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ABSTRACT

Arsenic is a trace element and a global contaminant. There are currently large uncertainties associated
with our understanding and quantification of the arsenic cycles in the global environment. This study
proposes a research framework where the major anthropogenic processes affecting anthropogenic
arsenic cycles (AACs) are identified. A characteristic of this framework is that it divides AACs into two
parts: one related to intentional uses, and the other driven by unintentional uses. Several significant
features of AACs are summarized as follows: (1) existing studies reveal that AACs at Earth's surface is at
the same order of magnitudes as its natural cycles; (2) arsenic mostly enters modern anthroposphere as a
companion element of nonferrous metal ores or fossil fuels, and currently there is abundant arsenic
reserves relative to the limited intentional use of arsenic; (3) China owns the majority of arsenic reserves
and is the biggest producer of arsenic for the present day, while U.S. was the biggest user of arsenic in the
whole 20th century; (4) there were several waves of rise and fall of intentional arsenic use in the 20th
century of U.S., with the rises driven by various applications of arsenic in agriculture and industry (such
as glass making in the 1900s, agricultural applications in the 1920s, and wood preservatives in the
1970s), and the falls mainly resulting from the regulations in response to its toxicity; (5) the majority of
intentional arsenic uses are in the form of chemical compounds rather than single substance, and almost
all intentional uses of arsenic not only are unrecyclable but also result in emissions that may last years or
decades after being used.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Arsenic (As) is a ubiquitous element known for its toxicity to
biota (Capitani, 2011; Mandal and Suzuki, 2002) and it naturally

Studies on anthropogenic cycles of an element concern stocks
and flows of the element within anthropogenic systems (e.g., the
anthroposphere of a country or a city), and exchange flows of the
element between anthropogenic systems and natural systems (e.g.,
atmosphere, hydrosphere, biosphere, or pedosphere) or among
different anthropogenic systems (Chen and Graedel, 2012a). For an
element, the anthropogenic cycles are an indispensible part of its
global anthrobiogeochemical cycles (Rauch and Graedel, 2007;
Rauch and Pacyna, 2009); and its anthropogenic emissions, if
defined as the amount of the element emitted from anthropogenic
systems to non-anthropogenic systems, are part of its anthropo-
genic cycles.
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occurs in several oxidation states between —III and +V (Wenzel,
2013). It is widely distributed but relatively scarce in Earth's
crust, with its abundance usually in the range of 2—10 parts per
million (ppm), although higher concentrations up to 60 ppm or
more are found in some sulfide deposits (Edelstein, 1985; Grund
et al.,, 2012; Mandal and Suzuki, 2002). The existence of arsenic in
air, water, and soil is of global concern because many of its com-
pounds are poisonous and can be a serious threat to human health.
There have been many episodes of arsenic poisoning reported
worldwide, e.g. (Bundschuh et al., 2010; Mandal and Suzuki, 2002).
Although many of these episodes are due to arsenic from geogenic
sources (Bundschuh et al., 2010), in particular arsenic-rich ground
water (e.g., the widely known cases in Bangladesh (Bhattacharya
et al., 2010) and Taiwan (Jean et al., 2011)), the contamination of
air, water, soil, food, and beverage by arsenic from anthropogenic
sources has led to increasing environmental concerns
(Bhattacharya et al, 2007; Mandal and Suzuki, 2002). It is
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estimated that nowadays anthropogenic processes, which include
coal burning, petroleum burning, mining, biomass burning, human
apportionment of terrestrial net primary productivity, and con-
struction, are as important as natural processes (i.e. sources from
wind erosion, volcanic emissions, and volatilization from soil and
water surface) in affecting the arsenic cycles at Earth's surface (Klee
and Graedel, 2004; Sen and Peucker-Ehrenbrink, 2012). However,
there are large variations in the anthropogenic activities and hence
the anthropogenic cycles of arsenic around the world, so it is
important to (both qualitatively and quantitatively) characterize
the anthropogenic cycles and emissions (as part of cycles) of arsenic
at the national level.

Anthropogenic cycles of an element can result from both
intentional and unintentional uses of the element (Elshkaki et al.,
2009; Lifset et al., 2012). Intentional uses refer to those applica-
tions of the element itself that provide services or functions for
modern human society, such as the use of aluminum for
manufacturing cars and the use of arsenic for producing pesticides
or wood preservatives. Unintentional uses refer to those applica-
tions of other elements or resources in which the concerned
element is just an unavoidable (and in many cases unwanted) im-
purity, such as the mining of arsenic and other trace metals con-
tained in coals during coal mining. Thus, studies on anthropogenic
cycles of an element resulting from intentional uses mainly concern
how the element enters, passes through, accumulates in, and leaves
an anthroposphere (e.g., (Chen and Graedel, 2012b; Chen et al,,
2010; Reck et al., 2008; Wang et al., 2007b)), while studies on
anthropogenic cycles of an element resulting from unintentional
uses mainly concern how the element is moved into an anthro-
posphere together with other elements or resources and how it is
lost or emitted from anthroposphere to other non-anthropogenic
systems (e.g., (Pacyna and Pacyna, 2001; Tian et al., 2014; Zhang
et al.,, 2015)).

Unlike some bulk metals such as iron (Miiller et al., 2006) or
aluminum (Chen and Graedel, 2012b) of which the anthropogenic
cycles are dominantly driven by their intentional uses or some
organic toxic by-products such as dioxins for which there is no
intentional use, anthropogenic arsenic cycles (AACs) are driven by
both intentional and unintentional uses. Especially, the dissipative
arsenic emissions resulting from intentional uses are at the same
order of magnitude as atmospheric emissions resulting from coal
combustion, which is an important unintentional arsenic use (Shi
et al., 2016). However, one on hand, there are few publications
that provide analysis on AACs resulting from intentional uses.
(Lindau, 1977) investigated arsenic input and output of Sweden
economy but did not analyzed arsenic flows and uses inside the
economy. Some other studies characterized AACs driven by inten-
tional uses inside an economy, but only provided one-year snap-
shot results and were either too old (Loebenstein, 1994) or just for
an isolated island (Chen et al., 2013). On the other hand, it seems
studies aiming at quantifying arsenic emissions mainly determined
atmospheric emissions of arsenic resulting from unintentional
uses, and these studies are usually conducted together with studies
for other heavy and/or toxic elements such as cadmium, chromium,
or selenium (Cheng et al, 2015; Tian et al., 2010, 2014; U.S.
Environmental Protection Agency, 1998). Therefore, it is necessary
to develop a research framework that can be used to quantify the
cycles driven by both intentional and unintentional uses for arsenic
and several other elements with similar features, such as mercury,
cadmium, and chromium.

Therefore, with a longer-term plan of quantitatively character-
izing AACs for major countries and the global, this study seeks to
achieve the following goals: (1) to propose a research framework
that can be used to characterize AACs driven by (or related to) both
intentional and unintentional uses; (2) to qualitatively characterize

anthropogenic processes and their relevant arsenic stocks and
flows that constitute the proposed research framework; (3) to
identify key parameters and data sources for quantitatively char-
acterizing AACs at the national level (for example, China); and (4) to
summarize several features of AACs that are different from the
anthropogenic cycles of other elements and that can be observed
from existing studies and available data.

