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Goethite is a metals-rich residue that occurs during zinc production. The feasibility of metal recovery
from goethite has been demonstrated, but is not economically viable on an industrial scale. Therefore,
goethite is landfilled with considerable economic costs and environmental risks. The goal of this study
is to evaluate the environmental performance of a new valorization strategy for goethite residues from
zinc production, with the aims of: ① recovering the valuable zinc contained in the goethite and
② avoiding the landfilling of goethite by producing a clean byproduct. The presented goethite valoriza-
tion strategy consists of a sequence of two processes: ① plasma fuming and ② inorganic polymerization
of the fumed slag. Plasma fuming recovers the valuable metals by fuming the goethite. The metals-free
fumed slag undergoes a process of inorganic polymerization to form inorganic polymers, that can be used
as a novel building material, as an alternative to ordinary Portland cement (OPC)-based concrete. Life-
cycle assessment (LCA) is used to compare the environmental performance of the inorganic polymer with
the environmental performances of equivalent OPC-based concrete. The LCA results show the tradeoff
between the environmental burdens of the fuming process and inorganic polymerization versus the
environmental benefits of metal recovery, OPC concrete substitution, and the avoidance of goethite land-
filling. The goethite-based inorganic polymers production shows better performances in several environ-
mental impact categories, thanks to the avoided landfilling of goethite. However, in other environmental
impact categories, such as global warming, the goethite valorization is strongly affected by the
high-energy requirements of the plasma-fuming process, which represent the environmental hotspots
of the proposed goethite recycling scheme. The key elements toward the sustainability of goethite
valorization have been identified, and include the use of a clean electric mix, more effective control of
the fumed gas emissions, and a reduced use of fumed slag through increased efficiency of the inorganic
polymerization process.

� 2018 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Industrial goethite, hereafter called simply goethite, is a residue
generated during the electrolytic production of zinc. Goethite is
mostly composed of hydrated ferric oxide, with a 5%–10% content
of zinc (Zn), as well as traces of other valuable metals. This concen-
tration of zinc is too high to allow goethite recovery in iron produc-
tion and, at the same time, too low to make zinc recovery
economically profitable with the currently available technologies.

Consequently, nowadays goethite is not recycled and is mostly
stockpiled in impoundments located close to the electrolytic plant
[1]. Goethite landfilling presents, however, several economic and
environmental disadvantages. Economic disadvantages derive
from the high costs of landfilling and the losses of the zinc and
other metals contained in goethite. Environmental threats are
posed by the potential leaching of hazardous compounds, occur-
ring when untreated goethite is disposed of in landfills [2,3].

In the past, scholars have investigated the technical and eco-
nomic viability of different alternatives for goethite management.
Piga et al. [4] obtained a higher zinc concentrate product by treat-
ing the goethite through a sequence of thermal processes. How-
ever, the obtained product was still not suitable for industrial
applications, due to the poor separation between iron (Fe) and zinc.
Pelino et al. [5] evaluated the possibility of recovering valuable zinc
and lead (Pb) from goethite, and using the metal-poor residue to
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Table 1
Physical characteristics of the GIP and OPCaer.

Physical characteristics GIP OPCaer

Material properties
Thermal conductivity (W�(m�K)�1) 0.183 0.154
Compressive strength (MPa) 4.6 4.1
Density (g�cm�3) 1.04 0.60

Reference flow
Blocks 50 50
Dimensions (cm) 20 � 10 � 6.3 20 � 10 � 5
Volume (m3) 0.063 0.050
Weight (kg) 65.5 30.0
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produce glass-ceramic products. This study showed that the recov-
ery of zinc and lead by washing with distilled water is technically
feasible, but not economically viable on an industrial scale.
Nevertheless, the conversion of the Zn/Pb-free residues into glass
ceramic is a promising possibility.

In conclusion, sustainable goethite management remains an
ongoing challenge. At present, industrial research strategies aim
to find technical and economic viable solutions to ① recover valu-
able metals and ② process goethite to obtain a byproduct that can
be subsequently valorized.

In this context, the Flemish governmental ‘‘Strategic Initiative
Materials” (SIM) program MaRes (Materials from Solid and Liquid
Industrial Process Residues) aims to stimulate new technologies
for metal extraction from solid industrial residues and the subse-
quent valorization of the residual mineral matrix. The program
helps to build collaboration between universities and metal pro-
ducers in Flanders, the northeast region of Belgium. As a result of
this collaboration, a near-zero waste strategy has been developed
aiming at sustainable management of goethite. This near-zero
waste strategy is based on the combination of two existing pro-
cesses: ① plasma fuming and ② inorganic polymerization.

