This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

Article
pubs.acs.org/est

Cite This: Environ. Sci. Technol. 2019, 53, 9502−9511

Atmospheric Carbon Capture Performance of Legacy Iron and Steel
Waste
Huw Pullin,*,† Andrew W. Bray,‡ Ian T. Burke,‡ Duncan D. Muir,† Devin J. Sapsford,§
William M. Mayes,∥ and Phil Renforth⊥
†

School of Earth and Ocean Sciences, Cardiﬀ University, Cardiﬀ CF10 3AT, United Kingdom
School of Earth and Environment, University of Leeds, Leeds LS2 9JT, United Kingdom
§
School of Engineering, Cardiﬀ University, Cardiﬀ CF24 3AA, United Kingdom
∥
Department of Geography, Geology and Environment, University of Hull, Hull HU6 7RX, United Kingdom
⊥
School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom

Downloaded via UNIV OF HULL on January 30, 2020 at 12:01:28 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

‡

S Supporting Information
*

ABSTRACT: Legacy iron (Fe) and steel wastes have been
identiﬁed as a signiﬁcant source of silicate minerals, which can
undergo carbonation reactions and thus sequester carbon
dioxide (CO2). In reactor experiments, i.e., at elevated
temperatures, pressures, or CO2 concentrations, these wastes
have high silicate to carbonate conversion rates. However,
what is less understood is whether a more “passive” approach
to carbonation can work, i.e., whether a traditional slag
emplacement method (heaped and then buried) promotes or
hinders CO2 sequestration. In this paper, the results of
characterization of material retrieved from a ﬁrst of its kind
drilling program on a historical blast furnace slag heap at
Consett, U.K., are reported. The mineralogy of the slag
material was near uniform, consisting mainly of melilite group minerals with only minor amounts of carbonate minerals
detected. Further analysis established that total carbon levels were on average only 0.4% while average calcium (Ca) levels
exceeded 30%. It was calculated that only ∼3% of the CO2 sequestration potential of the >30 Mt slag heap has been utilized. It
is suggested that limited water and gas interaction and the mineralogy and particle size of the slag are the main factors that have
hindered carbonation reactions in the slag heap.

■

INTRODUCTION
In 2013, carbon dioxide concentrations in the atmosphere
exceeded 400 ppm, a signiﬁcant increase versus pre-Industrial
Revolution levels (280 ppm).1 This continuing anthropogenic
inﬂuence has an increasing likelihood of severe, pervasive, and
irreversible impacts for people and ecosystems.2 A Special
Report from the Intergovernmental Panel on Climate Change
(IPCC) in 2018,3 along with numerous scientiﬁc academies,4−6
suggests that greenhouse gas removal (GGR) from the
atmosphere is needed, coupled with an extensive reduction in
greenhouse gas emissions to negate the worst of these eﬀects.
The amount of CO2 removal is signiﬁcant, on the order of 100−
1000 billion tons (Gt) of CO2 this century. Various GGR
options have been proposed, including directly capturing
greenhouse gases from the atmosphere,7 biomass energy and
carbon capture and storage,8 and mineral carbonation.9 The
latter concept was ﬁrst proposed in the 1990s10,11 and mimics
natural weathering processes in which calcium or magnesium
(Mg) minerals are converted into carbonates.12 This idea was
extended to alkaline iron and steel slags in the following
decade,12−15 which also contain a signiﬁcant source of Ca and
© 2019 American Chemical Society

Mg silicates and oxides. The minerals in slags (e.g., larnite,
Ca2SiO4, and gehlenite, Ca2Al2SiO7) can react with atmospheric
CO2 that has dissolved into solution, the products of which are
thermodynamically stable.11,16,17
Ca 2SiO4(s) + 2H 2CO3(aq)
→ 2CaCO3(s) + 2H 2O(l) + SiO2(s)

(1)

Ca 2Al 2SiO7(s) + 2H 2CO3(aq)
→ 2CaCO3(s) + Al 2O3(s) + 2H 2O(l) + SiO2(s)

(2)

Ca 2SiO4(s) + 4H 2CO3(aq)
→ 2Ca(HCO3)2(aq) + 2H 2O(l) + SiO2(s)
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Table 1. Most Common Slag Mineral Phases Identiﬁed in
Iron and Steel Making Slagsa (from a literature review of 57
articles listed in the Supporting Information)