2. The research framework

The framework we propose to characterize AACs is shown in
Fig. 1. The red dashed lines define the spatial boundary of the sys-
tem being studied (such as mainland China). In this target system,
arsenic can cycle within and among various reservoirs such as
anthroposphere, lithosphere, atmosphere, hydrosphere, pedo-
sphere, and biosphere (Matschullat, 2000, 2011). The anthropo-
genic cycles of arsenic comprise two parts: (1) the anthropogenic
cycles that are related to intentional uses; and (2) the anthropo-
genic cycles that result from unintentional uses. Both parts of AACs
begin with the mining of arsenic-containing natural resources (ores
or fuels) from lithosphere and/or biosphere, and result in the
transfer of arsenic from anthroposphere to atmosphere, hydro-
sphere, biosphere, pedosphere, and lithosphere. Some of the
transfer processes are dissipative and usually referred as emissions
(e.g. emissions of arsenic to the atmosphere from metal smelting),
and some others are not dissipative (e.g. the arsenic mining process
is simply transferring the arsenic from one place to another) (Chen
et al., 2010; Kapur and Graedel, 2006; Lifset et al., 2012). However,
losses resulting from most anthropogenic processes illustrated in
Fig. 1 are probably dissipative and should be regarded as emissions,
especially for those processes resulting from unintentional uses
resulting in emissions to atmosphere. For a target domain that is
smaller than the global system, there almost always exist trade of
arsenic-containing resources and products between the target
system and other anthropogenic systems (illustrated in Fig. 1 as
“import and export”).

Following the Stocks and Flows (STAF) framework developed by
the Yale Center for Industrial Ecology that is used to characterize
anthropogenic cycles of many metals such as iron and aluminum
(Chen and Graedel, 2012b; Wang et al., 2007a), AACs related to
intentional uses are depicted in the upper part of Fig. 1 and consist
of several processes: (1) mining of both arsenic ores and other
metal ores containing arsenic, (2) dressing of ores to produce
concentrates, (3) processing of arsenic and other metal concen-
trates, (4) production of As,0s, (5) production of arsenic metal and
arsenic chemical compounds, (6) manufacturing of various arsenic-
containing final products, (7) use of these final products, and (8)
end-of-life management and recycling of arsenic. Both the physical
and chemical forms of arsenic change along these processes. Unlike
iron or aluminum of which the cycles are almost completely driven
by intentional uses and thus the cycles won't occur from the
beginning mining process if there are not intentional uses for them,
the AACs are just partly driven by its intentional uses (agricultural
chemicals, wood preservatives, etc.) and the mining and dressing of
ores will still occur even though there is not any intentional use for
arsenic, because arsenic is mostly mined as a by-product of other
metal ores (e.g., copper and gold ores). This means that it is the
combination of intentional and unintentional uses of arsenic that
drives the AACs depicted in the upper part of Fig. 1, and thus we just
call them AACs “related to” rather than “resulting from” intentional
uses.

Similar to some other toxic metals such as mercury, cadmium,
and chromium, arsenic widely exists as a trace element in metal
ores and fossil fuels (Grund et al., 2012). Consequently, many
anthropogenic processes involving fossil fuels, metal ores, metal
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Fig. 1. A research framework for characterizing anthropogenic arsenic cycles related to intentional uses and resulting from unintentional uses in national or global anthropogenic

systems.

concentrates, metal products, and wastes result in unintentional
AACs by either bringing it into anthroposphere or emitting it into
non-anthropogenic systems (as demonstrated in the lower part of
Fig. 1). Therefore, when doing research on arsenic cycles driven by
unintentional uses, it is necessary to identify a full list of these
anthropogenic processes, evaluate the existence and concentration
of arsenic in resources entering these processes, estimate the
emissions of arsenic from these processes, and explore the corre-
sponding regulation and control policies. Unlike the AACs related to
intentional uses, the AACs associated with unintentional cycles of
arsenic are not step-by-step linked so as to form a life cycle chain. In
contrast, they are separate and independent from one another (e.g.,
waste incineration and coal burning), or are just weakly linked (e.g.,
metal production and coal mining).

3. Anthropogenic arsenic cycles related to intentional uses
3.1. Geological occurrence, mining, and ore dressing

There are more than 200 mineralogical species known to
contain arsenic, of which about 60% are arsenates, about 20% are
sulfides and sulfosalts, and the remaining are arsenides, arsenites,
oxides, silicates, and arsenic in its native form (Bligh, 2012; Mandal
and Suzuki, 2002). However, only in a few minerals arsenic occurs
in abundance high enough to be worked economically, and the
most recoverable forms of arsenic are found in various types of
metalliferous deposits, such as enargite-bearing copper-zinc-lead
deposits, arsenical pyritic copper deposits, native silver, nickel-
cobalt arsenide deposits, and arsenical gold deposits (Edelstein,
1985; Mandal and Suzuki, 2002). The most important minerals
from which arsenic may be directly extracted (namely, not as a
byproduct of metals production) are arsenopyrite (FeAsS), orpi-
ment (As,S3), realgar (AsS), and native arsenic. The average

concentration of arsenic in ore deposits varies between <0.1% and
4.0% in the world outside China (Mandal and Suzuki, 2002; Tanaka,
1988). Around 15% of all commercial copper ores are classified by
U.S. Bureau of Mines as arsenical, with an average Cu/As ratio of
50:1 for arsenical copper ores (in non-arsenical copper ores the
ratio is 500:1) (Ayres et al., 1996). Because the average Cu/As ratio
in all U.S. copper reserves is about 170 (13 pounds of As per ton of
Cu) (Edelstein, 1985), this means that the average concentration of
arsenic in copper ores in the United States may be even much lower
than 0.1% (the average copper concentration in copper ores is lower
than 1% now but much higher some decades ago (Graedel et al.,
2002)).

China owns the majority of arsenic reserves and the average
arsenic concentrations of ores in China seem higher than those in
other areas (Xiao et al., 2008). According to the latest available data
(Xiao et al., 2008), arsenic reserves explicitly listed in the Minerals
Reserves Tables (thereafter MR Tables, compiled by the Chinese
provincial governments) in China was about 2.8 million metric tons
(MMTs) at the end of 2003, and there were about 1.5 MMTs of
arsenic reserves not listed in the MR Tables due to their relatively
low arsenic content (Table S1). For those listed in the MR Tables,
about 67% has the arsenic concentration of more than 1.0%, with the
arsenic concentration of the remaining probably more than 0.1%;
while for those not listed in MR Tables, about 90% has the con-
centration of more than 0.1%. The geographical distribution of
arsenic reserves in China is quite uneven, with more than 50%
located in only three provinces in south China, and most of the
remaining located at some other provinces in the southwest
(Table S1). There were about 360 thousand metric tons (TMTs) of
arsenic reserves existing in ores in which arsenic is the host
element rather than a companion element of other metals
(Table S1). However, the majority of arsenic ores exist as a com-
panion element of nonferrous metal ores. For example, in the 84 ore
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deposits listed in China's provincial MR Tables as arsenic reserves,
tin occurs in 24 ore deposits, lead occurs in 30 ore deposits, copper
occurs in 26 ore deposits, and gold occurs in 49 ore deposits as the
host element (Table S2).