In the plasma-fuming process, the slag is heated up by electric
plasma torches, which supply the slag with both heat and mixing.
Several metals contained in the slag are vaporized and leave the
system through the fumes. The vaporized metals are later precipi-
tated in the form of metal oxide powder. This powder can then be
recycled in metal smelters, replacing metal concentrates coming
from natural zinc/lead ore mining. The leftover of the fuming pro-
cess is a nearly metals-free fumed slag that can be recycled in sev-
eral applications [6–8].

Inorganic polymerization can be applied to industrial residues
with a low calcium content; it consists of mixing the residue with
alkaline-silicate activators to produce a high-strength polymer
material with a non-carbon-containing skeletal structure [9,10].
This inorganic polymer presents a significant reduction to the car-
bon footprint when compared with traditional concrete based on
ordinary Portland cement (OPC) [11–14].

The application of plasma fuming and inorganic polymerization
to goethite brings up many technical and environmental questions.
While the state of the art indicates plasma fuming as a promising
technology for slag cleaning, fundamental understanding of the
interaction between plasma and solid, liquid, and gaseous phases
is still missing and is necessary to achieve a high degree of slag
purity. In addition,most of the availablework on inorganic polymer-
ization is relevant for traditional aluminum (Al)-silicon (Si)-based
residues, while goethite is an Fe-Si-based residue. The required
mix design for the novel inorganic polymer, the potential leaching
of hazardous compounds, and the physical properties of the inor-
ganic polymer are fundamental issues that require further research.

In addition to the technical challenges, the success of near-zero
waste strategies for goethite also depends on its environmental
acceptability. Although goethite recycling permits landfilling
avoidance, the recovery of valuable metals and the production of
a low-carbon binder for construction material, plasma fuming
and inorganic polymerization require high amounts of energy,
the use of chemicals, and additional transportation. Therefore, a
better understanding of the environmental implications of the
near-zero waste strategy for goethite is needed.

Along with the ongoing investigation to solve the technical
issues described above, a part of the MaRes program focuses
specifically on the final environmental balance of the whole
goethite valorization process. Life-cycle assessment (LCA) is used
as the environmental impacts evaluation methodology. LCA is a
framework for estimating the environmental impacts attributable
to the life cycle of a product; it is widely used today to evaluate
alternative products coming from waste recycling [15,16].
The environmental performance of the goethite-based
inorganic polymer (GIP) will be compared with the environmental
performance of a traditional OPC concrete block that is currently
available on the market.

The analysis of the LCA results will help to increase our under-
standing of the tradeoff between the environmental costs of the
fuming process plus inorganic polymerization versus the environ-
mental benefits of avoided landfilling, metal recovery, and OPC
substitution. Finally, the LCA will also be useful for identifying
the environmental hotspot of the proposed processes, thus helping
to increase the sustainability of the whole system.
2. Methodology

LCA is a methodology that is used to evaluate the environmental
impacts and benefits of a product, process, or system, by considering
the whole life cycle. As described in the ISO 14040:2006 [17], LCA
consists of four main steps: ① defining the goal, scope, and system
boundaries of the study;② creating a life-cycle inventory;③ assess-
ing the impacts; and ④ interpreting and analyzing the results.

2.1. Goal, scope, and system boundaries

The goal of the LCA study is to compare the environmental
impacts and benefits of two equivalent construction blocks used
for insulation:① a newly developed GIP, made through the fuming
and subsequent inorganic polymerization of goethite slag from
zinc production; and② an autoclaved aerated concrete block made
with OPC (OPCaer). The system boundaries and functional unit (FU)
are introduced below.

In the goal and scope definition phase, it is fundamental to
define the system boundaries and FU of the study. The FU
represents the product’s ability to perform a given function, and
provides a reference to which all the inputs and outputs must be
referred. When using LCA to compare different products, a com-
mon FU must ensure comparability among the analyzed alterna-
tives. In the case presented in this paper, the compared products
are two insulating blocks. Therefore, the FU can be defined as the
capacity of the materials to insulate a surface of 1 m2. The required
mass of each material to provide that FU is referred to as the
reference flow. Table 1 depicts the physical properties of the GIP
and the OPCaer, which indicates that GIP presents higher density
and higher thermal conductivity.