Ca 2Al 2SiO7(s) + 4H 2CO3(aq)
→ 2Ca(HCO3)2(aq) + Al 2O3(s) + 2H 2O(l) + SiO2(s)
(4)

name

In eqs 1 and 2, captured CO2 is precipitated as solid carbonate
minerals (“mineral carbonation”), e.g., calcite, or, if Mg is the
cation, hydrated magnesium carbonates.18 However, if the
saturation state with respect to the carbonate mineral is
insuﬃcient to induce precipitation, the captured CO2 can be
transported to the ocean in the form of dissolved carbonate
(CO32−) or, more commonly, bicarbonate (HCO3−) ions (eqs 3
and 4), where it increases ocean alkalinity (“enhanced
weathering”).19
World steel output exceeded 1600 Mt in 2017.20 In the EU,
steel production released ∼182 Mt of CO221 of greenhouse
gases,12,22 which equated to 4−5% of the EU’s total emissions.
However, it is estimated that 470−610 Mt of slag was
concurrently produced, which could negate some of these
CO2 emissions.23−25 Due to the reactive nature of some slag
phases, e.g., larnite,12 mineral CO2 sequestration is more rapid in
slags than in natural silicates, e.g., forsterite (Mg2SiO4); thus,
their utilization may incur lower energy consumption and
costs.26 Value can therefore be added to iron and steel slags that
are either landﬁlled or employed only for low-end applications
owing to their low technical performance (tendency to expand)
in construction applications.27
Slags are named from the furnace from which they are
generated,28 and there are three predominant forms: blast
furnace (BF) slag from the production of iron and basic oxygen
furnace (BOF) and electric arc furnace (EAF) slags, both of
which are from the production of steel. The mineralogy of these
slags depends on the raw minerals used, production methods,
and postprocessing practices,28,29 and iron and steelworks
carefully manipulate these factors to tailor the physical and
chemical characteristics of their products.30,31 More than 60
diﬀerent minerals have been identiﬁed in iron and steel making
slags, the most common of which are listed in Table 1 (for a full
version, see Table S1).
Of the slag carbonation studies that have been published, a
majority have focused on laboratory-based reactors at high
temperatures and/or pressures,32−34 short-term experiments
(typically hours),12,13,35 those with pure CO2 streams,36 or those
with material that was ﬁner than what was typically industrially
produced.35,37,38 Other industrial wastes that have been
investigated include maﬁc or ultramaﬁc mining wastes
(tailings),39−41 although tailings ponds, unlike slag heaps, are
rarely covered, and the material has a ﬁner grain size (due to the
milling of ores) than slags. A number of papers have addressed
the mineralogy of historical iron slags heaps, but these dealt with
small, archeological sites (19th Century or earlier).42−44
Diﬀerent engineering approaches have been proposed that
can achieve near complete carbon mineralization with alkaline
industrial residues, including slags, in well-mixed systems at
relatively low CO2 partial pressures and temperatures.45−47 This
study, however, assesses the mid- to long-term passive
carbonation processes occurring in a large, modern, emplaced
tip by analyzing material from a novel drilling program on such a
site and questions whether this waste emplacement method
limits the carbonation potential of the material. Weathering of
slag in a heap could oﬀer an approach with minimal engineering
or energy requirements. This investigation of a legacy waste

dicalcium silicate (β- and γphases)
gehlenite
tricalcium silicate
merwinite
quartz
åkermanite
calcium ferrite (including
srebrodolskite)
wüstite
magnetite or maghemite
periclase
RO phases (mixed oxides)
lime
calcium aluminum oxides
(including mayenite)
hematite
portlandite
calcite
a

formula
Silicates
Ca2SiO4

no. of
citations

cement
notation

45

C2S

Ca2Al2SiO7
Ca3SiO5
Ca3Mg(SiO4)2
SiO2
Ca2MgSi2O7
Oxides
Ca2Fe2O5/CaFe2O4

23
21
14
10
8

C2A2S
C3S
C3MS2
S
C2MS2

26

CF

FeO
Fe3O4/γ-Fe2O3
MgO
various solid
solutions
CaO
CaAl2O3/Ca3Al2O6/
Ca12Al14O33
Fe2O3
Hydroxides
Ca(OH)2
Carbonates
CaCO3

26
21
18
18

−
−
M
−

18
11

C
CA

9

−

20

CH

19

−

Phases may include cation substitution.

deposit oﬀers insight into the eﬀectiveness of carbon
sequestration of the lowest-cost approach.

