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Abstract
Industrial processes, such as smelting and mining, lead to antimony (Sb) contamination, which poses an environmental and
human health risk. In this study, the energy consumption and environmental impacts of a passive biological treatment system
were quantitatively evaluated using life cycle assessment (LCA), and the results were compared with that of an adsorption
purification system. The results showed that the biosystem had a lower energy consumption compared with the adsorption
system, with an energy savings of 27.39%. The environmental impacts of the bioreactor were also lower regarding acidification,
ecotoxicity, carcinogens, climate change, resource depletion, and respiratory effects. The construction resulted in the most energy
consumption (99%) for the passive bioreactor. Therefore, adopting environmentally friendly construction materials could make
the biosystem amore energy-efficient option. Results demonstrated that the bioreactor in this research can have great potential for
Sb mine drainage applications in terms of energy savings and environmental remediation without diminishing performance. The
study findings can be useful for deciding the most energy effective process for mine drainage remediation. In addition, the
identification of the energy and environmental impacts of the processes provide valuable information for the design of future
systems that consume less materials and utilize new construction materials.

Keywords Life cycle assessment (LCA) . Sb mine drainage remediation . Energy analysis . Environmental impacts . Passive
biological treatment . Adsorption

Introduction

Antimony (Sb) is found in nature as the sulfide mineral stib-
nite and is widely used in industrial applications such as bat-
teries and flame retardants (Anderson 2001; Bergmann and
Koparal 2011; Ilgen et al. 2014). Although Sb occurs at low
concentrations and exists in several oxidation states in nature,
industrial processes like mining and smelting can lead to ac-
cumulation of Sb, ultimately leading to water, soil, and atmo-
spheric contamination (He et al. 2012). Sb pollution tends to
destroy vegetation, accelerate soil erosion, pollute water bod-
ies, and increase the possibility of human disease. Sb contam-
ination in water due to mine drainage is especially prominent
in China because of high Sb production, generating approxi-
mately 77% of the global total production in 2015 and 2016
(Arnold et al. 2019). High levels of Sb pollution have been
reported in rivers near the Sb mine of Xikuangshan, Hunan
province of China (Wang et al. 2011). A previous study
showed toxic effects of Sb on the proliferation of human ery-
throid progenitor cells that was elicited at the level of the cell
membrane (Bregoli et al. 2009). Therefore, the development
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of an effective method for Sb drainage remediation is critical
to human health and the ecosystem.

Conventional treatment technologies typically used for the
removal of Sb and its compounds from mine drainage areas
include adsorption, coagulation/flocculation, ozone oxidation,
membrane separation, solvent extraction, ion exchange, and
reductive electrolysis. These methods remain widely used for
the removal of Sb (Mubarak et al. 2015). The removal effi-
ciency when employing the removal methods can be efficient,
but the treatment processes consume high amounts of energy
and resources (such as transportation and materials for con-
struction). Conventional methods may also produce mineral-
rich sludge that needs to be treated and disposed accordingly,
which increases the total cost of the treatment (Kalin 2004;
Johnson and Hallberg 2005). Adsorption is an efficient tech-
nology for metal removal, and it has the advantages of easy
operation, low cost, and small sludge production compared to
other chemical treatment methods (Luo et al. 2015). Studies
have been conducted on Sb adsorption that have used different
types of adsorbents (Luo et al. 2015; Salam and Mohamed
2003; Xi et al. 2011; Xu et al. 2015).

Sb and its compounds can be removed not only using con-
ventional treatments, but can also be transformed using specific
microorganisms. Sulfate-reducing bacteria can convert sulfate
ions into sulfides that reduce Sb (V) to Sb (III) and form Sb
(III) complex as precipitate in Sb mine drainage (Wang et al.
2013). Parameters such as pH, TOC, nitrogen, sulfide, and iron
concentration can shape the innate microbial communities in
mine drainage contamination remediation (Sun et al. 2020a).
Biotic sulfate reduction can even occur in extremely acidic envi-
ronments in acid mine drainage (Xu et al. 2020). Passive biolog-
ical treatment has been shown to be a promising method for Sb
remediation in mine drainage areas (Sun et al. 2015; Wang et al.
2013). Sb-rich mine water remediation using indigenous micro-
bial communities in an onsite field-scale bioreactor resulted in the
efficient removal of soluble Sb with a 95% (± 7%) removal (Sun
et al. 2015). The designed system oxidized Fe (II) and Sb (III)
and induced partial settling because of the microbial metabolic
responses to metal(loid)s. The mechanism is that certain micro-
organisms can generate alkalinity and immobilize metals and
reverse the acid mine generation reaction. Compared to the ad-
sorption method, the passive treatment requires low cost and low
maintenance, but there have been no systematic quantitative eval-
uations of both systems regarding their energy and environmen-
tal impacts.