One square meter surface is assumed for both materials to be
made by 50 blocks measuring 20 cm (length) � 10 cm (width).
Table 1 shows that the thermal conductivity of GIP is higher than
that of OPCaer (0.183 W�(m�K)�1 vs. 0.154 W�(m�K)�1). Since both
GIP and OPCaer must ensure the same thermal conductivity, the
thickness of a GIP block must be higher than that of the OPCaer.
Therefore, assuming a 5 cm thickness for the OPCaer, the required
thickness for the GIP blocks to meet the required thermal insula-
tion is 6.3 cm. The reference flows for each scenario can be finally
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defined as follows: ① the production of 50 OPCaer with the dimen-
sions 20 cm � 10 cm � 5 cm and② the production of 50 GIP blocks
with the dimensions 20 cm � 10 cm � 6.3 cm.

The system boundaries define the processes to be included in
the analysis. As with the FU, the system boundaries need to be con-
sistent and ensure comparability among the alternative scenarios.
Fig. 1 shows the considered system boundaries for the two prod-
ucts. For the GIP, the goethite landfill and the natural Zn/Pb ore
mining and transport are considered to be avoided impacts. There-
fore, they are accounted as a credit (negative value) to the recy-
cling process. The approach used in this study is a cradle-to-gate
analysis, meaning that only the production phase is considered.
2.2. Life-cycle inventory

The life-cycle inventory (LCI) phase estimates the consumption
of resources and the quantities of waste flows and emissions
caused by or attributable to a product’s life cycle [16]. Therefore,
the LCI phase creates a list of inputs and outputs related to the
FU chosen, and represents the basis for the calculation of the envi-
ronmental impacts. The data used in this study were collected from
real industrial applications and laboratory works within the MaRes
program, integrated with data from the previous literature. More
specifically, data were collected from the real industrial processes
of an international zinc and metals producer operating a plasma-
fuming plant in Norway and a metal smelter in Belgium.
2.2.1. Goethite-based inorganic polymer
The goethite considered in this study is produced as the residue

of a zinc production plant located in Norway. Goethite is fumed in
a fuming plant located in the same area. The fuming process has
four outputs: the off-gas, the metal oxide powder, the fumed slag,
and an impure fused material called matte. In this study, the matte
is not considered in the LCI because of the low quantity that is
produced during the goethite-fuming process. Metal oxide powder
and fumed slag are shipped to Belgium, where the metal oxide
powder is recovered as a metal concentrate in a metal smelter,
and the fumed slag is processed to produce new inorganic poly-
mers. Table 2 summarizes the inventory for the production of
65.5 kg of GIP. All the background processes (referring to the
inputs of materials and energy) are modeled using the ecoinvent
database v3. The next paragraphs further detail the main assump-
tions adopted in the development of the GIP production process.
Fig. 1. Considered system boundaries for
(1) Goethite. Among various samples, the goethite chosen for
this study is a sludge residue of an electro-metallurgic zinc produc-
tion process in Norway, which produces 80 000 t of goethite every
year. The chemical composition of the goethite is reported in
Table 3.

The production of GIP avoids the landfilling of the goethite. The
avoided goethite landfilling, hence, can be considered as a credit to
GIP production, and is accounted as a negative impact. The inven-
tory for the goethite landfilling refers to the ecoinvent module
described by Doka [18].

(2) Plasma-fuming process. The plasma-fuming plant is
equipped with two electric plasma torches that are able to fume
up to 2000 kg of slag in total. A schematic of the submerged plasma
process, as described inVerscheure et al. [7], is depicted in Fig. 2. The
furnace is fed with pre-mixed goethite, which forms the liquid slag
bath. The torches supply heat as well as a good mixing to the slag
bath, thus transforming the external blast primary and secondary
air into a plasma gas. Operating temperatures range from 1150 to
1300 �C [19].Methane (CH4) is subsequentlymixedwith the plasma
gas to reduce the partial pressure of oxygen (O2). Inside the furnace,
the slag bath is injected with the plasma gas/CH4 mix and with
petroleum coal, which acts as a heat source through combustion
with primary and secondary air, and as a reductant through the pro-
duction of carbon monoxide (CO) [8]. Thanks to the low O2 partial
pressure and the high temperature, the oxides of zinc are removed
from the slags bath by reduction and the generationof volatilemetal
species. Due to the wide range of chemical species involved, the
reactions occurring during the fuming process are numerous and
complex [20]. However, the chemical reactions that lead to the
fuming of zinc can be summarized as follows [19]:

ZnOðslagÞ þ CðcoalÞ $ ZnðgasÞ þ COðgasÞ ð1Þ
ZnOðslagÞ þ COðgasÞ ! ZnðgasÞ þ CO2ðgasÞ ð2Þ
Both reactions are strongly endothermic. Thus, the partial com-

bustion of coal below the slag bath also provides the heat for the
reactions. As a consequence of the reducing reactions described
above, volatile zinc leaves the furnace with the off-gas. Equivalent
reducing reactions also occur for other volatile metals present in
the goethite, such as lead, indium, and germanium.