■

MATERIALS AND METHODS
Study Site. The ﬁeld site was the former iron and steel works
at Consett, County Durham, U.K. (Figure 1). Iron and steel was
produced at the site from 1840 until the plant’s closure in 1980,
and a brief history of the site has been provided by Mayes et al.48
As with many other iron producers of that era,49 unwanted slag
was simply tipped adjacent to the works in large unlined heaps.
Following the plant’s closure, the heap was reproﬁled and
capped with topsoil. In September 2017, three boreholes were
drilled into the slag material by GeoSonic Drilling Ltd. (Alloa,
U.K.) (for site photographs, see Figure S1) across a 60 m
transect. Approximately 1050 kg of material was removed from
the heap, which equates to nearly a >90% recovery; i.e., most of
the sample was brought to the surface. The boreholes were
installed with well screening through the slag material in
accordance with BS ISO 5667-22 to allow for solution and gas
sampling. At the drilling site, the heap consisted of ∼0.5 m of
topsoil overlaying ∼21 m of slag material. Beneath the slag lay
∼0.2 m of a peat-like material, which was assumed to be the
original topsoil. Below this, other superﬁcial deposits consisted
of a glacial till of clay and sandstone gravel. The locality is
underlain by Carboniferous Lower Pennine Coal Measures, with
at least four inferred coal seams crossing the site that were
exploited in the past.50 One month after well installation, the
borehole water levels were recorded using a dipmeter (early
October 2017). Very little water was encountered in the wells,
with one borehole being dry. Pumping of the two wells that
contained water at low ﬂow rates (<1 L/min) caused the wells to
dry within minutes, indicating that there was little water within
9503
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Figure 1. Location map of the former Consett iron works site and borehole locations.

Figure 2. Typical slag diﬀractograms (from borehole 1) from depths of 5, 16, and 22.5 m, with assigned mineral phases. Key: M, melilite group minerals
(gehlenite and åkermanite); E, ettringite; Q, quartz; C, calcite; L, larnite; B, brownmillerite; T, thaumasite; J, jenite.

were logged, and samples were taken at consistent depth
intervals. The particle size distribution (PSD) was measured by
sieve analysis on bulk samples. Selected samples were
investigated by X-ray diﬀraction (XRD), X-ray ﬂuorescence
(XRF), acid digestion inductively coupled plasma-optical
emission spectroscopy (ICP-OES), total carbon (TC) and
total organic carbon (TOC) analysis, and scanning electron
microscopy−energy dispersive X-ray spectroscopy (SEM−
EDS) analysis. Sample analysis methods are detailed in section
S1 of the Supporting Information.

the surrounding material, i.e., no continuous water table. A Hach
HQ40D Multimeter was used to measure the pH of all
recovered waters. All waters were highly alkaline, being on
average pH 11.5. Gas monitoring of the wells using a Licor
LI820 analyzer during the same ﬁeld visit revealed that CO2
concentrations were ∼85 ppm, as compared to ∼403 ppm at the
surface.
Sample Preparation and Analysis. The three borehole
samples were kept within plastic sleeves in wooden drill-core
boxes under ambient laboratory conditions until they were
required (for photos of the recovered material, see Figure S2). In
the laboratory, the plastic sleeves were opened, the boreholes
9504
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Table 2. Average Elemental Concentrations (wt % ± SD) of Slag Samples, Presented with Average Compositional Data for U.S.
Slag Data from Proctor et al.54
Proctor et al.54 (mean wt % ± SD)
Na
Ca
Mg
Si
K
Fe
Al
Mn
S
Ba
Sr
Ti
Zn
P

BH 1

BH 2

BH 3

BF

BOF

EAF

0.43 ± 0.15
30 ± 2.4
1.3 ± 0.59
18 ± 3.5
0.30 ± 0.093
4.0 ± 5.6
5.3 ± 0.67
0.57 ± 0.30
1.1 ± 0.25
0.26 ± 0.23
0.13 ± 0.024
0.15 ± 0.014
0.0082 ± 0.0015
0.0057 ± 0.0040

0.40 ± 0.11
33 ± 3.7
1.9 ± 0.59
16 ± 1.8
0.26 ± 0.063
1.4 ± 2.0
5.8 ± 0.89
0.58 ± 0.24
1.1 ± 0.46
0.14 ± 0.045
0.16 ± 0.017
0.16 ± 0.022
0.0041 ± 0.0011
0.0029 ± 0.0018