The location of the remediation site, technical re-
quirements, type of contaminants, initial contaminant
concentrations, removal rates, and economic costs are
usually the primary factors that need to be considered
in the choice of a mine drainage remediation method.
Environmental impacts also need to be considered dur-
ing the decision making process (Johnson and Hallberg
2005). A life cycle assessment (LCA) can provide a

systematic method to evaluate tradeoffs between various
energy options and guide energy choices. It can also be
used to assess the environmental impact of a new pro-
cess that has not been previously applied, and to deter-
mine procedures that can be improved. LCA is an
International Organization for Standardization (ISO)
method for the environmental assessment of industrial
systems from cradle to grave (ISO 14040 1997). The
“cradle-to-grave” approach begins with the extraction
of raw materials from the Earth, includes the production
and manufacturing phases, and completes with the dis-
posal or recycling phases (UNEP/SETAC 2005). LCA
can also be utilized to compare the environmental im-
pacts of a new process with an existing process. The
utilization of LCA for Sb drainage remediation provides
the advantages of a comprehensive, quantitative, and
“beginning-to-end” assessment of various methods based
on specific locations to quantify the energy consumption
and environmental impacts.

In this study, LCA was used to evaluate the energy
consumption and environmental impacts of a passive bio-
logical treatment process for Sb remediation. The results
were compared to those of the adsorption treatment pro-
cess to assess the optimum operational benefits and man-
agement strategies (Wang et al. 2019; Vince et al. 2008;
Renou et al. 2008). Environmental impact assessments
have been applied for acid mine drainage (AMD) treat-
ment research in recent years. For example, Martínez
et al. (2019) studied the environmental impacts of AMD
treatment methods in the Iberian Pyrite Belt during min-
ing operations to obtain more environmentally friendly
remediation solutions. Hengen et al. (2014) compared
the environmental impacts of different kinds of bioreac-
tors, mussel shell leaching beds, lime dosages, and lime
slaking as AMD treatment methods in the Stockton Coal
Mine in New Zealand and demonstrated that active treat-
ment methods generally had higher environmental im-
pacts compared to passive treatment methods. Our re-
search focused on the energy consumption and environ-
mental impact analysis of an innovative passive bioreactor
system requiring low energy input and minimal mainte-
nance using indigenous microbial communities. The ob-
jective of this study was to determine the energy con-
sumption and quantitative environmental impacts of each
phase in the passive biological treatment compared with a
chemical treatment method with similar treatment effi-
ciency for Sb removal. The results of this research could
be used as guidance when selecting the most energy ef-
fective process for mine drainage treatment. Identification
of the energy and materials consumption processes for
both treatment methods can provide reference for future
research.
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Methods

The bioreactor system for Sb-rich mine drainage
remediation

The Sb passive treatment scenario was based on a study of a
biotreatment system that treats Sb-rich mine drainage from an
upstream area at the Banpo Sb mine, a rural area in the
Guizhou province of Southwest China. The daily treatment
flowrate was 15–25 m3/day of mine water during operation.
The system was composed of five main treatment units: a pre-
aerobic precipitation unit, two aerobic units, and two
microaerobic units (Fig. 1). Between each unit, baffles were
set for gravity water flow. The pre-aerobic unit was for par-
tially Fe and Sb oxidization. Two aerobic units were designed
with the surfaces exposed to the air. The microaerobic units
were amended with organic additives to promote the growth
of anaerobic bacteria. In all of the aerobic units, no extra
aerating mixers or diffusers were required. The treatment ca-
pacity of the system was approximately 20 m3/day with a
residence time of 8 days (Sun et al. 2020a, b). The system
had a total volume of 160 m3 (± 10%), occupying an area of
80 m2. The total concentration of Sb in the influent ranged
from 1431 to 7753 μg/L. In four of the five monitoring time
points, no Sb (III) was detected in the effluent of the bioreac-
tor, indicating there was greater than 99.9% Sb (III) removal.

