Supplementary materials

S1 Particle size distributions of the starting raw materials.

Optical parameters for PC were n = 1.73 and k = 0.1. For the NFM slag the refractive index was
determined as 1.72 using the Gladstone-Dale model with values as tabulated by Young and Finn [1],
and the imaginary coefficient k was taken similar to PC (0.1) as this did not yield an overly large fraction
of submicron particles and thereby deemed acceptable. The resulting particle size distributions are
shown in figure Sf1.
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Figure Sf1 differential and cumulative particle size distribution of the raw materials.

S2: Description of the Quantitative X-ray diffraction strategy and crystal structures.

For the anhydrous Portland cement quantification a 5™ order Chebychev function combined with a
1/x term was used in order to fit any X-ray amorphous phases. On the other hand the amorphous part
of the slag was fitted using an Pawley phase (‘hkl_Is’ in Topas). This Pawley phase was later used in
the “partial or no known crystal structure” (PONKCS) method [2] in order to determine the residual
unreacted slag content of the hydrated cement blends. The procedure was similar to that used and
described by Li et al. [3] for the quantification of amorphous siliceous fly ash in hydrated blended
cements. As background a zero-order Chebychev function was used combined with a 1/x term. The
calcium-silicate-hydrate (C-S-H) structure was modelled using 4 reflections based on a 7-year old white
cement, as described by Li et al. [3]. Additionally, the position, intensity and crystallite size of the major
reflection at a d-spacing of 3.03 A (originally) was refined based on the patterns of each blended
cement at 150 days in order to get a profile that is more representative of the C-(A)-S-H structure in
those blends. The result obtained using this refined C-(A)-S-H structure is reported in the main text.
Both the results based on the original C-S-H structure of 7-year old white cement and the refined
structure described before are reported and discussed below in the supplementary materials S5.
Finally, the main reflection due to the unidentified phase discussed in the main text, was accounted
for using a single peak (‘d_lIs’ in Topas) with constrained Lorentzian crystallite size peak broadening at
the relevant d-spacing (7.4 £ 0.05). This does not account for any other peaks present corresponding
to this phase and will thus lead to a certain error which at this point cannot be accounted for.

Table St1: Crystal structures used in the Rietveld analysis.

| Phase | Reference




CsS M3 (4]

CsS M1 [5]

C.S-B (6]

C.S-a’ [7]

CsA cubic [8]

CsA orthorhombic [9]

CsA monoclinic [10]

C.AF [11]
Anhydrite ICDD-371496
Bassanite ICDD-410224
Gypsum ICDD-360432
Calcite ICDD-50586
Dolomite ICDD-360426
Quartz ICDD-331161
Periclase ICDD-450948
Syngenite ICDD-280739
Aphthitalite ICDD-200928
Lime ICDD-371497
Portlandite [12]
Ettringite [13]
Hemicarboaluminate [14]
Carbonated hemicarboaluminate [14]
Monocarboaluminate [15]
Hydrotalcite Mg/Al = 2 [16]
Siliceous hydrogarnet [17]
Calcium-Silicate-Hydrate [3]

S3: The composition of the solution and the parameters of the selective dissolution procedure.

Table St2: Parameters for the selective dissolution procedure.

Solution Volume ratio
0.05 M 2Na-EDTA, 0.1 M NaOH mixture 10
H,0 10
1:1 TEA:H,0 mixture 1
1 M NaOH 2.5

Parameters

Weight powder 0.25g
Volume solution 293.75 ml (1175 ml/g)
Time 30 min
Stirring rate 200 rpm
Washing liquids H,0, ethanol
Pre- & post-drying T (overnight) 40 °C

S4: Discussion on the impact of different assumptions of the selective dissolution procedure.

The assumption (2) that crystalline slag phases don’t react was confirmed by QXRD, where their
content remained constant over time. Moreover, XRD on the residue after the selective dissolution




procedure of the blended cement with 70 wt% slag after 150 days hydration (fig. Sf2) showed that
there was no significant dissolution of the crystalline phases in the selective dissolution solution.

Assumption (3), that all Mg of the slag leads to the formation of MgsAl,(OH)14(CO:s), is a simplified view
especially in these materials. The effect of different Mg/Al-ratios and different anions has been
discussed in detail by Lumley et al.[18]. Additionally, it is known that Fe can substitute for Al in
hydrotalcite [19], which may affect the calculation as well as the molar weight will change.
Additionally, while hydrotalcite is typically expected to remain in the residue, no clear reflection due
to this phase was observed in the residue of cement paste with 70 wt% slag at 150 days hydration (fig.
Sf2). Only a small reflection due to another phase which was also present in the blended cement
pastes could be observed, although with a much lower intensity than before the selective dissolution
procedure. As discussed later, the full nature of this phase remains unclear at this point. Hence as this
phase forms to a higher extent at later ages, this leads to further uncertainty of the reaction degree
with higher replacement levels, especially at later ages. Neglecting this assumption, and thus assuming
no hydrotalcite-like phase remains in the solution, yields a decrease of the reaction degree < 1 %
absolute.