0.38 ± 0.14
34 ± 4.8
1.9 ± 0.056
18 ± 2.1
0.26 ± 0.051
0.86 ± 0.48
6.3 ± 0.42
0.61 ± 0.084
1.5 ± 0.36
0.24 ± 0.12
0.16 ± 0.024
0.17 ± 0.016
0.0026 ± 0.00053
0.0046 ± 0.00070

NRa
27 ± 2.8
7.0 ± 0.93
17 ± 2.0
NRa
1.7 ± 3.0
4.1 ± 0.57
0.55 ± 0.48
1.0 ± 0.31
0.027 ± 0.0067
NRa
NDb
0.0020 ± 0.0037
0.022 ± 0.032

NRa
28 ± 4.1
5.5 ± 1.1
6.0 ± 2.1
NRa
18 ± 4.0
2.4 ± 3.0
3.3 ± 1.2
0.11 ± 0.11
0.0075 ± 0.0062
NRa
0.00072 ± 0.00057
0.0046 ± 0.0039
0.32 ± 0.13

NRa
25 ± 3.0
5.4 ± 1.7
7.5 ± 2.6
NRa
19 ± 6.5
3.5 ± 1.2
3.9 ± 0.77
0.19 ± 0.071
0.056 ± 0.029
NRa
0.0011 ± 0.00075
0.017 ± 0.015
0.18 ± 0.094

a

Not recorded. bNot detected.

Figure 3. (A) Low-resolution backscatter electron image and (B) false color merged Ca−SiO−S−Al−C SEM−EDS map showing the alteration rind
present in a sample recovered from BH 1 (depth of 16 m). (C) High-resolution backscatter electron image showing the development of porosity at the
inner alteration front. (D) High-resolution backscatter electron image showing fabric variation in three precipitated phases present in the altered layer.
The positions of images C and D are shown as white squares in panel A. The red squares in panels C and D show locations representative of distinct
compositions found in EDS spot analysis (Table S6).

■

can be generally characterized as “Ca silicate-rich”, dominated
by melilite group minerals [gehlenite (Ca2Al2SiO7) and
åkermanite (Ca2MgSi2O7)]. These have been observed to be
the ﬁrst slag phases that crystallize.51 Minor mineral phases that
were identiﬁed included larnite and brownmillerite
[Ca2(AlFe)2O5] and minor secondary phases of calcite
(CaCO3), jennite [Ca9Si6O18(OH)6·8H2O], and ettringite