Most arsenic raw materials are by products from the dressing
and smelting of complex ores mined for nonferrous metals such as
gold, silver, lead, copper, nickel, tin, and cobalt (Grund et al., 2012).
There are three types of arsenic ores (realgar, orpiment, and arse-
nopyrite) directly used for producing arsenic trioxide in China,
which is reported as the only country doing so (Grund et al., 2012;
Xuan, 1998). However, not that the majority of arsenic mined in
China is by-product of the mining of nonferrous metals ores too
(Xiao et al., 2008). Due to its relatively low demand compared to
supply and its toxicity, arsenic in most cases is regarded as an un-
desirable element in metals mining, smelting, and refining
(Edelstein, 1985; Grund et al., 2012). The loss rates of arsenic in the
mining and dressing of nonferrous metals ores are pretty high. In
the ore dressing process, it is reported that the percentage of
arsenic entering metal concentrates ranges from only 2% to 41% and
the remaining is lost to waste, depending on the type of ores and
technologies (Grund et al., 2012). The average loss rates of arsenic in
China's ore mining and dressing processes were reported to be 36%
and 30% (Xiao et al., 2008; Yin, 1991), respectively.

Globally, the average arsenic contents in metal concentrates
generated from ore-dressing processes vary considerably (from
<1% to, in some extreme cases, 10%; copper concentrate may
contain 0.5—1.0% arsenic and concentrates of the complex ores may
have up to 5—8% arsenic (Grund et al., 2012)), depending on both
arsenic concentrations in the initial metal ores and technologies
that distribute arsenic between metal concentrates and wastes. The
large variations of arsenic concentrations in different nonferrous
metal concentrates produced in China are shown in Table S3. Chi-
nese government has set standards on the highest limit of arsenic
content in various metal concentrates that are imported into the
Chinese market or are domestically mined and then used for
nonferrous metals production in China. For example, arsenic con-
tent in imported copper concentrate should be less than 0.5% as of
June 1st, 2006 (PRC, 2006). Due to the decline of grades of metal
ores, there is a trend occurring in both China and the rest of the
world that metal concentrates are becoming dirtier, which implies
higher arsenic content (Grund et al., 2012; PRC, 2012).

3.2. Processing of concentrates and production of refined As;03

The existence of arsenic in metal concentrates may result in
challenges such as increases in production costs, decreases in
product purity and quality, and environmental hazard for metal
industries. Therefore, arsenic should be separated from metal
concentrates as early as possible and be stabilized for safe disposal
(Grund et al., 2012; Piret, 1999). The dearsenifying pretreatment
technologies can be categorized into pyro- and hydro-metallurgical
processes (Flynn and Carnahan, 1989; Jorgensen et al., 2007;
Mihajlovic et al., 2007). Pyrometallurgical technologies are more
widely used (for example, in copper and lead industries) and may
comprise roasting, smelting, blowing, and refining processes. For
certain applications, some hydrometallurgical processes such as
oxidative pressure leaching or biochemical pretreatment are
applicable alternatives (Wei et al., 2003; Grund et al., 2012).

Arsenic may end up in flue dusts, emitted gases, slag, slurry,
wastewater, and metal products (e.g., copper matte or crude lead)
after dearsenifying pretreatment (Grund et al., 2012). The ratios by
which arsenic are distributed into these sinks depend on metal
concentrates, pretreatment technologies, equipments, and opera-
tions, but most arsenic is probably concentrated in the gas phase
(flue dusts) during roasting or smelting operations due to the

volatility of arsenic sulfides and oxides. An estimate of typical
distribution patterns of arsenic in Chinese nonferrous metal in-
dustries is listed in Table S4. Currently, only a small share (e.g., in
China, less than 10%) of arsenic entering nonferrous metal in-
dustries is recovered from the flue dust and slurry to produce
arsenic trioxide of commercial purity, and most of them come from
copper, lead, tin, gold, silver, and cobalt smelters (Grund et al.,
2012; Loebenstein, 1994; PRC, 2012). High-purity arsenic oxide,
which is marketed as white arsenic, can then be obtained by either
dry or wet refining process. In the dry sublimation process, crude
arsenic is heated, filtered, collected, and separated. The low-purity
products have to be returned to the process, and the high-purity
products will be sold. In the wet process, crude arsenic is dis-
solved, crystallized, separated, washed, and then dried to get high-
purity products. The mother liquor can be continuously recycled in
the system.

3.3. Production of arsenic metalloid and compounds

The major use of arsenic trioxide is the precursor to arsenic
metalloid and various arsenic compounds that are used to produce
final products such as electronics or pesticides (Grund et al., 2012).
There are two grades of arsenic metalloid: the commercial-grade
arsenic and the high-purity arsenic. For the production of
commercial-grade arsenic, the starting material is mostly white
arsenic (arsenic trioxide), which is normally reduced with carbon
and in some cases with carbon monoxide or ammonia. In addition,
commercial-grade arsenic can be directly obtained from arseno-
pyrite and lollingite by thermal dissociation (Grund et al., 2012).
Commercial-grade arsenic produced from arsenic trioxide contains
more than 99% of arsenic and is primarily used for the production of
alloys. In order to make arsenic metalloid applicable for semi-
conductors and some other applications, it has to be further puri-
fied to obtain high-purity arsenic that may contain up to 99.99% or
99.999% of arsenic (Grund et al., 2012).

There are a number of arsenic compounds, all of which can be
mainly grouped into inorganic compounds, organic compounds,
and arsine gas from both the biological and the toxicological point
of view (WHO, 2000). Inorganic compounds mainly include oxides
(trioxide and pentoxide), acids (arsenous acid and arsenic acid) and
their salts, sulfides, halides, and arsenides. Almost all arsenic
compounds are produced from arsenic oxide. Especially, arsenic
acid is obtained solely by the oxidation of arsenic trioxide and it is
used as a starting material for important inorganic and organic
arsenic compounds (Grund et al., 2012).