Assumption (4), i.e. that the unreacted NFM slag dissolves in the same way as the original, non-
blended slag, during the selective dissolution can lead to about 7-10 % absolute increase in reaction
degree if the related correction is disregarded. In reality it is likely that the most reactive part of the
slag has already dissolved in the hydrated blends, especially at later ages, and thus the degree of
reaction could be underestimated. Moreover, at early ages this assumption may affect the lower
replacement levels more significantly, as the results from QXRD (fig 4 in the main text, table St 3) seem
to indicate a higher reaction degree at 8 days for lower replacement levels. Hence as the most reactive
part of the slag, in particular the smallest particles, already reacted for the lower replacement levels,
it may dissolve less during the selective dissolution procedure and thus lead to more negative reaction
degrees.
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Figure Sf2: Diffraction pattern of the blended cement with 70 wt% slag hydrated for 150 days after
selective dissolution with a NaOH-EDTA-TEA solution. The dotted line indicates the original position of
the reflection due to a méssbauerite-like LDH in the blended cement paste before selective dissolution.
The reflection around 16.9 ° 20 CuKa originates from the polycarbonate filter, the other strong
reflections are due to the crystalline phases of the slag.



S5: Quantitative XRD results with different C-(A)-S-H structures and discussion of their effect on
the slag reaction degree.

The reaction degree of the slag was also determined from QXRD using the PONKCS method (table St3).
Whenever the C-(A)-S-H peak at d = 3.03 A was adapted based on the diffraction pattern of each
blended cement at 150 days, in order to account for the difference in C-(A)-S-H structure, there is a
certain decrease in the reaction degree. As there was a clear misfit at later ages and higher
replacement levels if this adaption was not used, the use of the adapted C-(A)-S-H peak most likely
yields more accurate results. On the other hand, the significant overlap of the C-(A)-S-H structure and
the amorphous part of the slag could also lead to parameter correlations which would reduce the
accuracy. Hence here both the results of Rietveld analysis without and with the peak refinement are
reported in table 4 as “CSH white cement” and “CSH blended cement” respectively in order to indicate
a range of expected reaction degrees. At early age the C-(A)-S-H structure is expected to be more
similar to that in the white cement aged for 7 years and the results from this refinement are more
reasonable. On the other hand at later age the refined C-(A)-S-H structure should be more correct.
However it should be noted that a small misfit could still be observed as a refinement of all the peaks
of the C-(A)-S-H structure was not feasible due to clear parameter correlations with the Pawley phase
used for the amorphous part of the slag. In all cases the effect of the type of C-(A)-S-H structure on
the degree of hydration of the clinker phases is limited (< 5%), with the exception of C,S which is
always difficult to quantify due to extensive overlap with other phases. For the reaction degree of the
slag, there is a systematic decrease of 5 to 10% in reaction degree when the C-(A)-S-H structure is
refined on the hydrated blended cements at 150 days.

Table St3: Reaction degrees determined by selective dissolution (5.D.) and QXRD, using a C-S-H
background structure based on 7-year old white cement [3] and after refinement of this structure
using the diffractogram of blended cements after 150 days hydration.

CSH white cement 7 years CSH blended cement 150 days S.D.2
CGS GCS GA® CAF Am. Tot. | CsS CS GCA° C,AF Am. Tot. | Slag
Slag Slag® Slag Slag®
Slag Time DoH¢ DoH¢ DoH
(wt %) (days) (%) (%) (%)
Est. Error (%) | 5 10 10 15 10 | 15 10 10 15 +10
[20]
2 78 31 43 9 - - - - - - - - -
8 87 35 63 24 - - - - - - - - -
0 28 90 44 75 34 - - - - - - - - -
91 94 63 81 47 - - - - - - - - -
150 93 64 81 49 - - - - - - - - -
2 79 34 51 10 5 3 80 33 52 10 -7 -7.0 | nd.
8 95 37 77 34 14 10 94 36 80 33 4 1 -7.3
30 28 96 55 91 45 22 17 96 54 90 44 16 12 6.0
91 97 62 89 49 29 22 97 61 90 48 20 15 | 17.8
150 97 71 91 55 40 33 97 70 90 54 32 25 | 23.2
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25
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51
86
90
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92

55
92
100
100
95

9
35
52
54
57

10
24
55
65
68

n.d.
-1.6
9.0

19.1
25.1

n.d.
0.4
8.9
194
23.4

2 based on the selective dissolution procedure with an NaOH-EDTA-TEA solution.
b C3A was not always clearly visible at late ages (> 28 day), making accurate quantification difficult and likely

causes the decrease in DoH at 150 days.