RESULTS AND DISCUSSION
Slag Composition. XRD analysis of the samples revealed
many overlapping spectra (Figure 2), indicating that there were
a number of identiﬁable crystalline phases present in the slag
material.28
Of note, little variance was observed within the slag heap (for
additional diﬀractograms, see Figure S3), and the slag material
9505
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[Ca6Al2(SO4)3(OH)12·26H2O]. Quartz (SiO2) would not have
precipitated from the slag itself and is most likely present from
soil or sediment mixing. The presence of calcite indicates that
some carbonation reactions have occurred after the slag was
created, but it is not possible to state when these reactions took
place, before or after burial. Fayalite (Fe2SiO4) was also
encountered, immediately beneath the surface, close to the
position of the former works in borehole 3 (see Figure 1). Due to
its location, this was considered unutilized slag conditioner52,53
that had been buried after the steelworks had closed.
The most abundant elements in the slag material, identiﬁed
using acid digestion and ICP-OES, were Ca, at an average
concentration of 33 wt %, and Si, at 18 wt % (see Table 2 for total
extraction ICP-OES data and Table S4).
Due to the low Mg concentrations, it is probable that
gehlenite, rather than åkermanite, is the predominant melilite
phase and that lime/calcitic limestone (CaCO3) was used as a
ﬂux, rather than dolomitic limestone55 [the Consett Iron
Company purchased some quarries at Stanhope in 1842 to
supply limestone for the works50 (now closed), which were
located in the Great Limestone Member of the Alston
Formation of Carboniferous Age].
Matching the lack of variation in the mineralogical
composition, the elemental composition of the material was
also relatively homogeneous (see Figures S4 and S5). Diﬀerences in elemental concentrations are apparent between the
ICP-OES and XRF data, most notably with Ca, Si, and Fe.
Considering the analysis of Ca, for example, in the STSD-1
calibration standard material, the XRF instrument (Table S2)
“read high” (+9.6%), possibly due to matrix eﬀects that are
common with slags,56 while the ICP-OES instrument (Table
S4) “read low” (−2.7%), possibly due to incomplete digestion of
the mineral sample. These variances can account for the
diﬀerences in reported concentrations between the two methods
employed, although the ICP-OES data were determined to be
more accurate than the XRF data (section S1 of the Supporting
Information).
The borehole locations are close to the site of the former iron
works (Figure 1),57 which employed blast furnaces to liberate
iron from the ore.48,50 This fact, along with the high Ca and Si
content and the relatively high S and low metal (Fe, Mn, and V)
content, points to the material being BF slag (Table 2). BF slags
are produced when iron ore is reduced with C. This leads to
enrichment of the slag with S and the reduction of metals in the
molten iron.14,23,28,54,58,59 The primary minerals (i.e., melilite
phases, larnite, brownmillerite, and quartz) are also consistent
with air-cooled BF slag compositions.51,58 The presence of
several hydrated phases {e.g., ettringite and thaumasite [Ca3Si(OH)6(CO3)(SO4)·12H2O]} and calcite is also consistent with
partial hydration and carbonation of the BF slag since
production.
Electron microscopy imaging revealed an interlocking matrix
of slag phases, and SEM−EDS analysis (Figure S6 and Table S5)
produced compositions that roughly match those of minerals
already identiﬁed by XRD (although due to overlapping phases
in the samples, “pure” examples of the minerals were not
identiﬁed). Elemental maps of this sample are presented in
Figure S7.
Generally, samples had experienced little carbonation. There
was, however, considerable variation in the extent of alteration
rinds observed between samples, which varied in thickness from
0 to 5 mm. In one sample, three separate regions could be
observed (Figure 3 and Table S6), consisting of a core region

containing primary slag phases; a Ca-, Si-, and S-depleted inner
alteration layer where the most reactive phases (e.g., larnite and
an unidentiﬁed Ca−S phase) were absent; and an outer layer
composed of secondary phases [e.g., ettringite, thaumasite, and
calcium-silicate-hydrate (CSH)] that were also found in vesicles
and cracks. The altered region appears darker in the BSE images,
indicating a lower average density of the materials found in this
layer. In high-resolution images (Figure 3C), the darker areas in
the top left of the image represent pore spaces in the sample that
are absent in the core region. The boundary between the core
and inner layer may represent a hydration front marking the
limit of diﬀusion of water into the samples. The outer boundary
between the inner and outer layers may represent the original
slag surface that has now been coated with secondary
precipitates.
Carbon Budget and Storage Potential. A CO2 capture
potential can be calculated for the slag material and the total
heap on the basis of the assumption that (a) the slag undergoes
further carbonation until all amenable elements are expended
and (b) all of the C is ﬁxed from inorganic sources, i.e., from
atmospheric/dissolved CO2. Previous studies have highlighted
the prevalence of atmospheric carbon sources over lithogenic
sources in “oﬀ-site” secondary carbonate deposits at this site.48
From previous work, it was inferred that the slag heap at
Consett is approximately 16 Mm3 in volume.48 A dry bulk
density value of 1.79 g/cm3 was determined from analysis of 20
samples, which equates to 29 Mt of emplaced slag at the study
site. Carbon dioxide capture potentials by both direct
carbonation (Cpot) and enhanced weathering (Epot) were
calculated from the ICP-OES data, using a modiﬁed version of
the Steinour formula (eqs 5 and 6).25
Cpot =

MCO2 ijj CaO
P2O5 yzz
MgO
SO2
jjα
zz
+
β
+
γ
+
δ
100 jj MCaO
MMgO
MSO2
M P2O5 zz
k
{

× 103

Epot =

(5)