3.4. Manufacturing and use of arsenic-containing final products by
end-use sector

Arsenic, in the form of As;03, has been used both as a medicine
and a poison for several hundreds of years, and is famous as Pi-
Shuang in Chinese. However, the medicinal application is not its
major use in modern world. According to the U.S. Geological Survey
(Kelly et al., 2005; Loebenstein, 1994), there are five end-use sectors
of arsenic as listed in Table 1 and Fig. 2. Each specific application of
arsenic relies on one or several special functions provided by
arsenic and there is more than one application in each end-use
sector (Table 1). Although the classification of arsenic applications
into five end-use sectors is relatively rough, it is enough to inves-
tigate the main features and changes of arsenic uses over the past
century. For the United States where almost half of global arsenic
was used during the 20th century, there were several significant
transitions of arsenic use during the period 1901—2010 (Fig. 2), and
the decline of arsenic use for a major application mainly resulted
from its toxicity and the regulation in response to its toxicity (Kelly



332 W.-Q. Chen et al. / Journal of Cleaner Production 139 (2016) 328—336

Table 1
Specific applications, chemical forms, functions, and estimated lifespan of each end-use of arsenic.
End-use® Specific Estimated  Chemical forms or functions®
applications lifespan®
Agricultural Insecticides Less than 1 As,03 and various compounds produced from As,03 used for cotton, coffee, and rice.
chemicals Herbicides year

Plant desiccants
Animal feed

Glass production Fining agent 5—20, or 10 As,03 for removing air bubbles.
Decolorizing agent years Arsenic acid for reducing dusting.
In glass ceramics As compounds for controlling crystal growth rate.
In red glass As4S4 for its red color.
Nonferrous alloys and Lead alloys for 5—20, or 12 Metallic form for increasing battery's endurance and corrosion resistance, for improving bullet's sphericity, and
electronics batteries years for improving copper alloys' corrosion resistance and tensile strength.
Lead alloys for High-purity arsenic metal and gallium arsenide for semiconductors, integrated circuits, and other electronics.
ammunition

Copper alloys
Electronic products

Wood preservatives Decks, fences, and 10—40 years 1940s—1960s: mainly used as Wolman salts.
landscaping 1970s—now: as Chromated copper arsenate (CCA).
High way and 2003: U.S. industries volunteer to stop using CCA.
marine uses
Poles

Other Feed additives for 12.5 years —
poultry
Chemical catalysts
Veterinary
medicines
Pharmaceuticals

@ These five end-use sectors are classified in accordance to a method developed by U.S. Geological Survey (Edelstein, 1985; Loebenstein, 1994).
b Data sources: (Edelstein, 1985; Grund et al., 2012; Khan et al., 20063, 2006b; Loebenstein, 1994; Nassar et al., 2012; Shibata et al., 2007).

35 - then used to produce more agricultural chemicals such as

:‘(:,t::;pmewaﬁves herbicides, plant desiccants, and defoliants, making U.S.

30 - # Alloys and Electronics arsenic apparent consumption peak in 1940s and agriculture

®Glass Making chemicals the dominating end-use until the 1970s. The
W Agricultural Chemicals

development of organic pesticides following the World War

Il led to the gradual phase-out of inorganic arsenical pesti-

cides since the late 1940s; and following the implementation

of regulations by the U.S. Occupational Safety and Health

Administration and U.S. Environmental Protection Agency,

the application of arsenic compounds in agriculture

dramatically declined since the 1970s (Edelstein, 1985).

1970s—2000s. With the introduction of chromated copper

arsenate (CCA) that contains arsenic in the less toxic penta-
valent form in about 1972, arsenical wood preservatives
became more and more prevalent, making wood pre-

19001910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 servatives the dominating end-use of arsenic since the 1980s

Fig. 2. Historical evolution of U.S. arsenic apparent consumption by end-use sector, (Edelsmin' 1985; Loebenstein, 1994)' However, due to con-

Gg: thousand metric tons. cerns of the environment and public health, a voluntary ban

Data source: U.S. Geological Survey (Kelly et al., 2013). on the use of arsenic trioxide for the production of CCA wood
preservatives in 2003 resulted in the sudden sharp decrease
of arsenic use in the United States (U.S. Geological Survey,
2012) (note, however, that many countries or regions
except the United States and Malaysia have prohibited the
use of CCA as wood preservatives). Since then there have
been no arsenic end-use statistics reported by USGS (data on
the share of each end-use after 2003 as shown in Fig. 2 were
assumed to be the same as those in 2003).

d) It is only in the end-use Nonferrous Alloys and Electronics
that arsenic is used in the metallic form and this end-use
sector only accounted for less than 5% of arsenic use in the
United States prior to 2003. However, although the use in
this sector is minor compared to other end-use sectors, it has
existed for many decades and is critical for each of its specific
application. Commercial-grade arsenic metalloid is mainly

25

20

15

10

U.S. App. Consmp.: Gg of As
\a)

et al., 2013). The U.S. historical evolution of arsenic apparent con-
sumption (namely, flows entering use) by end-use sector demon-
strates the following features (Fig. 2):

a) 1901—-1920s. The early use of arsenic trioxide since its first
reported production in 1901 in the United States was prin-
cipally in glassmaking (about 50%) (Edelstein, 1985). How-
ever, the use of arsenic in glass is at a much lower percentage
after 1920s and the chemical form of its major application in
glassmaking changed from powdered arsenic trioxide to the
more environmentally friendly liquid arsenic acid
(Loebenstein, 1994).

b) 1920s—1970s. A sharp increase in demand for arsenical in-
secticides began in 1917 (Edelstein, 1985) and arsenic was
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used for alloys, batteries, and ammunitions, while its appli-
cation in semiconductors and other electronics requires
high-purity arsenic metalloid (Edelstein, 1985; Loebenstein,
1994; U.S. Geological Survey, 2012).

Unfortunately, except the United States, there are no data on
apparent consumption of arsenic by end-use sector for other
countries or territories available to us at this point. It is said that
about 70—80% of arsenic trioxide in China is used in the glass in-
dustry (Jiang, 2002; PRC, 2012). However, there is no convincing
statistics supporting this conclusion. Therefore, it is necessary to
perform bottom-up analyses (namely, by identifying a detailed list
of arsenic-containing products and calculating their production/
use and average arsenic concentrations) so as to estimate arsenic
uses and to infer arsenic emissions, in-use stocks, and end-of-life
flows by product/sector (a case is developed in (Shi et al., 2016)
for China).

3.5. In-use stocks

In-use stock of a material is the amount of the material that is in
active use (Chen and Graedel, 2015; Gerst and Graedel, 2008). It is
only for materials or the applications of a material that require the
physical retention of the material in the use status that this concept
applies. For some arsenic applications (such as insecticides),
because the use of arsenic results in the dissipated loss of arsenic
itself, there is no in-use stock accumulated in them. For other ap-
plications (such as wood preservatives), because arsenic is
embedded and stored in wood products that can be used for years
or decades, there are in-use arsenic stocks accumulated in them.

The loss or emission of arsenic immediately occurs when arsenic
is used for the former type of applications; while the loss or
emission may occur during the whole use period of arsenic-
containing products or when these products reach their ends of
life from use. Because data on end-use are only at the resolution of
one year, we classify those end-uses of which the residence time is
less than one year into the former type, while those end-uses of
which the residence time is longer than one year into the latter type
(Table 1). In-use stocks of arsenic in those applications belonging to
the second type can then be estimated using the residence time
model, which consists of three steps: (1) estimate outflows from
use in each year by taking into account historical annual inflows
before that year and the residence time of each year's inflows in the
use stage; (2) calculate the stock changes in each year as the dif-
ference between that year's inflows and outflows; and (3) infer the
in-use stocks in a certain year by cumulating stock changes before
that year (Chen and Graedel, 2015; Gerst and Graedel, 2008).

