standard, the concentration of Pb (0.06 mg/L) in the raw AMD
was below the limit value (1.0 mg/L); so, Pb was not measured in the subsequent neutral-
ization experiments. The concentrations of Fe, Mn, and Cu in the AMD must be reduced to
meet the standard requirements. Meanwhile, the acidity of the AMD must be neutralized
to a natural state. Due to the high content of Mn in the AMD and the difficulty of Mn
precipitation when the pH value is below 6 [13,37], the highly alkaline neutralizer NaOH
was selected to treat the AMD. For comparison, shell powder (mainly composed of CaCO3)
was selected as a conventional neutralizer to evaluate the treatment efficiency of NaOH on
the AMD. Despite Ca and Mg concentrations not being addressed in the emission standard
GB28661-2012, the concentrations of these two elements are related to the hardness of water;
so, they were tested in the following neutralization experiments.
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3.2. Performances of NaOH and Shell Powder during the Acid Mine Drainage Treatment

The performances of NaOH and the shell powder during the AMD treatment are
presented in Figure 1. As shown in Figure 1a,b, with the increase in the dosage of the two
neutralizers, the pH value and the removal rates of the various metal elements increased.
For NaOH, as the dosages increased, the pH of the solution rose from 2.16 to 13.77. For the
shell powder, the pH of the solution quickly reached a maximum of 5.88 and remained sta-
ble. The removal rates varied with the metals. In general, NaOH had a better performance
than the shell powder for the removal of various metals.
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In the case of Cu, when adding 1.0 g NaOH, the pH of the solution increased from
2.16 to 6.02, and the removal rate of Cu rapidly increased to over 95%. When adding 0.5 g
shell powder, the pH of the solution increased from 2.16 to 4.82, and the removal rate of
Cu was close to 100%. As shown in Figure 1b, the alkalinity produced by the shell powder
is mainly used to precipitate Cu, while the precipitations produced by iron and Mn are
very small. If only considering the removal of Cu in the AMD, the shell powder is a good
neutralizing agent.

In the case of iron, when adding 0–2.5 g NaOH, the removal rate of iron showed
a three-stage trend. The removal rate of Fe increased rapidly (adding 0–0.5 g NaOH,
pH = 2.16–4.50) at first, then increased slowly (adding 0.5–1.0 g NaOH, pH = 4.50–6.02),
and finally rapidly raised (adding 1.0–2.5 g NaOH, pH > 6.02) to near 100%. The final
removal rate of iron by NaOH was higher than 99.99%. According to Hu et al., at 20 ◦C,
the pH range of Fe3+ from the beginning to complete precipitation is 1.9–3.2 and the pH
range of Fe2+ precipitation is 7.9–9.0 [38]. Therefore, it can be inferred that both Fe(III)
and Fe(II) existed in the AMD. In Figure 1b, using the shell powder as the neutralizer
(pH = 2.16–5.88), only less than 20% of iron was precipitated, indicating that iron in the
AMD mainly existed in the form of Fe(II).

In the case of Mn, in Figure 1b, the removal rate of Mn increased with the addition
of the shell powder, and its final removal rate was lower than 60%. This low removal
rate was due to the low alkalinity (pH < 6.0) provided by the shell powder, resulting in
only a small amount of Mn hydroxide being formed. This is consistent with the results of
previous studies. It is difficult to remove Mn from the AMD by precipitation under low pH
(<6.0) conditions [13,37]. In Figure 1a, similar to iron, the removal rate of Mn also showed a
three-stage trend. Furthermore, the Mn removal rate in Figure 1a, when the pH is equal
to 4.50 (adding 0.5 g NaOH), is much higher than that in Figure 1b, when pH is equal to
4.82 (adding 0.5 g shell powder). The difference between Figure 1a and 1b is that using
the shell powder as a neutralizing agent results in a lower removal rate of iron, that is,
less iron (oxy)hydroxide was formed. Therefore, it can be inferred that, in addition to the
formation of manganese hydroxide precipitation, the adsorption and co-precipitation of Mn
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by iron (oxy)hydroxide precipitation formed by Fe(III) were also important mechanisms for
Mn removal.