MCO2 ijj CaO
MgO
Na O
K O
jjα
+β
+ε 2 +θ 2
j
100 j MCaO
MMgO
MNa 2O
M K 2O
k
P O yz
SO2
+γ
+ δ 2 5 zzzz × 103η
MSO2
M P2O5 z
(6)
{

where CaO, MgO, SO3, P2O5, Na2O, and K2O are the elemental
concentrations of Ca, Mg, S, P, Na, and K expressed as oxides,
respectively, and Mx is the molecular mass of those oxides.
Coeﬃcients α, β, γ, δ, ε, and θ consider the relative contribution
of each oxide. η is the molar ratio of CO2 to the divalent cation
sequestered during enhanced weathering (see below).
For direct carbonation, the molar ratio of the divalent cation
to atmospheric CO2 is 1 (eqs 1 and 2). Enhanced weathering
(eqs 3 and 4) has the capacity to take up two CO2 molecules
from the atmosphere, i.e., a doubling of the molar ratio of the
divalent cation to atmospheric CO2 over that of direct
carbonation. In this scenario, the carbonate formed in solution
does not precipitate but through aqueous transport reaches the
ocean. However, the distribution of carbonate in the ocean is
determined by carbonate equilibrium reactions, e.g., eq 7:
H+ + HCO3−(aq) ⇆ 2H+ + CO32 −(aq)
⇆ CO2(g) + H 2O(l)
9506
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This reaction quickly ﬁnds equilibrium, and as such, an
increase in the amount of bicarbonate from enhanced
weathering will ultimately promote the degassing of some
CO2 from the seawater. Due to this degassing, a more realistic
molar ratio of CO2 to divalent cations for enhanced weathering
is between 1.4 and 1.7.19
Assuming that the samples are representative of heap material
across the site, an average fully carbonated slag sample would
have a carbon concentration of 11.7%. From TC and TOC
analysis, it was determined that there was no organic carbon and
that the average TC concentration of the slag was 0.42%
(±1.0%) (see Figure S5 for sample C concentrations). This
equates to 3.6% of the TC capture potential having been
expended (with a variance of 0−12.1%).
Table 3 suggests that the CO2 capture potential for the slag
material is far from fully realized. Mayes et al.48 estimated that

compared to neutral or acidic conditions. Even minerals that are
reactive under ambient weathering conditions (e.g., larnite,70
identiﬁed as a minor slag phase at Consett) have moderate
dissolution rates at high pH.
CaS phases are commonly found in blast furnace slags,58
occurring as inclusions in melilites. A Ca- and S-containing
compound was identiﬁed in the slag by SEM−EDS [“CaS”
phase (Table S6)]. No crystalline CaS phases (e.g., oldhamite)
were detected by XRD; therefore, this may be amorphous CaS,
which has been previously reported to occur in BF slag.71 This
phase represents a potential source of leachable sulfate in the
slag, which may explain the precipitation of very low solubility,
hydrated calcium-(Al, Si)-sulfate phases (e.g., ettringite and
thaumasite,38,72 shown in Figures 2 and 3). These phases
provided a sink for Ca2+ ions that otherwise could have been
utilized in carbonation reactions16 (i.e., the Ca:CO3 ratio in ideal
thaumasite is 3:1, as compared to 1:1 in calcite). These lowsolubility phases, as well as phases such as calcite (also observed
in Figure 2), can hinder dissolution by pore clogging and/or
surface coating,12,22,26,34 which limits the access of ﬂuid to the
mineral surface.73 Due to their formation, further weathering
becomes controlled by the dissolution−reprecipitation of these
secondary phases at interfacial surfaces70,74,75 rather than
dissolution of primary slag silicates in particle cores, a process
that inﬂuences natural silicate weathering.73 Our observations
from within the Consett slag heap suggest that primary mineral
dissolution and secondary mineral precipitation likely play a
substantial limiting role in slag carbonation potential, although
with limited sampling, it is not possible to quantify the inﬂuence
or extent of this phenomenon in the Consett heap.
With regard to physical properties, averaged particle size
distribution curves for the three boreholes are presented in
Figure S8. The size of particles inﬂuences both the reactive
surface area and the transport of reactants (gas and dissolved
gas) and so has an important inﬂuence on the dissolution
behavior of a slag heap.12,63,72,76 A comparison here can be
drawn with mineral heap leaching. Experimental evidence
suggests that leaching of large particles (12−25 mm) occurs only
at the surface and in subsurface regions that can be accessed
from the surface by cracks and pores.77 This leads to a trade-oﬀ
between expending energy crushing material and the slow rate
and limited extent of leaching large particles. In the samples
recovered from Consett, ∼80% of the material was >4 mm in
diameter and >50% of the material >10 mm in diameter, which
constrains a considerable fraction of the Ca2+ ions as unavailable
for carbonation. When considering <150 μm slags38,64,65 in
“active” reactor studies did not reach full carbonation, the
material at the Consett site was far from ideal for complete
conversion to carbonates under atmospheric conditions.
Slag Emplacement Conditions. On a return visit to the study
site in September 2017, CO2 concentrations in the three
boreholes were low (∼85 ppm) relative to ambient CO2
concentrations (∼403 ppm). It is probable that CO2 recharge
is currently limiting, being slower than the rate of CO2
consumption via aqueous dissolution or mineral incorporation.
Stewart et al.75 reported that when slag weathers with limited
CO2, secondary hydrated phases (e.g., CSH) are formed at
mineral edges. These were observed via SEM analysis (Figure
3), supporting the idea that CO2 is limited in the slag heap.
Even in the presence of CO2, experimental studies have shown
that water plays a key role in carbonation.78 Direct dry Ca/Mgsilicate carbonation was shown to be insigniﬁcant, even at
elevated pressures,79 and the carbonation eﬃciencies of slag