3.6. EOL management and recycling

An element may have three fates after used: in-use dissipated,
currently unrecyclable, and potentially recyclable (Ciacci et al.,
2015). Only those that are not in-use dissipated will enter the
stage of end-of-life Management and Recycling (EM&R). More than
17% of arsenic use is dissipated when used and the rest will enter
the EM&R stage (Ciacci et al., 2015). More than 64% of arsenic is
currently unrecyclable because recycling end-of-life arsenic-con-
taining products to recover the arsenic content is of no economical
interest presently due to its low price and hazardous nature (Grund
et al,, 2012; Loebenstein, 1994). Both in-use dissipation and the
failure of recycling arsenic at the EM&R stage result in its loss and
emissions back to the environment. Because the intentional uses of
arsenic bring arsenic from mining spots to vast area (e.g., agricul-
tural lands), these loss and emissions are widely distributed and
thus become non-point emissions.

There were possible recycling of arsenic reported, two as “new
scrap”, and two as end-of-life scrap. The recycling of “new scrap”
occurs during the production of pressure-treated wood and the
manufacturing of gallium-arsenide electronic devices (Loebenstein,
1994). The recycling of old scrap occurs when arsenic used as a
minor additive (0.01%—0.5%) to lead in lead acid storage batteries is
collected and reused in new storage batteries, or when electronic
devices containing gallium arsenide are recycled to recover gallium
and arsenic due to gallium's (rather than arsenic's) high price and
scarcity (Grund et al., 2012; Loebenstein, 1994). However, due to its
poor recycling potential as well as toxicity, the major aim of the
arsenic end-of-life management is the stabilization and subsequent
secure and long-term disposal.

3.7. Trade of arsenic

Trade flows make arsenic enter (import) or leave (export) an
anthropogenic system and can be directly calculated by multiplying
trade of arsenic-containing products by their arsenic contents.
Trade of arsenic at the national level should be calculated from a life
cycle perspective, meaning that trade of all arsenic-containing
products generated from every anthropogenic process should be
considered. Data on trade of arsenic-containing products for a
country can be obtained from its customs statistics. However, there
are at least two challenges: (1) identifying those products that
contain significant amount of arsenic and matching them with
relevant anthropogenic arsenic processes; and (2) obtaining data to
determine average arsenic contents in those products. By taking
into account these, we identify a list of arsenic-containing products
and collect data on their average arsenic contents (Table S5). Using
national customs statistics, this list enables researchers to estimate
trade of arsenic among countries, e.g., the trade between China and
the rest of the world is provided in (Shi et al., 2016).

4. Anthropogenic arsenic losses and emissions

Both the upper and the lower parts of AACs demonstrated in
Fig. 1 result in the losses of arsenic from anthroposphere to the
environment. Similar to aluminum and other metals (Chen et al.,
2010), these losses can be divided into two main categories: (1)
the deposited losses that are deposited in either mining residues,
tailing ponds, slag ponds, or landfills, and that will result in the
formation of deposited stock and maybe re-exploited in the future;
(2) the dissipated losses (or termed dissipative losses) that will be
dissipated into the environment, and that have almost no possi-
bility to be reused or recycled in the future. Determining whether a
loss is deposited or dissipated is a dynamic process because the
standard of differentiating them is not always distinct and some
deposited stocks can result in further dissipated losses if they are
not well stabilized. Note that although emissions can always be
regarded as losses, not all losses are emissions, because only
dissipative losses can be regarded as emissions (Chen et al., 2010;
Kapur and Graedel, 2006; Lifset et al., 2012).

Despite various differences, the estimation of arsenic losses and
emissions share the same procedures: (1) the identification of
anthropogenic processes such as copper production; (2) the
determination of anthropogenic activity levels such as the amount
of copper produced; (3) the determination of loss rate or emission
factor, which can be defined as the loss or emission of arsenic per
activity level (e.g., production of one ton of copper); and finally, (4)
the calculation of arsenic losses or emissions by multiplying activity
levels by loss rates or emission factors.

A list of anthropogenic processes belonging to arsenic cycles
related to intentional uses is shown in Table S6, and a list of
anthropogenic processes that are identified for determining
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atmospheric arsenic emissions in China is shown in Table S7 (Cheng
et al,, 2015). A comparison between these two lists demonstrates
the following features: (1) a complete list in Table S6 can only be
identified from the perspective of elemental life cycle as demon-
strated in the upper part of Fig. 1; (2) almost all activities listed in
Table S7 result from unintentional uses of arsenic; (3) there are only
a few processes (nonferrous metals smelting and lead-acid batte-
ries production) existing in both lists, meaning that existing studies
may have underestimated atmospheric arsenic emissions without
considering many activities related to intentional uses of arsenic;
(4) the list for arsenic losses and the list for arsenic emissions (only
dissipated losses) have a big overlap, but are not the same. Besides
these two lists that enable bottom-up estimation of arsenic losses
or emissions activity by activity, we note that official statistics in
China report arsenic emissions from various economic sectors
(Fig. 3), for which the classification method is different from the
way of classifying anthropogenic processes listed in Tables S6 and
S7. These different sources of data can thus either be compared
with or complement one another in generating a more compre-
hensive and detailed determination of arsenic losses and emissions.
For example, the official statistics on emissions by economic sectors
(Fig. 3) provide atmospheric emission data on food production and
textiles sectors that are usually ignored by bottom-up investigation,
which focuses on some most important sectors such as coals and
power plants (Tian et al., 2014).

Determining loss rates and emission factors is an important but
usually challenging task, and it is necessary to take into account the
following aspects: (1) Arsenic can be lost or emitted in different
physical and chemical forms with different oxidation states
between —III and +V, each of which has different impacts on hu-
man health and ecosystem (Pacyna and Pacyna, 2001; Pacyna et al.,
1995; U.S. Environmental Protection Agency, 1998). Thus, a
comprehensive determination of arsenic losses and emissions
should estimate loss rates and emission factors for at least some
specific oxidation states of arsenic. However, no existing studies
have done so as far as we know. (2) Arsenic can be lost or emitted
into different environments such as atmosphere, hydrosphere,
biosphere, and pedosphere, making arsenic emissions termed air
emissions, atmospheric emissions, aquatic emissions, emissions to
water, emissions to soil, and so on in different references (Cheng

et al,, 2015; Nriagu, 1979; Nriagu and Pacyna, 1988; Pacyna et al.,,
1995; Parviainen et al, 2006). However, almost all existing
studies only estimate atmospheric emission factors and atmo-
spheric emissions; probably because atmospheric emissions can be
easily transported to vast areas, result in direct impacts on human
health and ecosystem, and thus draw much more attentions. (3)
The loss rate and the emission factor from a same process could be
very different, because some measures such as the collection and
stabilization of generated waste can prevent part of losses from
emitting to atmosphere or water, thus making emissions lower
than losses from production processes (Tian et al., 2010, 2014).