In the case of Mg, as the pH value increased, the removal rate of Mg continued to
increase. Especially when the pH was greater than 7.65 (adding 1.5 g NaOH), the removal
rate of Mg increased rapidly. These results can be interpreted by the fact that Mg has a high
mobility in a solution [28] and can only form hydroxide and carbonate deposits under high
pH (pH > 6.0) conditions [13,37].

In the case of Ca, when the dose of the neutralizer NaOH increased from 0 g to
2.0 g, the removal rate of Ca gradually increased and was close to 100% at the dose of
2.0 g NaOH.

How do multiple metal ions compete for OH− to form precipitates? After adding
the neutralizers, the pH value of the AMD increased, and the metal ions precipitated in
the form of hydroxides, such as Fe(OH)2, Fe(OH)3, Mn(OH)2, Cu(OH)2, and Mg(OH)2.
Ca2+ could be precipitated as gypsum (CaSO4·2H2O), bassanite (2CaSO4·H2O), anhydrite
(CaSO4), Ca(OH)2, and so on. Some studies stated that the main product of Ca precipitation
was gypsum [20,39]. The order in which the metal ions form deposits depends on the value
of the solubility product (KSP). Metal ions with a small solubility product constant are
more likely to deposit. Precipitation reaction equations of various metals and the KSP of the
precipitations at 298.15 K are shown in Table 2. According to the metals’ concentrations and
the discharge standard of AMD, the pH ranges of the various metals from the beginning
of the precipitation to the effluent concentrations meeting the discharge standard can be
calculated, as shown in Table 2. Therefore, the order in which the metals deposited was
Fe(OH)3, Cu(OH)2, Fe(OH)2, Mn(OH)2, Mn(OH)2, and Mg(OH)2.

Table 2. Precipitation reaction equations, KSP, and the pH ranges of the various metals from the
beginning of the precipitation to the effluent concentrations reaching the discharge standard.

Metals Concentrations GB28661-2012 Precipitation Reaction Equations KSP [40]
Ranges of pH

for Metal
Precipitation

Fe
77.54 g/L

(1.39 mol/L)
5.0 mg/L

(8.95 × 10−5 mol/L)
Fe3+ + 3OH− = Fe(OH)3 ↓ [18] 4.0 × 10−38 1.5~2.9
Fe2+ + 2OH− = Fe(OH)2 ↓ [18] 8.0 × 10−16 6.4~9.5

Cu 6.54 mg/L
(1.03 × 10−4 mol/L)

0.5 mg/L
(7.87 × 10−6 mol/L) Cu2+ + 2OH− = Cu(OH)2 ↓ 2.2 × 10−20 6.2~6.7

Mn 621.29 mg/L
(1.13 × 10−2 mol/L)

2.0 mg/L
(3.64 × 10−5 mol/L) Mn2+ + 2OH− = Mn(OH)2 ↓ 1.9 × 10−13 8.6~9.9

Ca
12.39 mg/L

(3.09 × 10−5 mol/L) /
Ca2+ + SO2−

4 = CaSO4 ↓ [5] 9.1 × 10−6 /
Ca2+ + 2OH− = Ca(OH)2 ↓ 5.5 × 10−6 >13.6

Mg 55.04 mg/L
(2.26 × 10−3 mol/L) / Mg2+ + 2OH− = Mg(OH)2 ↓ 1.8 × 10−11 >10.0

If Ca was removed from the solution in the form of CaSO4, CaSO4·2H2O, and
2CaSO4·H2O, the Ca removal rate is not related to the pH of the solution, but only to
the concentrations of Ca2+ and SO4