Table 3. Calculated CO2 Capture Potentials Using a
Modiﬁcation of the Steinour Equation for Material from the
Consett Slag Heap Based on Total Carbonation of Amenable
Ions
CO2 capture potential/kg of
slag (kg of CO2/t)
direct
carbonation
enhanced
weathering

total heap CO2
capture potential (Mt)

Cpot

296−337

8.5−9.7

Epot
1.4
Epot
1.7

422−481

12.1−13.8

513−584

14.7−16.7

∼8.5 t of Ca is leached from the heap every year, which equates
to ∼850 t since the steelworks began producing slag, which in
turn suggests that 1176−1428 t of CO2 has been captured. The
current work suggests that there is a capture potential of 8.5−9.7
Mt of CO2 in the Consett heap via direct carbonation and 12.1−
16.7 Mt of CO2 via enhanced weathering, and as such, the heap
represents a very large, underutilized carbon sink.
Limits on Carbonation. Physical and Chemical Properties of the Slag. While the total elemental composition of a
material provides a theoretical upper limit on carbon
sequestration potential, the inﬂuences of slag mineralogy also
need to be considered to determine if this limit is achievable.
Mineral carbonation is controlled by the availability of Ca and
CO2 to form carbonate or bicarbonate complexes and
precipitates.48 As such, diﬀusion-limited transport of Ca ions
from the interior dissolution front (leading to a silica-enriched
region, as seen in Figure 3) to the exterior ﬂuid−solid interface is
crucial.60 Therefore, mineralogy plays a major role in
carbonation reactions,12,26,36,38 as it controls dissolution,61,62
and mineral dissolution has been reported as the rate-limiting
step.12,63
At Consett, melilites were identiﬁed as the major mineral
phase (Figure 2). Baciocchi et al.64 and others65 have observed
the unreactive nature of melilites, which did not signiﬁcantly
react in a 24 h carbonation experiment, even a ﬁne fraction
(<150 μm), at elevated temperatures (>70 °C) with pure CO2
streams. This infers that reaching the full sequestration potential
of the heap is unfeasible due to Ca2+ residing in slow-reacting
minerals. The emplacement conditions of the slag further hinder
sequestration. Hydrolysis of slag minerals leads to the formation
of hydroxyl (OH−) ions,66 which are responsible for the elevated
pH (11.5) in the heap. Under such alkaline conditions, the
dissolution rate of slag minerals, including melilites, is slow,67−69
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material improved with an increase in liquid:solid ratios63,80−82
(as well as an increase in the concentration of dissolved CO2).12
Water levels were low or dry in the boreholes during the site visit
in early October, despite Consett having a Köppen climate
classiﬁcation of “oceanic” (>800 mm of rain annually), and
September being on average one of the wettest months of the
year.83 Unfortunately, the moisture content of the recovered
drill core material could be not be assessed as water was used as a
drilling ﬂuid, but a resistivity survey conducted by Mayes et al.48
indicated that the groundwater distribution in the slag heap is
heterogeneous and that solute-rich waters are likely to be
present in some areas. This highlights a limitation of this study
and the fact that some assumptions have had to be made due to
sampling locations. However, in the area sampled, water (and
CO2) ingress appears to be restricted due to capping of the slag
with a clayey topsoil, reducing water/gas ingress, and therefore
preventing the carbonation of the slag material. It is also possible
that weathering has caused localized expansion in slag volume,84
reducing porosity and limiting water and CO2 ingress, but this is
purely speculative.
Further to the west of the study site, the Howden Burn stream
emerges from the toe of the slag heap (see Figure 1). This water
course had become buried as the heap was expanded in the late
19th Century. A long-term (∼40 year) study of these waters
reported that they continue to be highly alkaline and loaded with
metals,48,85 which is consistent with observations made during
SEM analysis. The secondary phases, e.g., CSH, observed in
Figure 3 were relatively Ca-rich [Ca:Si ratio of >2 (see Table
S6)] and are predicted to equilibrate with water to produce
leachates with high pH and Ca concentrations and low Si
concentrations.86 Again, this is based on limited sample analysis
and may not be representative of the entire heap. However, the
alkaline drainage waters indicate that dissolution is occurring
where water interacts with the slag.70,87 Carbon sequestration
reactions have been reported to occur within the lower reaches
of the Howden Burn where atmospheric CO2 has reacted with
the emergent drainage waters to precipitate carbonate as calcite
pans.48,85 However, these deposits represent a very small CO2
capture percentage when considering the large volume of silicate
minerals remaining in the slag heap.48
Implications. While managed, engineered approaches have
reported impressive results in the conversion of silicate mineral
wastes to carbonates,12,15,22 here we have shown that a passive
approach has led to very limited mineral carbonation. The
mineralogy, particle size, and emplacement conditions of the
slag are identiﬁed as factors limiting carbonation. When the CO2
sequestration potential of a slag heap is determined using a ﬁnite
number of boreholes, assumptions must be made about the
physical and chemical characteristics of the material. However,
the lateral homogeneity and horizontal homogeneity of samples
within the 60 m transect (see Figures S3 and S4) provide a good
level of conﬁdence in the extrapolations that have been made in
this study.
While there is extensive evidence of atmospheric CO2
sequestration at the site and high extents of reaction have
been reported from controlled well-mixed experiments,45−47
this study highlights the importance of developing slag
management practices if carbon draw-down is to be optimized.
The chemical composition of slags is dependent upon both the
raw materials used and the iron and steel making process,68,88,89
but these slags can be manipulated postfurnace to enhance CO2
sequestration properties. For example, if immediately quenched,
tricalcium silicates, e.g., merwinite [Ca3Mg(SiO4)2], rather than