The reactions described above indicate that the availability of
coal is among the factors that determine the efficiency of zinc fum-
ing. Therefore, the coal is usually supplied in surplus compared to
GIP and OPCaer. AA: alkali activator.



Table 3
Goethite composition from zinc production; goethite is an Fe-Si-based residue with a low amount of calcium (Ca).

Fe (wt%) SiO2 (wt%) CaO (wt%) Zn (wt%) Pb (wt%) Other elements (traces)

Goethite sludge composition 24–36 3.7–8.4 0.7–6.1 5.9–12.9 1.5–3.7 In, Ge, S, Ag, As, Tl, Cd,. . .

Fig. 2. Submerged plasma fuming [7].

Table 2
The inventory for the production of 65.5 kg of GIP.

Inventory Quantity Unit Notes & references

Plasma fuming Input
Goethite 82.3 kg
Electricity 98.7 kW�h Norwegian electricity mix; value collected at the fuming plant
Coal 6.5 kg [7]
Methane 1.8 m3 [7]

Output
Fumed slag 49.4 kg Value collected at the fuming plant
CO2 21.7 kg Stoichiometric calculation
SO2 20.0 kg Value collected at the fuming plant
ZnO powder 2.8 kg 3.5% of goethite [7]

Transportation Fumed slag 49.4 kg Shipping 1500 km
Metal oxide powder 2.8 kg

Alkali activation Input
Fumed slag 49.4 kg

All data for alkali activation processes are collected during lab experiments

Sodium silicate 3.59 kg
Sodium hydroxide 2.25 kg
Aluminum powder 0.14 kg
Water 10.12 kg
Electricity 0.005 kW�h Belgian electricity mix

Output
Goethite-based inorganic polymers 65.5 kg

Avoided impact Goethite landfilling 82.3 kg
Natural zinc ore 2.8 kg Mining and shipping 5000 km
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the stoichiometric needs for Zn and other metal reduction. Conse-
quently, the exceeding coal may react with the ferric oxide and
other metal oxides present in the slag, creating a metal matte con-
taining sulfur, which is collected separately at the end of the fum-
ing process. According to the data collected directly at the fuming
plant, the quantity of matte produced can reach 4% of the initial
quantity of the goethite. The matte can be further processed to
recover some metals (copper (Cu) and nickel (Ni), among others).
However, the recovery of matte is outside the scope of the MaRes
program, and literature data in this field are missing. Therefore,
due to the complexity of the reactions and the missing information,
the presented environmental analysis focuses only on the fumed
slag and does not consider the production of matte. Although this
can be considered as a limitation of the study, the production of
matte is not expected to change the results significantly.

The vaporized metals in the fumes enter into contact with sec-
ondary air, and volatile metals re-oxidize and precipitate as oxi-
dized powder. This powder contains various metal oxides, and its
composition is equivalent to that of a natural zinc concentrate
ore, which is commonly used today in metal smelters. After metal
vaporization, the metal concentrations in the leftover slag are sig-
nificantly lowered [7].

The inputs of the process are the goethite, the electric energy to
fume the slag and run the off-gas treatment, the CH4 and coal that
are used as reductants. For the electricity, the Norwegian mix used
is composed of hydropower (96.8%), natural gas (2%), and wind
(1.2%) [21]. The outputs of the process are the off-gas, the nearly
metal-free fumed slag, and the metal oxide powder. The off-gas
is mostly composed of carbon dioxide (CO2), which is produced
during the reduction of zinc oxide (ZnO) and other metal oxides,
and sulfur dioxide (SO2), which comes from the sulfur content in
goethite and coal.

The quantity of CO2 released into the atmosphere with the off-
gas is calculated stoichiometrically, under the hypothesis that the
coal contains 90% carbon and that all carbon is finally released as
CO2. The quantity of SO2 released with the off-gas refers to quanti-
ties measured directly at the fuming plant.

The fumed slag is collected and further processed in an inor-
ganic polymerization process. Both the fumed slag and the metal
oxide powder are transported by ferry to Belgium to be processed.
The average transportation distance for the fumed slag and the
metal oxide powder is assumed to be 1500 km. Metal oxide pow-
der contains mostly ZnO, with a lower amount of lead oxide
(PbO), and can be recovered in a metal smelter for the production
of zinc, lead, and other metals, thus replacing natural zinc concen-
trate ores produced through ore mining. Therefore, the avoided
production of an equivalent amount of zinc concentrate ore from
mining is given as a credit (negative value) for the fuming process.
The inventory for the avoided mining of natural zinc ores is mod-
eled using the ecoinvent module described by Classen et al. [22].
The metal smelter considered in this paper belongs to the same
zinc and metals international producer, and is located in Belgium.
Today, most of the natural zinc ores used in the metal smelter are
mined in Australia and in South and North America, and are then
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shipped to Belgium. The average avoided transportation for the
natural zinc ores is assumed to be 5000 km.