2−. If Ca was removed in the form of Ca(OH)2, Ca(OH)2
precipitation cannot occur until the pH of the solution is higher than 13.6. However, the
Ca removal rate continued to rise with the increase in the pH (pH = 2.16–13.77, adding
0–2.5 g NaOH), indicating that there were other removal mechanisms besides the formation
of gypsum and Ca(OH)2. The KSP values of CaSO4 and Ca(OH)2 were 9.1 × 10−6 and
5.5 × 10−6, respectively, which were higher than that of Mg(OH)2, indicating Mg(OH)2
precipitated earlier than CaSO4 and Ca(OH)2. However, in Figure 1a, Ca2+ begins to
form deposits earlier than Mg2+ and has a higher removal rate than Mg2+, both of which
further indicate that there are other mechanisms for Ca removal besides precipitation.
Therefore, the order in which metal ions form deposits is Fe3+, Cu2+, Fe2+, Mn2+, Ca2+,
and Mg2+.
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Table 3 shows the performances of NaOH and the shell powder dosages during the
AMD treatment. Comparing Tables 1 and 3, it can be seen that, when the amount of NaOH
added is 1.5 g, the metal concentrations in the treated AMD exceed the relative standard
limit. However, when the NaOH addition amount is 2.0 g, the metal concentrations after
the treatment meet the standard limit, but the pH value is too high (>9), indicating that too
much NaOH was added at this stage. Therefore, the optimal dosage of NaOH is between
1.5 g and 2.0 g.

Table 3. Metal concentrations and final pH values in the AMD treated with different dosages of
NaOH and the shell powder.

Materials Dosages (g)
Metal Concentrations (mg/L)

pH
Fe Mn Cu Ca Mg

NaOH

0.5 35.50 283.33 3.13 7.73 48.62 4.50
1.0 30.73 226.85 0.27 4.89 41.41 6.02
1.5 5.63 141.67 0.26 3.30 31.75 7.65
2.0 0 0.56 0.22 0 1.30 13.37
2.5 0 0.54 0.19 0 0.10 13.77

Shell powder

0.5 76,800.1 595.21 0.11 / / 4.82
1.0 75,912.2 508.65 0.09 / / 5.73
1.5 72,508.8 456.48 0.05 / / 5.81
2.0 71,325.0 329.61 0.01 / / 5.84
2.5 69,697.2 301.16 0.01 / / 5.80
3.0 65,701.8 264.40 0 / / 5.88

Adding the shell powder to the AMD neutralized the acidity and precipitated metal
ions. However, the maximum pH value (5.88) achieved by the shell powder was lower than
the standard limit (pH > 6.0). It has been reported that treating AMD with limestone can
increase the pH to 6.0–7.5 [41]. Shell powder could not provide sufficient alkalinity. At this
point, almost all Cu was removed, while large amounts of Mn and iron did not precipitate
and still existed in the solution. Therefore, it is not suitable to use shell powder alone to
treat AMD containing high concentrations of iron and Mn. Accordingly, it can be inferred
that calcium-based reagents (such as CaCO3, Ca(OH)2, and CaO) and alkaline industrial
by-products (such as concrete fines, lime kiln dust, coal ash, steel mill slag, red mud, and
fly ash) cannot effectively treat this AMD. The shell powder can be used as a pretreatment
to regulate the pH and in combination with stronger neutralizers. Subsequent experiments
on the optimal dosage and optimal neutralization time did not use shell powder, because it
was completely meaningless to do so.

3.3. The Optimal Dosage of NaOH of the Acid Mine Drainage Treatment

The dosage experiments of NaOH were repeated in the AMD treatment to determine
the optimal dosage. The main cost of treating AMD comes from the amount of neutralizer
that is used; so, it is important to choose the optimal dosage of NaOH. After being neu-
tralized, the removal rate of various metal elements and the final pH value are shown in
Figure 2, and the metal concentrations and the pH value of the treated AMD are shown in
Table 4.

The pH is an important parameter affecting the degree of ionization of metal ions in
a solution [11,42]. There was a positive correlation between the dosage of NaOH and the
pH, attributed to the reaction of NaOH and AMD. The larger the amount of NaOH added,
the larger the amount of heat released, and the higher the final pH of the system. When
the dosage of NaOH increased from 1.6 g to 1.7 g, the solution pH increased rapidly from
8.53 to 12.33. Subsequently, as the dosage of NaOH continued to increase, the pH value
increased slowly, to over 13.0.
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Table 4. Metal concentrations and the final pH in the treated AMD with different dosages of NaOH.