melilites would be the dominant mineralogical phase of BF
slag.58,90 Tricalcium silicates are more suited to carbonation as
they are more amenable to dissolution than either gehlenite or
åkermanite67 and are easily hydrated.91 In addition, rapid
quenching can produce a granular92,93 slag with a larger surface
area (and hence greater reactivity). Therefore, fast quenched BF
slag will carbonate more rapidly and to a greater extent than aircooled, crystalline BF slags. However, when rapidly cooled,
ground, granulated blast furnace slag has a high value in the
modern economy as a partial replacement for Portland cement
in concrete production,94,95 which also displaces CO2 emissions
from cement clinker manufacturing.92,96 An alternative could be
to target BOF and EAF (rather than BF) slags for carbon
sequestration, which are dominated by more reactive silicates
than melilites, including merwinite and larnite,28,97 and are more
likely at present to be landﬁlled than BF slag.90,98
When considering emplacement of the slag material, creating
shallower piles without topsoil cover would aid water and gas
movement and management (e.g., similar to windrow oxidation
of organic wastes).99,100 Water is especially important, acting as
both a reactant (when carrying dissolved CO2 or promoting
hydration/dissolution reactions) and a transport medium. More
rapid ﬂushing rates could prevent the formation of poorly
soluble surface layers as observed in this work (Figure 3), by
preventing the supersaturation of precipitating phases at mineral
surfaces.73 Preventing precipitation would also promote
bicarbonate over carbonate formation, thus sequestering a
greater ratio of CO2 to Ca2+.19 In addition, active management
of water in the heap not only may accelerate carbonation
reactions but also could aid in the management of alkaline
leachates that slag heaps produce, which can last decades.101,102
It is noted that treatment (excavation, comminution, and
reproﬁling) of any legacy heap near urban areas may be diﬃcult
and/or unwelcome due to the aesthetics of such an industrial
artifact and the established afteruses on the surface (e.g., the
residential and commercial developments and established
parkland on the Consett heap). However, the careful production
and treatment of the 420−610 Mt of slag produced
annually23−25 to generate “CO2 amenable” material could oﬀset
some of the industry’s considerable CO2 footprint and aid in
future removal of global greenhouse gas from the atmosphere.
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