5. Summary

This study proposes a research framework in which AACs are
divided into two parts (Fig. 1): (1) the part that is related to
intentional arsenic uses; and (2) the other that results from unin-
tentional arsenic uses. Anthropogenic processes constituting the
AACs are identified and described qualitatively with suitable de-
tails. In order to quantitatively characterize AACs based on the
proposed framework, stocks and flows relevant to each anthropo-
genic process have to be considered. For the first part of AACs, all
flows can be classified into four groups: (1) the trade flows, (2) the
loss flows, (3) the transformation flows that transform arsenic from
natural ores through to arsenic trioxide, metalloid, various inten-
tionally used compounds and final products, and (4) the end-of-life
discard and recycling flows after arsenic is put into use. The arsenic
stocks can be categorized into four groups: (1) the natural stocks
that are also termed as arsenic reserves; (2) the in-use stocks that
are embedded in products such as furniture and building materials
treated with arsenic-containing wood preservatives, (3) the
deposited loss stock that are deposited in mining residues, tailing
ponds, slag ponds, or landfills, and (4) the dissipated loss stock that
has dissipated into the environment which is almost impossible to
be reused or recycled in the future.

Unlike base metals such as iron or aluminum, the economy scale
of arsenic industry (the part related to the intentional use of
arsenic) is so small that there is no special arsenic industry asso-
ciation dedicated to compiling arsenic statistics, making much
more efforts needed in collecting data for characterizing AACs. The
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Fig. 3. China's atmospheric and aquatic emissions of arsenic by economic sector in 2010.

Data sources: The supporting information of Liang et al. (2013) that compiles various Chinese official statistics on emissions.
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arsenic data we can collect and compile are roughly grouped into
the following categories: (1) data on production, consumption,
trade, and arsenic contents of arsenic-containing ores and products,
(2) data on loss or emission rates of arsenic from different
anthropogenic processes, and (3) data on lifespans of intentionally
used arsenic final products in the Use stage. Several methods can be
applied for estimating arsenic stocks and flows: (1) analysis based
on statistical data of arsenic compounds; (2) analysis based on data
for other element (X) by applying an As-X correlation coefficients;
(3) modeling to estimate discard flows and in-use stocks; and (4)
deduced by mass balance.

There are some significant features of AACs that can be sum-
marized: (1) existing studies reveal that AACs at Earth's surface is at
the same order of magnitudes as its natural cycles and are driven by
both intentional and unintentional uses; (2) arsenic can be mined
and extracted from natural ores as a desired host element, but
mostly is mined as a companion element (namely, a by-product) of
other metals or fossil fuels; and there is enough supply of arsenic,
because arsenic in many cases is an unwanted impurity; (3) China
owns the majority of arsenic reserves and is the biggest producer of
arsenic today, while U.S. was the biggest user of arsenic in the
whole 20th century; (4) there were several waves of rise and fall of
intentional arsenic use in the 20th century of U.S., with the rises
driven by different applications of arsenic (such as glass making in
the 1900s, agricultural applications in the 1920s, and wood pre-
servatives in the 1970s), and the falls mainly resulting from the
regulations in response to its toxicity; and (5) the majority of
arsenic intentional uses are in the form of chemical compounds
instead of single substance, and almost all intentional uses of
arsenic not only are unrecyclable but also result in emissions that
may last years or decades after being used.

We note that the current studies of arsenic emissions mainly
focus on atmospheric emissions resulting from unintentional uses
but do not pay enough attention to emissions along the life cycle
related to intentional uses. We believe that filling this research gap
by accounting for the AACs associated with intentional arsenic use
will help identify a more complete list of arsenic emissions, to
better understand the drivers and suppliers of arsenic use, and to
promote more effective management and reduction of arsenic in
the environment. It is both necessary and feasible that similar
research framework be developed for several other elements, such
as mercury, chromium, and cadmium, of which the anthropogenic
cycles are also driven by both intentional and unintentional uses.

Acknowledgement

This study is sponsored by the CAS Pioneer Hundred Talents
Program. We thank Pi-Cheng Chen, Luca Ciacci, Tom Graedel, Sai
Liang, Hong-Wen Ma, Nedal Nassar, William Schlesinger, and Xi-
Yuan Xiao for providing references, data, or comments.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jclepro.2016.08.050.

References

Ayres, RU., Ayres, LW., Frankl, P, Ayres, LW., 1996. Industrial Ecology: towards
Closing the Materials Cycle.

Bhattacharya, P, Bundschuh, J., von Bromssen, M., Hossain, M., Ahmed, K.M.,
Hoinkis, J., Litter, M., 2010. Arsenic contamination in groundwaters in
Bangladesh and options of sustainable drinking water supplies. In: Kabay, N.,
Bundschubh, J., Hendry, B., Bryjak, M., Yoshizuka, K., Bhattacharya, P., Anac, S.
(Eds.), The Global Arsenic Problem: Challenges for Safe Water Production. CRC
Press, London, UK.

Bhattacharya, P, Welch, A.H., Stollenwerk, K.G., McLaughlin, M.J., Bundschuh, ]J.,

Panaullah, G., 2007. Arsenic in the environment: biology and chemistry. Sci.
Total Environ. 379, 109—120.

Bligh, R., 2012. Arsenic: Sources, Pathways, and Treatment of Mining and Metal-
lurgical Effluents. Outotec, pp. 8—10.

Bundschuh, ]., Litter, M.I, Bhattacharya, P., Hoinkis, J., 2010. The global arsenic
crisis—a short introduction. In: Kabay, N., Bundschubh, J., Hendry, B., Bryjak, M.,
Yoshizuka, K., Bhattacharya, P., Anag, S. (Eds.), The Global Arsenic Problem:
Challenges for Safe Water Production. CRC Press, London, UK.

Capitani, E.M.D., 2011. Arsenic toxicology — a review. In: Deschamps, E.,
Matschullat, J. (Eds.), Arsenic: Natural and Anthropogenic. CRC Press, London,
UK.

Chen, P.C, Su, HJ., Ma, H.W., 2013. Trace anthropogenic arsenic in Taiwan-substance
flow analysis as a tool for environmental risk management. ]. Clean. Prod. 53,
13-21.

Chen, W.-Q., Graedel, T., 2012a. Anthropogenic cycles of the elements: a critical
review. Environ. Sci. Technol. 46, 8574—8586.

Chen, W.-Q., Graedel, T., 2012b. Dynamic analysis of aluminum stocks and flows in
the United States: 1900—2009. Ecol. Econ. 81, 92—102.

Chen, W.-Q., Graedel, T., 2015. Improved alternatives for estimating in-use material
stocks. Environ. Sci. Technol. 49, 3048—3055.

Chen, W.-Q., Shi, L., Qian, Y., 2010. Substance flow analysis of aluminium in main-
land China for 2001, 2004 and 2007: exploring its initial sources, eventual sinks
and the pathways linking them. Resour. Conserv. Recycl. 54, 557—570.

Cheng, K., Wang, Y., Tian, H., Gao, X., Zhang, Y., Wu, X,, Zhu, C,, Gao, J., 2015. At-
mospheric emission characteristics and control policies of five precedent-
controlled toxic heavy metals from anthropogenic sources in China. Environ.
Sci. Technol. 49, 1206—1214.

Ciacci, L., Reck, B.K., Nassar, N., Graedel, T., 2015. Lost by design. Environ. Sci.
Technol. 49, 9443—-9451.