NaOH (g)
Metal Concentrations (mg/L)

Final pH
Fe Mn Cu Ca Mg

1.5 5.63 141.67 0.25 3.30 31.75 7.65
1.6 1.52 1.77 0.10 1.65 2.17 8.53
1.7 1.48 0.65 0.04 0.91 0.98 12.33
1.8 1.48 0.39 0.04 0.86 0.71 12.98
1.9 1.45 0.01 0.02 0.09 0.31 13.03
2.0 0 0.56 0.22 0 1.30 13.37

As shown in Figure 2, as the pH increased, the metal removal rates rose rapidly at first
and then remained stable. When the addition amount of NaOH was ≥1.6 g, the removal
rates of the various metals were relatively high, and the effluents met the relative standard
(GB28661-2012) limit.

Considering the pH value and metal concentrations in the treated AMD, the cost of
the additive, and the discharge standard, it was considered that adding 1.6 g NaOH to
10 mL AMD was the best ratio. That is to say, the optimized treatment mass ratio was 0.16:1
(w:v) for NaOH powder to AMD. At this stage, the removal rates of Fe, Mn, Cu, Ca, and
Mg were 100.00%, 99.71%, 98.46%, 86.71%, and 96.06%, respectively. The concentrations
of Fe, Mn, Cu, Ca, and Mg in the treated AMD were 1.52, 1.77, 0.10, 1.65, and 2.17 mg/L,
respectively, and the pH value was 8.53.

3.4. The Optimal Neutralization Time of the Acid Mine Drainage Treatment

The effect of the neutralization time of NaOH on the AMD treatment is shown in
Figure 3. All metals were completely removed (almost 100%) from the solution within
1 min, and then, all metal removal rates, except for Cu, remained stable over a treatment
time of 240 min. The Cu removal rate decreased after 7 min, dropped to 97.30% at
60 min, and then remain stable. The pH value rose to 13.66 at 1 min, rose to 13.88 at
20 min, and then fluctuated slightly over a treatment time of 240 min. These results
indicate that a relatively fast chemical reaction occurred. These results are consistent
with previous neutralization experiments conducted with actual or synthetic AMDs. It
has been reported that it takes 20 min to remove iron from AMD with CaCO3, indicating
that the reaction rate of CaCO3 is much slower than that of NaOH [35]. The reaction time
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is of great practical significance for the treatment of AMD. Compared to CaCO3, using
NaOH as the neutralizer allows the treatment of a greater amount of AMD within the
same time interval; so, a smaller neutralizing tank is required. In the actual treatment of
AMD, in order to ensure a complete reaction, the optimal reaction time is recommended
to be longer than 1 min, such as 5 min.

Water 2024, 16, x FOR PEER REVIEW 9 of 13 
 

 

min, and then, all metal removal rates, except for Cu, remained stable over a treatment 
time of 240 min. The Cu removal rate decreased after 7 min, dropped to 97.30% at 60 min, 
and then remain stable. The pH value rose to 13.66 at 1 min, rose to 13.88 at 20 min, and 
then fluctuated slightly over a treatment time of 240 min. These results indicate that a 
relatively fast chemical reaction occurred. These results are consistent with previous neu-
tralization experiments conducted with actual or synthetic AMDs. It has been reported 
that it takes 20 min to remove iron from AMD with CaCO3, indicating that the reaction 
rate of CaCO3 is much slower than that of NaOH [35]. The reaction time is of great practi-
cal significance for the treatment of AMD. Compared to CaCO3, using NaOH as the neu-
tralizer allows the treatment of a greater amount of AMD within the same time interval; 
so, a smaller neutralizing tank is required. In the actual treatment of AMD, in order to 
ensure a complete reaction, the optimal reaction time is recommended to be longer than 1 
min, such as 5 min. 

 
Figure 3. Effect of the neutralization time on the AMD treatment (experimental conditions: dosage 
of NaOH = 2.0 g; 10 mL AMD solution). 