The adsorption system for Sb-rich mine drainage
remediation

The adsorption system was based on an adsorption and re-
moval study of Sb using activated alumina (Xu et al. 2001).
The basic system was scaled up for the onsite field adsorption
treatment system (Kårelid et al. 2017). The assumed flowrate
for the system was 20 m3/day. The system was composed of
one initial mixing tank, two reaction tanks with diameters of
0.6 m and heights of 3 m, one sedimentation tank, and a sand
filter. Backwash was applied two times per week. According
to Xu et al. (2001), activated alumina (AA) can remove greater
than 95% Sb fromwater with an optimal pH of 2.8–4.3, which

is effective for mine drainage removal without the need for pH
adjustment.

Goal and scope definition

The goal of this research was to quantitively evaluate the
cumulative energy demand and environmental impact of the
onsite field-scale bioreactor for the passive treatment of Sb
contamination in an active mine in Southwest China. The
results were compared with the adsorption method under sim-
ilar treatment conditions.

In this study, it was assumed that both systems shared the
same inlet water quality during operation, and the removal
efficiency of Sb for both systems was similar (> 95%)
throughout the entire operational period. The calculations
were based on onsite field laboratory data for the microbial
treatment (Sun et al. 2020a, b). The chemical treatment was
based on a literature report and was scaled up to a pilot-scale
onsite field treatment system (Xu et al. 2001; Kårelid et al.
2017). Both systems were constructed using similar technol-
ogies and materials. The systems would be operating for
5 years, and all the construction materials and equipment were
obtained from local suppliers.

System boundaries and the functional unit

Figure 2 shows the system boundary that contained all the
substantial components and processes used in each of the
treatment scenarios. The LCA was evaluated using mate-
rial inputs, energy consumption, transportation costs, and
disposal costs but no labor costs were considered. It was
assumed that both treatment processes were installed at
the same location in the Banpo mine for the same treat-
ment outcome. A daily drainage treatment rate of 20 m3/
day was used as the functional unit. The flows and pro-
cesses were normalized corresponding to this functional
unit (FU), indicating that the construction, operation, and
disposal phase assessments were distributed over a life-
time of 5 years on the basis of daily operation.

Fig. 1 Schematic diagram of the
onsite field-scale bioreactor for
antimony-rich mine drainage
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(a)

(b)

Fig. 2 System boundaries of the
study for a onsite field-scale bio-
reactor treatment system and b
onsite pilot-scale adsorption
treatment system
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Life cycle inventory

The LCA was analyzed using the OpenLCA modeling soft-
ware (1.9, GreenDelta GmbH, Germany) and the life cycle
database Ecoinvent (3.5, Ecoinvent, Switzerland). The con-
struction, operation, and disposal phases were considered for
both systems. The processes involved during the construction
process were material consumption, energy input, and trans-
portation. The construction materials included clay brick, ce-
ment, plastic, and other materials. Adsorbents for the adsorp-
tion process were considered consumables, while chicken lit-
ter was selected as the organic matter additive for the
microaerobic units and was renewed during maintenance.
The passive bioreactor was designed to last 5 years. Only
the minimum maintenance was considered in the system dur-
ing treatment operation. For the adsorption treatment systems,
adsorbence, pumping, sedimentation, and backwash (energy
and treated water inputs) were required during operation.

Impact assessment

To analyze the environmental impacts, the impact assessment
methods, CML 2001, ILCD, and Eco-indicator 99 (I, I), were
used. The cumulative energy demand was used to quantify the
energy consumption. CML, developed by the Institute of
Environmental Sciences in Leiden University, is an environ-
mental impact assessment method consisting of more than
1700 different flows (Acero et al. 2016). ILCD represents
the International Reference Life Data System (JRC
European Commission, 2010) by the Joint Research Center
(JRC) of the European Commission, and they analyzed the life
cycle impact methodologies of each environmental theme
(Acero et al. 2016). Eco-indicator is a life cycle impact assess-
ment tool developed by PRé Consultants B.V. (PRé
Consultants B.V., Netherlands). This tool calculates scores
by measuring various environmental impacts of materials
and processes. The results demonstrated by Eco-indicator
were normalized by transforming values using the selected
reference values. Therefore, the final results were adjusted
using impact weights (Lees 2012). Higher normalization re-
sults meant greater impacts than lower normalization results
(Heijungs et al. 2007).