(3) Inorganic polymerization. The fumed slag goes into the
inorganic polymerization process, where it is mixed with an alkali
activating solution with a ratio of 3.04 (slag to activating solution).
The activating solution contains two commonly used alkaline acti-
vators, sodium hydroxide and sodium silicate, mixed in a solution
with a ratio of 14.11 wt% sodium oxide (Na2O), 22.49 wt% silicon
dioxide (SiO2), and 63.4 wt% water (H2O). Aluminum powder at
0.05 wt% is added to the mix as a foaming agent. Since the fumed
slag does not dissolve completely in the process, it also acts as an
aggregate; therefore, no additional external aggregate is added to
the process. Steam curing was carried out at 60 �C for 24 h.
Electricity consumption refers to the electricity consumed by the
mixing process and used to produce the steam for the final curing.
All the electricity consumed refers to the Belgian electricity mix for
2017, which was composed of nuclear (46.4%), natural gas (26.5%),
coal (6.1%), biofuels (4.9%), wind (4%), solar (2.1%), and other
energy sources (10%) [23].

As described in the introduction, research is currently being
carried out to optimize the use of alkali activators in the process
and to minimize the risk of hazardous metal leaching in the
inorganic polymerization of Fe-Si-based residues [24,25]. The
data for the inventory of the inorganic polymerization process
were determined empirically after several experiments at the
lab scale that were conducted to find the optimal process condi-
tions. Plasma fuming theoretically removes a large number of
metals from the fumed slag. For the present study, it is assumed
that no significant leaching occurs from the produced inorganic
polymers.

2.2.2. Autoclaved aerated OPC concrete
The production process starts from silica sand, which is mixed

with binding agents (quicklime and OPC) and water. Before the
suspension is poured into the casting molds, the expanding agent
(aluminum powder) is added. The aluminum reacts with the alka-
line water, producing hydrogen. The hydrogen creates pores that
decrease the thermal conductivity of the material. A more thor-
ough description of the OPCaer production process can be found
in previous literature [26,27]. Table 4 [27] provides the inventory
for the OPCaer production used in this study. The quantities
assumed for each input refer to the work by Kellenberger et al.
[27]. The ecoinvent database was used to model the inventory of
the background processes, namely the inputs of materials and
energy. The electricity used refers to the Belgian electricity mix
in 2017 [23].

2.3. Life-cycle impact assessment

The life-cycle impact assessment (LCIA) phase translates each
piece of LCI data into the corresponding environmental impacts.
LCIA results commonly refer to two different approaches: ① the
problem-oriented (midpoint) approach and ② the damage-
Table 4
Inputs/outputs for autoclaved aerated OPC concrete (reference flow = 30 kg) [27].

Inventory Ratio Quantities for 1 m2

Inputs Silica sand 48.5 wt% 14.55 kg
Quicklime 8.5 wt% 2.55 kg
OPC 24.0 wt% 7.20 kg
Aluminum 0.1 wt% 0.03 kg
Anhydrite 2.5 wt% 0.75 kg
Water 16.4 wt% 4.92 kg

Outputs Electricitya — 1.725 kW�h
Diesel — 0.21 kW�h

a Belgian electricity mix [23].
oriented (endpoint) approach. A midpoint analysis assesses how
each single process contributes to several different environmental
impact categories, while an endpoint analysis translates the mid-
point impacts into three endpoint damages: human health, ecosys-
tem, and resources. As explained by Benetto et al. [28], themidpoint
analysis provides a reliable evaluation of the environmental
performances of a product. However, when comparing two prod-
ucts, midpoint results are not easily comparable, as the environ-
mental impact categories are calculated in different units, and it is
not possible to sum them up. Endpoint analysis aggregates themid-
point results to only three endpoint indicators. While this can facil-
itate the comparison between different products, it increases the
uncertainty of the results, since it involves an aggregation process.
Therefore, to have a reliable and comparable set of results, findings
from bothmidpoint and endpoint analyses should be presented. For
the current study, the LCA model was implemented using the
software GaBi. For the LCIA phase, the ReCiPe 1.08 calculation
methodology was used. As one of the most-used calculation
methodologies in LCIA, ReCiPe 1.08 includes both midpoint and
endpoint approaches, and provides high reliability regarding char-
acterization factors and reduced uncertainty [29]. A more detailed
description of ReCiPe 1.08 can be found in Ref. [30].