Edelstein, D.L., 1985. Arsenic. In: Hodel, D.P., Horton, R.C. (Eds.), Mineral Facts and
Problems: 1985 Edition. U.S. Department of the Interior, U.S. Bureau of Mines,
Washington D.C, pp. 43—52.

Elshkaki, A., van der Voet, E., Van Holderbeke, M., Timmermans, V., 2009. Long-
term consequences of non-intentional flows of substances: modelling non-
intentional flows of lead in the Dutch economic system and evaluating their
environmental consequences. Waste Manag. 29, 1916—1928.

Flynn Jr, C.M,, Carnahan, T.G., 1989. Recovery of Arsenic from Ores and Concentrates.
Google Patents.

Gerst, M.D., Graedel, T., 2008. In-use stocks of metals: status and implications.
Environ. Sci. Technol. 42, 7038—7045.

Graedel, T., Bertram, M., Fuse, K., Gordon, R., Lifset, R., Rechberger, H., Spatari, S.,
2002. The contemporary European copper cycle: the characterization of tech-
nological copper cycles. Ecol. Econ. 42, 9—26.

Grund, S., Hanusch, K., Wolf, H., 2012. Arsenic and arsenic compounds. In:
Library, W.O. (Ed.), Ullmann's Encyclopedia of Industrial Chemistry: Metals and
Alloys. Wiley-VCH, Weinheim, Germany.

Jean, J.-S., Bundschuh, J., Chen, C.-]., Guo, H.-R,, Liu, C.-W,, Lin, T.-F,, Chen, Y.-H., 2011.
The Taiwan Crisis: a Showcase of the Global Arsenic Problem. CRC Press.

Jiang, Q., 2002. The Recovery and the Use of Arsenic in Heavy Non-ferrous Metal-
lurgy. Kunming University of Science and Technology, Kunming.

Jorgensen, F,, Hall, T., Sanetsis, S., 2007. Selective Removal of Arsenic from a Copper
Concentrate, Proceedings of First CSRP Annual Conference. CSIRO & CSRP,
Melbourne, pp. 45—46.

Kapur, A., Graedel, T., 2006. Copper mines above and below the ground. Environ.
Sci. Technol. 40, 3135—-3141.

Kelly, T.D., Matos, G.R., Buckingham, D., DiFrancesco, C., Porter, K., Berry, C.,
Crane, M., Goonan, T., Sznopek, J., 2005. Historical Statistics for Mineral and
Material Commodities in the United States. US Geological Survey Reston, VA.

Kelly, T.D., Matos, G.R., comps, 2013. Historical statistics for mineral and material
commodities in the United States (2013 version). U. S. Geol. Surv. Data Ser. 140,
1.0. ed. U.S. Geological Survey, [Reston, Va.].

Khan, B.I., Jambeck, J., Solo-Gabriele, H.M., Townsend, T.G., Cai, Y., 2006a. Release of
arsenic to the environment from CCA-treated wood. 2. Leaching and speciation
during disposal. Environ. Sci. Technol. 40, 994—999.

Khan, B.L, Solo-Gabriele, H.M., Townsend, T.G., Cai, Y., 2006b. Release of arsenic to
the environment from CCA-treated wood. 1. Leaching and speciation during
service. Environ. Sci. Technol. 40, 988—993.

Klee, R., Graedel, T., 2004. Elemental cycles: a status report on human or natural
dominance. Annu. Rev. Environ. Resour. 29, 69—107.

Liang, S., Liu, Z., Crawford-Brown, D., Wang, Y., Xu, M., 2013. Decoupling analysis
and socioeconomic drivers of environmental pressure in China. Environ. Sci.
Technol. 48, 1103—1113.

Lifset, RJ., Eckelman, M.].,, Harper, E., Hausfather, Z., Urbina, G., 2012. Metal lost and
found: dissipative uses and releases of copper in the United States 1975—2000.
Sci. Total Environ. 417, 138—147.

Lindau, L., 1977. Emissions of arsenic in Sweden and their reduction. Environ. Health
Perspect. 19, 25.

Loebenstein, J.R., 1994. The Materials Flow of Arsenic in the United States. US
Department of the Interior, Bureau of Mines.

Miiller, D.B., Wang, T., Duval, B., Graedel, T.E., 2006. Exploring the engine of
anthropogenic iron cycles. Proc. Natl. Acad. Sci. 103, 16111—-16116.

Mandal, B.K., Suzuki, K.T., 2002. Arsenic round the world: a review. Talanta 58,
201-235.

Matschullat, J., 2000. Arsenic in the geosphere — a review. Sci. Total Environ. 249,
297-312.


http://dx.doi.org/10.1016/j.jclepro.2016.08.050
http://dx.doi.org/10.1016/j.jclepro.2016.08.050
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref1
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref1
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref2
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref3
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref3
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref3
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref3
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref4
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref4
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref4
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref5
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref5
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref5
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref5
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref5
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref6
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref6
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref6
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref6
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref8
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref8
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref8
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref8
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref9
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref9
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref9
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref10
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref11
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref11
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref11
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref12
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref14
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref15
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref15
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref15
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref16
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref17
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref19
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref19
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref19
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref20
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref21
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref21
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref21
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref22
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref22
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref23
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref23
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref24
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref25
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref25
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref25
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref26
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref26
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref26
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref27
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref27
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref27
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref28
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref29
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref30
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref30
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref30
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref31
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref32
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref32
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref32
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref32
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref32
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref33
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref33
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref34
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref34
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref35
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref35
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref35
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref36
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref37
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref37
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref37
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref37

336 W.-Q. Chen et al. / Journal of Cleaner Production 139 (2016) 328—336

Matschullat, ], 2011. (Chapter 1): The global arsenic cycle revisited. In:
Deschamps, E., Matschullat, J. (Eds.), Arsenic: Natural and Anthropogenic. Taylor
& Francis Group, London, UK.

Mihajlovic, L., Strbac, N., Zivkovic, Z., Kovacevic, R., Stehernik, M., 2007. A potential
method for arsenic removal from copper concentrates. Miner. Eng. 20, 26—33.

Nassar, N.T., Barr, R., Browning, M., Diao, Z., Friedlander, E., Harper, E., Henly, C.,
Kavlak, G., Kwatra, S., Jun, C., 2012. Criticality of the geological copper family.
Environ. Sci. Technol. 46, 1071-1078.

Nriagu, J.0., 1979. Global inventory of natural and anthropogenic emissions of trace
metals to the atmosphere. Nature 279, 409—411.

Nriagu, J.0., Pacyna, J.M., 1988. Quantitative assessment of worldwide contamina-
tion of air, water and soils by trace metals. Nature 333, 134—139.

Pacyna, J.M., Pacyna, E.G., 2001. An assessment of global and regional emissions of
trace metals to the atmosphere from anthropogenic sources worldwide. Envi-
ron. Rev. 9, 269—298.

Pacyna, J.M., Scholtz, M.T., Li, Y.-E,, 1995. Global budget of trace metal sources. En-
viron. Rev. 3, 145—159.