Results and discussion

Energy consumption analysis of bioreactor system

The results of the passive bioreactor showed that the construc-
tion phase consumed most of the energy, as detailed in Fig. 3.
A total of 99.3% of the total energy was consumed during the
construction throughout the entire life cycle. The results
showed that the passive bioreactor treatment had low energy

needs during operation (~ 0%). This was because during op-
eration, the bioreactor included pre-aerobic, aerobic, and mi-
crobial units. The system worked like a wetland with no need
to pump air.

Figure 4 shows an evaluation of the relative contribu-
tion of each input throughout the entire bioreactor life
cycle. The clay brick used in the construction consumed
most of the energy (91%) throughout the entire treatment
lifetime. The traditional clay brick production consumed
large amounts of raw resources and electricity and emitted
carbon dioxide, sulfur dioxide, and incomplete burning
particles. Therefore, this input did not only consume a
lot of energy but it also generated emissions as well as
other sustainability concerns. When examining the results
of the treatment of metal-rich and acid water using the
dispersed alkaline substrate treatment method as an acid
mine drainage passive treatment technology (Martínez
et al. 2019), the construction of the plant also caused
environmental impacts during the first years. However,
the impact weight decreased with the extension of the
lifetimes of the plant. To make the bioreactor system more
energy-efficient, other lower energy, innovative construc-
tion materials could be considered for the complete sys-
tem construction. For instance, Ge et al. (2012) tested a
mix designed of concrete with recycled clay brick powder
that could be used as an innovative construction material.
Research has also been conducted to incorporate wastes
into the production of bricks, such as rubber, limestone
dust, wood sawdust, processed waste tea, fly ash, polysty-
rene, and sludge (Kadir, 2012).

Figure 5 shows a comparison of the energy consumption of
the passive bioreactor and the active adsorption system. The
data was distributed according to the daily drainage remedia-
tion flow of 20 m3/day. Although the energy consumption of
the construction phase in the adsorption was similar to that of
the bioreactor system, the total energy cost in the adsorption
system was higher. The adsorption system consumed 27.3%
more energy than the biosystem process, and this was primar-
ily due to the adsorption method’s operational energy cost,
such as production of adsorbents, backwashing, and pumping.
In the adsorption treatment system, the construction portion
also consumed most of the energy (78.2%). The passive
biosystems showed great advantages in energy savings com-
pared to the adsorption process for Sb mine drainage treat-
ment, with a 22% energy savings during the entire life cycle
and large amounts of energy savings during the operational
phase. Since most of the mine drainage contaminated sites are
located in rural valley places or mountainous areas with ma-
terial and electricity transportation difficulties, greater energy
savings are more desirable for the implementation of a specific
remediation technology. In this case, the bioreactor’s lower
energy consumption is a good indicator for its selection of
AMD in remote areas.
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Environmental impact analysis

The CML and ILCDmethods were used to analyze the poten-
tial environmental impacts of each remediation situation.
CML provides information on the effects of climate change
and resource depletion. The ILCD method was used to assess
the effects of the carcinogenic effects and respiratory effects.
These areas were selected based on the degree of impacts
related to the characteristics of the systems.

Climate change assessment

Climate change was evaluated by examining the global
warming potential, which is an environmental impact that is
related to the incremental discharge of greenhouses gases
(GHG), such as carbon dioxide and methane, to the Earth’s
atmosphere. The GHG emissions for both systems were cal-
culated in the unit of carbon dioxide equivalents according to
the Intergovernmental Panel on Climate Change protocol
(Watson et al. 1996). GHGs can last for years in the atmo-
sphere and trap heat from radiation, which contributes to

climate change and global warming. Countries around the
world have been putting efforts toward preventing climate
change by adopting energy-efficient technologies and using
cleaner fuels (Houghton 2009). Therefore, the potential for
GHG emissions is also an important factor to consider in the
treatment of pollutants. Figure 6a shows that the adsorption
process had 11.8% higher climate change impacts than that of
the passive bioreactor treatment. This resulted from the fossil
fuel consumption and the adsorbent materials cost involved in
the treatment operation process. Moreover, clay brick con-
sumption still occupied a large portion of the GHG produc-
tion, especially in the passive bioreactor. The use of a more
sustainable material instead of clay brick during construction
could greatly reduce GHG emissions.