3.5. Characterization of the Neutralized Residues 
3.5.1. XRD Analysis 

The XRD patterns of the neutralized residues are presented in Figure 4. The XRD 
characterization of the neutralized residues showed the formation of new minerals, such 
as Mn(OH)2 (JCPDS #73-1133), Mg(OH)2 (JCPDS#07-0299), Cu(OH)2 (JCPDS #13-0420) 
[43], and Fe2O3 (JCPDS #25-1402). However, no diffraction peaks of iron hydroxides are 
observed in Figure 4, implying that the iron hydroxides formed by neutralization precip-
itation are in an amorphous phase. This result is consistent with those of previous studies 
that showed that it was easy to form amorphous Fe hydroxide minerals, rather than those 
with a crystalline form, during the neutralization of AMD [41]. Based on previous studies, 
it was inferred that Fe was precipitated as goethite (α-FeOOH) and lepidocrocite (γ-
FeOOH) as the pH increased [23]. Amorphous Fe minerals have a large surface area and 
high reactivity; so, they promote the adsorption and co-precipitation of other co-existing 
metals [44,45]. 

Figure 3. Effect of the neutralization time on the AMD treatment (experimental conditions: dosage of
NaOH = 2.0 g; 10 mL AMD solution).

3.5. Characterization of the Neutralized Residues
3.5.1. XRD Analysis

The XRD patterns of the neutralized residues are presented in Figure 4. The XRD
characterization of the neutralized residues showed the formation of new minerals, such as
Mn(OH)2 (JCPDS #73-1133), Mg(OH)2 (JCPDS#07-0299), Cu(OH)2 (JCPDS #13-0420) [43],
and Fe2O3 (JCPDS #25-1402). However, no diffraction peaks of iron hydroxides are observed
in Figure 4, implying that the iron hydroxides formed by neutralization precipitation are in
an amorphous phase. This result is consistent with those of previous studies that showed
that it was easy to form amorphous Fe hydroxide minerals, rather than those with a
crystalline form, during the neutralization of AMD [41]. Based on previous studies, it was
inferred that Fe was precipitated as goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) as
the pH increased [23]. Amorphous Fe minerals have a large surface area and high reactivity;
so, they promote the adsorption and co-precipitation of other co-existing metals [44,45].

3.5.2. FTIR Analysis

The FTIR spectra of the neutralized residues are illustrated in Figure 5. The broad
bands at 3471 cm−1 detected in all residues correspond to the O-H stretching vibration of
the water molecule or hydroxides adsorbed on the surface of the precipitates [30]. The peak
at 1635 cm−1 was assigned to the Mg-OH bending vibration, which gradually disappeared
with the increase in the amount of NaOH. The bands at 942 cm−1 and 661 cm−1 are due
to the Cu-OH bending vibration [46]. The band at 834 cm−1 is due to CaCO3. The strong
band at 734 cm−1 is due to the strong Mn-O stretching mode of Mn(OH)2 [47]. Two distinct
bands at 594 cm−1 and 538 cm−1 are observed, which can be attributed to Fe-O vibrational
stretching [48]. The presence of Fe-based minerals confirms that the Fe species contained in
the AMD were precipitated into neutralized residues.
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4. Conclusions

The raw AMD had a relatively low pH (2.16) and contained various metals, such as
Fe (77.54 g/L), Mn (621.29 mg/L), Cu (6.54 mg/L), Ca (12.39 mg/L), and Mg (55.04 mg/L).
Based on the water quality of the raw AMD, neutralizing methods, including the neutralizers
NaOH and shell powder, were employed in batch tests to treat the AMD. The results show
that NaOH performed much better than the shell powder in increasing the pH and removing
metals. Various metals were removed by NaOH, in the order of Fe(III), Cu, Fe(II), Mn, Ca,
and Mg. The shell powder was a helpful neutralizer used for pH adjustment and Cu removal.
However, it could not completely treat this AMD containing high cencentrations of iron and
Mn by itself. Precipitation, adsorption, and co-precipitation are important mechanisms for
metal removal. In particular, iron (oxy)hydroxide could greatly promote the removal of Mn,
Ca, and Mg. The optimum treatment mass ratio of NaOH to AMD was 0.16:1 (w:v) and the
optimum reaction time was 5 min. At this point, the pH in the treated AMD was 8.53, and
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the Fe, Mn, Cu, Ca, and Mg concentrations after treatment were 1.52, 1.77, 0.10, 1.65, and
2.17 mg/L, respectively. The water quality after the neutralization reached the discharge
standard (“Emission standard of pollutants for mining and mineral processing industry”
(GB28661-2012)).
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