Parviainen, A., Vaajasaari, K., Loukola-Ruskeeniemi, K., Kauppila, T., Bilaletdin, A.,
Kaipainen, H., Tammenmaa, J., Hokkanen, T., 2006. Anthropogenic Arsenic
Sources in the Pirkanmaa Region in Finland. Miscellaneous Publications,
Geological Survey of Finland. http://projects.gtk.fi/ramas/reports/ (accessed
10.06.16).

Piret, N., 1999. The removal and safe disposal of arsenic in copper processing. JOM J.
Miner., Metals Mater. Soc. 51, 16—17.

PRC, G., 2006. On the content limits of toxic trace elements in imported copper
concentrates, in: China, G.A.0.Q.S.L.a.Q.o.t.P.s.R.0. (Ed.).

PRC, M., 2012. Introduction to the Compilation of Technology Policies for the Pre-
vention and Control of Arsenic Pollution.

Rauch, J.N., Graedel, T.E., 2007. Earth's anthrobiogeochemical copper cycle. Glob.
Biogeochem. Cycles 21.

Rauch, J.N., Pacyna, ].M., 2009. Earth's global Ag, Al, Cr, Cu, Fe, Ni, Pb, and Zn cycles.
Glob. Biogeochem. Cycles 23.

Reck, B.K., Muller, D.B., Rostkowski, K., Graedel, T.E., 2008. Anthropogenic nickel
cycle: insights into use, trade, and recycling. Environ. Sci. Technol. 42,
3394-3400.

Sen, LS., Peucker-Ehrenbrink, B., 2012. Anthropogenic disturbance of element cycles
at the Earth's surface. Environ. Sci. Technol. 46, 8601—8609.

Shi, Y.-L., Chen, W.-Q., Zhu, Y.-G., 2016. Anthropogenic cycles of arsenic in mainland
China: 1990—2010. Environ. Sci. Technol (under review).

Shibata, T., Solo-Gabriele, H.M., Fleming, L.E., Cai, Y., Townsend, T.G., 2007. A mass
balance approach for evaluating leachable arsenic and chromium from an in-
service CCA-treated wood structure. Sci. Total Environ. 372, 624—635.

Tanaka, T., 1988. Distribution of arsenic in the natural environment with emphasis
on rocks and soils. Appl. Organomet. Chem. 2, 283—-295.

Tian, H., Liu, K., Zhou, J., Lu, L., Hao, J., Qiu, P,, Gao, J., Zhu, C.,, Wang, K., Hua, S., 2014.
Atmospheric emission inventory of hazardous trace elements from China's
coal-fired power plants: temporal trends and spatial variation characteristics.
Environ. Sci. Technol. 48, 3575—3582.

Tian, H., Wang, Y., Xue, Z., Cheng, K., Qu, Y., Chai, F, Hao, J., 2010. Trend and char-
acteristics of atmospheric emissions of Hg, As, and Se from coal combustion in
China, 1980—2007. Atmos. Chem. Phys. 10, 11905—11919.

U.S. Environmental Protection Agency, 1998. Locating and Estimating Air Emissions
from Sources of Arsenic and Arsenic Compounds. Research Triangle Park, NC.

U.S. Geological Survey, 2012. Arsenic Mineral Commodity Summaries: 2012.

Wang, T., Miiller, D.B., Graedel, T., 2007a. Forging the anthropogenic iron cycle.
Environ. Sci. Technol. 41, 5120—5129.

Wang, T., Muller, D.B., Graedel, T.E., 2007b. Forging the anthropogenic iron cycle.
Environ. Sci. Technol. 41, 5120—5129.

Wei, C, Jiang, Q., Luo, T.J., Huang, M.Y., 2003. Arsenic removal and recovery in heavy
metals smelting process. Nonferr. Metals 55, 46—50.

Wenzel, WW.,, 2013. (Chapter 9): Arsenic. In: Alloway, BJ. (Ed.), Heavy Metals in
Soils: Trace Metals and Metalloids in Soils and Their Bioavailability. Springer,
Netherlands, pp. 241—-282.

WHO, 2000. Air Quality Guidelines for Europe. WHO Regional Publications, Euro-
pean Series, No. 91. World Health Organization Regional Office for Europe,
Copenhagen.

Xiao, X., Chen, T,, Liao, X., Wu, B., Yan, X.-1,, Zhai, L.-m., Xie, H., Wang, L.-x, 2008.
Regional distribution of arsenic contained minerals and arsenic pollution in
China. Geogr. Res. 1, 021.

Xuan, Z.-Q., 1998. A brief account of Chinese arsenic resources. Geol. Chem. Miner.
20, 205—-211.

Yin, X.-L., 1991. Development strategy of China's arsenic ore resource. Miner. Prot.
Util. 31-32.

Zhang, L., Wang, S.X., Wang, L., Wu, Y., Duan, L, Wu, Q.R., Wang, EY., Yang, M.,
Yang, H., Hao, ].M,, Liu, X,, 2015. Updated emission inventories for speciated
atmospheric mercury from anthropogenic sources in China. Environ. Sci.
Technol. 49, 3185—3194.


http://refhub.elsevier.com/S0959-6526(16)31194-5/sref38
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref38
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref38
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref39
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref39
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref39
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref40
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref40
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref40
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref40
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref41
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref41
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref41
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref42
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref42
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref42
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref43
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref43
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref43
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref43
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref44
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref44
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref44
http://projects.gtk.fi/ramas/reports/
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref46
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref46
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref46
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref48
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref48
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref49
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref49
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref50
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref50
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref51
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref51
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref51
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref51
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref52
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref52
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref52
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref53
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref53
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref53
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref54
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref54
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref54
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref54
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref55
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref55
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref55
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref56
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref56
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref56
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref56
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref56
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref57
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref57
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref57
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref57
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref57
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref58
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref58
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref59
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref60
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref60
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref60
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref61
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref61
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref61
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref69
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref69
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref69
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref62
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref62
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref62
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref62
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref63
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref63
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref63
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref64
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref64
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref64
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref65
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref65
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref65
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref66
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref66
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref66
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref67
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref67
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref67
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref67
http://refhub.elsevier.com/S0959-6526(16)31194-5/sref67

	Anthropogenic arsenic cycles: A research framework and features
	1. Introduction
	2. The research framework
	3. Anthropogenic arsenic cycles related to intentional uses
	3.1. Geological occurrence, mining, and ore dressing
	3.2. Processing of concentrates and production of refined As2O3
	3.3. Production of arsenic metalloid and compounds
	3.4. Manufacturing and use of arsenic-containing final products by end-use sector
	3.5. In-use stocks
	3.6. EOL management and recycling
	3.7. Trade of arsenic

	4. Anthropogenic arsenic losses and emissions
	5. Summary
	Acknowledgement
	Appendix A. Supplementary data
	References