Resource depletion

Resource depletion means the resource consumption during
the processes, whether intended or unintended, caused physi-
cal disintegration. Resource depletion will cause reduced
availability of the corresponding types of resources for future
generations (Yellishetty et al. 2011). The reference unit for
resource depletion is kg Sb-Eq. The materials involved in
the processes were all converted to the reference unit using
the corresponding factors. Figure 6b shows the impact of each
proposed treatment in terms of resource depletion. The major-
ity of the resource depletion impact contribution for both the
bioreactor system and adsorption system came from the con-
struction phase. For the adsorption system, additional resource
depletion was found during the operational and final disposal
stages, in addition to the construction phase. Therefore, the
impact of the bioreactor was 26.3% less than that of adsorp-
tion system.

Respiratory assessment

Air pollution is emerging as a severe problem in northern
Chinese cities due to an increase in industrial activities.
Particles from burning coal and other incomplete combustion

Fig. 3 Energy consumption
during the different phases in the
passive bioreactor

Organics 

(chicken litter)

0%

Clay brick

91%

Plastic pipes 

0%

Cement

4%

Electricity

1%
Transportation

4%

Fig. 4 Energy consumption distribution of the processes in the passive
bioreactor treatment
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form PM 2.5 and PM 10. As these particles are inhaled by
people, they penetrate deep into lung tissue and can cause
serious health problems (US EPA 2018). Negative respiration
effects also come from vehicle transportation, coal power
plants, and material production. Other inhale hazards included
volatile organic compounds (VOCs), nitrogen oxides (NOx)
in the presence of sunlight, sulfur dioxide, benzene, and other

compounds. The metric used here for the respiration effects
measurement was normalized to the disease incidence in the
ILCD method. As displayed in Fig. 6c, the passive bioreactor
has less operational costs, does not require the addition of
materials, and requires less energy andmaterials consumption.
Finally, the respiratory effects were determined to be 26.4%
less for the bioreactor system compared to the adsorption

Fig. 6 Environmental impacts of a global warming, b resource depletion, c respiratory effects, and d carcinogenic effects of the bioreactor and the
adsorption system during mine drainage treatment

Fig. 5 Energy cost comparison
for the passive bioreactor and the
adsorption remediation system
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method. The reduction in the calculated emissions primarily
occurred during the operational phase. Moreover, most of the
impacts originated from the construction phase (99.2%) in the
bioreactor.

Carcinogenic impacts assessment

The human toxicity potential is a calculated index that reflects
the potential damage of a chemical released into the environ-
ment. This parameter is based on the intrinsic toxicity of the
pollutant and its potential dose (Hertwich et al. 2009). For the
human carcinogenic impact, the characterization factors were
expressed in terms of comparative toxic units (CTU) and char-
acterized to human toxic units (CTUh). Toxic hazards, such as
methamidophos, atrazine, benzene, and heavy metals, were
considered in the carcinogenic impacts. Figure 6d shows the
carcinogenic impact of the bioreactor was 212.4% lower com-
pared to that of the chemical treatment system due to the low
operational impacts during the treatment process.