3. Results

3.1. Result description

The estimated midpoint environmental impacts for GIP and
OPCaer are reported in Fig. 3 and Table 5. As categories are mea-
sured in different units, in order to facilitate the comparison
between the environmental performances of GIP and OPCaer,
Fig. 3 shows the relative impacts of the two products. Positive val-
ues indicate an induced impact, while negative values indicate the
net impacts savings.

Table 5 shows that 35 kg CO2-eq are emitted to produce the GIP,
which is a value 2.8 times higher than the emissions for the OPCaer.
At the same time, in some other categories such as freshwater eco-
toxicity and eutrophication, the final value for the GIP is negative,
meaning that the avoided impacts (i.e., goethite landfilling and zinc
ore production) are higher than the caused impacts. GIP shows
negative impacts in many other categories, such as human toxicity,
marine ecotoxicity, metal depletion, and urban land occupation.
Moreover, compared with OPCaer, GIP shows an impact reduction
in marine eutrophication, whereas GIP performs worse than OPCaer

in agricultural land occupation, fossil depletion, ionizing radiation,
natural land transformation, ozone depletion, particulate matter
formation, photochemical oxidant formation, terrestrial acidifica-
tion, terrestrial ecotoxicity, and water depletion.

The midpoint results provide a detailed description of the direct
impacts generated by the production of GIP and OPCaer. However,
the results in Fig. 3 and Table 5 do not help to identify the environ-
mental tradeoff between the two construction materials. There-
fore, an aggregation to the endpoint can help to identify which of
the two options presents the highest environmental advantages.

Following the ReCiPe endpoint methods, three endpoint indi-
cators for damage assessment are identified: human health,
ecosystem, and resources, which are calculated from the aggrega-
tion of all the midpoint indicators. The comparative damage
assessment between GIP and OPCaer is shown in Fig. 4. Compared
with GIP, OPCaer has lower impacts in all categories, presenting
�91% in human health, �75% in ecosystem, and �27% in
resources.

Finally, it is useful to assess the contribution of each single pro-
cess to the final results, in order to identify possible environmental
hotspots. Fig. 5 and Table 6 show the contribution of each process
to the final endpoint results. In Fig. 5, the first column on the left



Table 5
LCIA midpoint results.

Impact category Unit GIP OPCaer

Agricultural land occupation m2a 1.18 0.509
Climate change kg CO2-eq 35 12.5
Fossil depletion kg oil-eq 3.86 1.78
Freshwater ecotoxicity kg 1.4-DB-eq �0.546 0.233
Freshwater eutrophication kg P-eq �0.031 0.001
Human toxicity kg 1.4-DB-eq �1270 2.05
Ionizing radiation kg U235-eq 3.17 1.48
Marine ecotoxicity kg 1.4-DB-eq �0.78 0.195
Marine eutrophication kg N-eq 0.001 0.003
Metal depletion kg Fe-eq �2.6 0.463
Natural land transformation m2 0.016 0.001
Ozone depletion kg CFC-11-eq 3.18 � 10�6 7.28 � 10�7

Particulate matter formation kg PM10-eq 4.02 0.011
Photochemical oxidant formation kg NMVOC 1.65 0.023
Terrestrial acidification kg SO2-eq 20.1 0.025
Terrestrial ecotoxicity kg 1.4-DB-eq 0.002 0.001
Urban land occupation m2a �0.306 0.058
Water depletion m3 1300 21.3

Fig. 3. LCIA midpoint results for GIP and OPCaer. CFC-11: fluoro trichloro methane; NMVOC: non-methane volatile organic compound; 1.4-DB: 1.4 kg dichlorobenzene.

Fig. 4. LCIA endpoint results for GIP and OPCaer. DALY: disability adjusted of life years.
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represents the total for the OPCaer, while the rest of the columns on
the right represent the contribution of each single process to the
final impact for GIP.
In all three endpoint damages to human health, ecosystems,
and resources, the impact coming from the plasma fuming has
the highest value (1.09 � 10�3 disability adjusted of life years



Fig. 5. LCIA endpoint results and processes contributions to (a) human health (DALY), (b) ecosystem (species�a�1), and (c) resources ($). The final impact for GIP is the sum of
the contributions from each single process.
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(DALY), 3.89 � 10�7 species�a�1, and $0.502). Considering the dam-
ages to human health and ecosystems, most of the impacts come
from the electricity production and the direct emissions (CO2 and
SO2) released during the fuming. Regarding the damage to
resources, the main contributions for the plasma fuming come
from electricity and coal production.



Table 6
Process contribution analysis of endpoint results.

Strategy Inventory Human health (DALY) Ecosystem (species�a�1) Resources ($)

OPCaer 2.17 � 10�5 1.09 � 10�7 0.3271
GIP Electricity 1.47 � 10�5 7.31 � 10�8 0.22940

Coal 2.19 � 10�6 9.28 � 10�9 0.24711
Off-gas methane 3.55 � 10�6 1.90 � 10�8 0.02561
Direct emissions (CO2 and SO2) 1.07 � 10�3 2.88 � 10�7 0
Total in plasma fuming 1.09 � 10�3 3.89 � 10�7 0.502
Electricity 2.30 � 10�9 1.24 � 10�11 0.0000676
Water 7.78 � 10�9 2.95 � 10�11 0.0001607
Sodium hydroxide 8.69 � 10�6 2.78 � 10�8 0.1462
Sodium silicate 8.40 � 10�6 2.82 � 10�8 0.1648
Aluminum 8.00 � 10�7 2.59 � 10�9 0.01488
Total in inorganic polymerization 1.79 � 10�5 5.86 � 10�8 0.326
Transportation (fumed slag + metal oxide powder) 2.87 � 10�6 8.03 � 10�9 0.0503943
Avoided goethite landfilling �8.51 � 10�4 �1.10 � 10�8 �0.08709
Avoided natural zinc ore + transport �1.20 � 10�5 �1.37 � 10�8 �0.3404
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For alkali activation, the main contributor to damage to human
health is sodium hydroxide (8.69 � 10�6 DALY), while sodium sili-
cate is the main contributor to damage to ecosystems (2.82 � 10�8

species�a�1) and resources ($0.1648).
Regarding the damage to human health, the avoided landfilling

of goethite has a high avoided avoidance impact (�8.51 � 10�4

DALY), while the avoided mining and transportation of natural zinc
ores have an important negative contribution to damage to
resources ($�0.3404). In both cases, however, the avoided impacts
cannot offset the impacts caused by the plasma fuming and the
inorganic polymerization, and the final value of each endpoint
damage for the GIP result is positive (see Fig. 5). The transportation
of fumed slag and metal oxide powder has a relatively low impact
on human health (1%), ecosystems (2%), and resources (11%),
despite the long transportation distances that were assumed
(1500 km from Norway to Belgium). Finally, the avoided mining
of natural zinc ore and its transportation from Australia to Belgium
(5000 km), has a low effect on human health (�5%) and ecosystems
(�3%), but significantly lowers the final results for damage to
resources (�75%).
3.2. Result interpretation

The results of the LCA analysis presented above highlight the
advantages and environmental hotspots of goethite valorization
when producing GIP through plasma fuming and inorganic poly-
merization. The midpoint results showed that in some midpoint
categories, the GIP production process has a lower impact than
the equivalent OPCaer production, due to the avoided impacts of
goethite landfilling and natural zinc ores mining and transport.
However, in some other midpoint categories, the goethite valoriza-
tion presented higher impacts than the production of the equiva-
lent OPCaer. The endpoint results identified electricity and direct
emissions (CO2 and SO2) as the main environmental hotspots of
the GIP production process.

The electricity consumption in the plasma-fuming process is
one of the major contributors to the final impact of GIP, although
the electric mix used for the plasma fuming refers to the
Norwegian electric mix (which is nearly fossil fuel-free, with
96.8% based on hydropower). Therefore, electricity represents a
preeminent environmental hotspot of the whole valorization
process, especially if less environmentally clean electric sources
are used. In addition, a second major environmental concern is
represented by the direct emissions of CO2 and SO2 that, even if
they are below the legal thresholds, contribute significantly to
the final impact of GIP production. The avoided goethite landfilling
and mining and transportation of natural zinc ores lower the
overall impact of the GIP production process, but they cannot offset
the impacts caused by the plasma fuming and the inorganic
polymerization processes.

Considering that the thermal energy requirement and CO2 emis-
sions are two unavoidable components of the plasma-fuming pro-
cess, some reduction of the environmental impact can already be
achieved with higher energy efficiency and a more effective
exhausted fumes cleaning system (i.e., the use of scrubbers for
SO2). However, the most effective potential means to reduce the
environmental impact is identified in the better use of slag in the
inorganic polymerization process. The proposed recipe to make
GIP requires a high quantity of fumed slag to reach specific cemen-
titious properties. As a consequence, the high use of a fumed slag
attributes high environmental impacts to the GIP. As a side note,
whileOPCaer is awell-developed historicmaterial that contains only
24 wt% of binder (OPC), the analyzed GIP represents a new product
at its early development stage, containing 75 wt% of fumed slag as
the activated binder. Considering that OPC and fumed slag are the
main contributors to the final environmental impacts of OPCaer

and GIP, decreasing the content of fumed slag to a percentage that
is closer to that of OPC in the OPCaer can level down the differences
in the environmental impacts of the two materials.