Normalized impacts during the treatment process

The eco-indicator was applied to normalize the impact analy-
sis. This tool provides information on the effects of acidifica-
tion and eutrophication, ecotoxicity, carcinogens, climate
change, ozone depletion, respiratory effects, and resources.
The total normalized effects and the contributions of each
process in both systems were also calculated. Figure 7a com-
pares the normalized environmental impacts of the passive
bioreactor and adsorption systems. The normalization results
were calculated from each impact value with a toxicity weight
provided by the eco-indicator. Higher normalization results
had greater impacts than lower ones (Heijungs et al. 2007).
The total environmental impacts of each phase during the
entire life cycle for both systems were also calculated and
are shown in Fig. 7b. For the biosystem, climate change, re-
spiratory effects, and resources had relatively high environ-
mental impacts compared with other factors, and these primar-
ily originated during the construction phase (99%). This was
due to the material and energy consumption, as well as trans-
portation during the construction phase. Figure 7b also con-
firms the low operational impacts and footprint of the system
during operation (~ 0%). However, in the adsorption system,
the carcinogenic, climate change, respiratory, and resources
depletion had higher impacts, and the construction and oper-
ational phases contributed most to the impacts (59.15% and
39.04%, respectively). Compared to the LCA study of the
passive acid mine drainage remediation system by Martínez
et al. (2019), the impact of the construction materials contrib-
uted to a large portion of the total environmental impacts.
However, due to the addition of the alkaline substrate material,
the impacts became much less within a few years.

In each environmental impact category, the passive biore-
actor also had a much lower impact compared with the ad-
sorption treatment system. Hence, the passive bioreactor has
great potential for Sb remediation applications in a more cost-
effective and sustainable manner. It had lower environmental
impacts in nearly every aspect, as shown in Fig. 7a. Due to the
low maintenance during the operational phase, the total nor-
malized environmental impacts of the passive bioreactor were
only 48.29% of that of the adsorption treatment, representing a
more environmentally friendly treatment system. Since pas-
sive treatment systems utilize inherent biogeochemical treat-
ment approaches, their energy and resource requirements are
minimal throughout their design life (Hengen et al. 2014).
However, chemical treatment methods require continuousma-
terials and energy input for Sb mine drainage treatment.

Selection of remediation technology and possible
improvements

Based on the LCA tools utilized in this study, the qualitatively
findings suggest that the passive bioreactor treatment had low-
er environmental impacts compared to the chemical treatment
methods, according to Fig. 7a. In addition, they all had similar
Sb removal rates. The passive bioreactor had higher energy
saving benefits and was more sustainable, which indicates the
passives bioreactor is the ideal option for the remediation of
acid drainage waste. However, nutrient deficiency, especially
bio-available nitrogen deficiency, should be considered in a
passive remediation biosystem, as environmental conditions
in mine drainages usually impede bioremediation strategies
(Moynahan et al. 2002), and nitrogen limitation frequently
constrains the growth of microorganisms. While microorgan-
isms (such as diazotrophic taxa) were reported to grow
chemolithoautotrophically by oxidizing Sb (Sun et al.
2020b), nutrient limitation in the passive bioreactor should
be considered when selecting the Sb mine drainage remedia-
tion technology.

Throughout the treatment life cycle of a bioreactor, the
impacts of the extraction, production, and the transporta-
tion of construction materials and disposal are the highest.
For example, the production of clay brick and cement
made a larger contribution during the construction phase
and increased the environmental cost of the treatment sys-
tem. Therefore, the use of greener materials would offer
enhanced environmental benefits by lowering impacts
during the construction and disposal phases. A biosystem
could also be designed to apply to a larger treatment sys-
tem or other site mine drainage treatment systems. Longer
life span materials could also improve the sustainability
and energy savings, as well as a lower need for
maintenance.
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Conclusions

In this study, an LCAwas used to assess the energy consump-
tion and environmental impacts of a field-scale passive biore-
actor system and an adsorption system for Sb-rich mine drain-
age remediation. The results showed that at a fixed flow of
20 m3/day, the bioreactor contributed to a more environmen-
tally friendly remediation with regard to both energy con-
sumption and environmental impacts as compared to the ad-
sorption system.

The construction phase of the bioreactor, which includes
the production of clay brick, resulted in the most energy con-
sumption and environmental impacts for the 5-year running
period. The operation phase had a minimal contribution while
maintaining a relatively high removal efficiency for Sb reme-
diation. Higher energy consumption and environmental im-
pacts during the operation and disposal phases were found in
the adsorption system. Although clay brick typically has a

lower economic cost, the adoption of greener materials during
the construction phase could further reduce the bioreactor sys-
tem’s energy and environmental impacts. Moreover, the pas-
sive bioreactor showed a lower (48.3%) total normalized en-
vironmental impact, especially for resources and respiratory
effects.

The results of this research can be useful in the selection of
the most energy effective process for mine drainage treatment.
In addition, identification of the energy and materials con-
sumption processes provides reference for future research.
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