To conclude: ① the use of clean electricity, ② a higher energy
efficiency, ③ a more effective control of the fumed gas emissions,
and ④ a reduced use of fumed slag through an increased efficiency
of the inorganic polymerization process are the key elements
toward the sustainability of goethite valorization.
4. Conclusions and future perspectives

Industrial goethite, a residue that occurs during the electrolytic
production of zinc, is today mostly landfilled in controlled tailing
ponds. However, goethite landfilling can pose several economic
and environmental disadvantages, due to the high cost of its
impounding and the risk of heavy metal leaching. Although
goethite contains a substantial amount of valuable metals, the cur-
rently available technology does not permit an economically con-
venient extraction of these metals. Therefore, industries are
currently looking for new technologies for goethite recycling and
metal recovery. The present study analyzes the environmental per-
formances of a newly developed strategy for sustainable industrial
goethite management that aims at the production of GIP that can
be used in construction applications. More specifically, this study
analyzes the environmental performances of insulating blocks
made of GIP compared with those of equivalent OPCaer that are cur-
rently available on the market. LCA methodology is used to evalu-
ate the environmental performances of the two products, using
ReCiPe 1.08 midpoint and endpoint as impact calculation methods.
Comparison of the environmental results for ReCiPe midpoint
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shows that the production of GIP, compared with the equivalent
OPCaer, can increase the environmental impacts in some of the con-
sidered categories, such as 2.8 times higher impact on global
warming. At the same time, GIP production presents negative val-
ues in many other midpoint categories, meaning that the avoided
impacts of goethite landfilling and natural zinc ore mining are
higher than the caused impacts of the GIP production. The three
endpoint damage indicators confirm the criticalities in the envi-
ronmental profile of GIP. OPCaer presented a lower value for all
endpoint indicators: human health (�91%), ecosystems (�75%),
and resources (�27%).

LCA is also useful for identifying the environmental hotspots in
the analyzed production system. Looking at the results for each
single process in GIP production, the analysis shows that plasma
fuming provides the main contribution for all three endpoint indi-
cators, especially due to its electricity consumption and the direct
emissions of the plasma-fuming plant. The production of the alkali
activators used during the inorganic polymerization also provides
an important contribution to all three endpoint indicators. Trans-
portation of the fumed slag and the metal oxide powder does not
have a significant negative effect on the final environmental per-
formance of GIP, whereas the avoided transportation of natural
zinc ore yields significant environmental credits to the goethite
recycling, especially regarding the endpoint indicator resources.

The LCA of GIP compared with OPCaer shows that the potential
environmental benefits of the proposed goethite recycling strategy
lie especially in the avoided impacts of goethite landfilling and
natural zinc ore production and transportation. However, these
do not offset the environmental costs of goethite fuming and
inorganic polymerization, resulting in an overall impact that is
significantly higher in some categories than that of traditional
OPCaer. To conclude, this study represents a first exercise in
analyzing the environmental hotspots in goethite recycling. Rather
than providing a definitive answer regarding the sustainability of
the process, the scope was to provide useful information to help
the involved parties take the correct actions toward the sustain-
ability of the process. Future strategies to lower the environmental
impact of GIP are identified as follows: ① increasing energy
efficiency during plasma fuming and ② making more efficient
use of the fumed slag during the inorganic polymerization; these
strategies can reduce the impact that is assigned to GIP by the
fuming process.

Optimizing the quantity of slag that is needed to reach the
required cementitious property appears to be the priority develop-
ment in order to lower the impacts from the plasma-fuming pro-
cess. It appears clear that the future development of GIP
technology must aim at increasing the cementitious properties of
the fumed slag. This goal can be achieved through the optimization
of the inorganic polymerization recipe used to activate the slag.
Reduction in the use of the fumed slag in GIP could also be
achieved by substituting the inert part of GIP (i.e., the fumed slag
that is not activated during the process) with materials that have
lower environmental impact (i.e., natural aggregates or slag from
other metallurgical processes).

These results can help the zinc-producing industries to strive
for goethite recycling while limiting the factors that hinder the
sustainability of the whole process.
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