¢ Total slag content is calculated as the sum of the quantities of amorphous slag content, wistite and
magnetite obtained from the Rietveld analysis.
4 DoH = degree of hydration.

S6: Figure showing the Fe/Ca vs Si/Ca molar ratio in the inner product obtained by SEM-EDX using

point analysis.

Figure Sf3: Fe/Ca vs Si/Ca atomic ratios obtained by SEM-EDX using point analysis, selecting points in
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the inner product of the cement pastes with different replacement of PC by NFM slag after 91 days of
hydration.



S7: Figure showing the Fe/Ca vs Si/Ca molar ratio in the inner product obtained by SEM-EDX using

point analysis.
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Figure Sf4: : Mg/Si vs Al/Si atomic ratios obtained by SEM-EDX using point analysis on points in the
binder of the blended cement paste with 70 wt% slag.

S8: Table of the pore solution concentrations

Table St4: Concentrations of main elements in the pore solution of neat PC and cement blended with

NFM slag.

Slag  Time Na K Ca Al Si S Fe OH?® pH CB.EP

(wt%) (days) (mmol/l) (-) (%)
2 141° 305°¢ 3.7 0.08 0.22 6.8 n.d. 471 13.6 -7
8 206 389 4.2 0.09 0.26 11 n.d. 468 13.6 19

0 28 233 424 1.9 0.13 0.34 11 nd. nd¢ nd@ n.d.
91 243¢ 403°¢ 3.1 0.16 0.21 26°¢ 0.007 n.d.? n.d¢ n.d.
2 109 206 4.6 0.07 0.14 1.2 n.d. 301 13.4 6
8 176° 253¢ 4.5 0.07 0.13 2.3 n.d. 420 13.6 3

30 28 302¢ 316° 7.5 0.09 0.26 5.0 n.d. 432 13.6 30
91 285°¢ 241°¢ 2.6 0.22° 0.22 12 0.012 425 136 9
2 98¢ 161°¢ 6.5 0.06 0.18 0.94 n.d. 217 133 19
8 156 176 5.0 0.09 0.12 1.0 n.d. 322 135 5

50 28 232 182 2.5 0.24 0.17 1.9 n.d. 308 13.4 23
91 268°¢ 151°¢ 2.0 0.44° 0.25 6.3 0.010 330 134 15
2 66 91 9.8 0.03 0.06 0.32 n.d. 161 13.2 7
8 119 109 5.1 0.11 0.09 0.33 n.d. 211 133 6

70 28 266°¢ 284¢ 3.5 0.14 0.20 6.1 n.d. 402 13.6 26
91 236° 88° 1.3 0.84° 0.44 6.0 0.007 264 134 13
D.L® le? le? 6e3 4e>  4e* le3 4e”




2 Calculated from the pH measurements using ionic strengths from GEMS [21, 22] and the Helgeson
form of the Debye-Hiickel equation [23, 24] to calculate the activity coefficient.

b Charge balance error, calculated as the ratio of the difference in total charge due to cations
(Na*+K*+2-Ca?*) versus anions (OH + 2-5%) to the total charge caused by the cations.

¢ Measured concentration > highest standard measured due to a dilution error where a lack of
material prevented repeated measurement of the samples. Based on the measurements without this
dilution error, the expected maximum error is < 7% for Na and K.

4Not enough pore solution could be obtained to measure pH and calculate OH" concentrations but no
significant changes are expected at later ages [25]

¢ detection limits for 2-28 days, at 91 days the detection limits are 10 times lower as there was less
dilution.

Table St5: Concentrations of some relevant trace elements in the pore solution of neat PC and cement
blended with NFM slag.

Slag  Time Cr Cu P Pb Zn
(wt%) (days) (mmol/l)
2 0.08 0.003 0.006 2e* 9e*
8 0.14 0.004 0.009 3e* 0.001
0 28 0.14 0.014 0.05 4et 0.007
91 0.16 0.003 0.04 4et 0.002
p 0.03 0.004 0.002 2e* 7e*
8 4e* le* 0.007 2e” 9e™*
30 28 8e* S5e* 0.005 3e” 0.003
91 6e” 9e” 0.012 2e” 0.002
p 0.01 0.007 0.001 2e* 0.003
8 S5e”® 7e”® 0.005 2e” 0.002
50 28 7e”® 2e* 0.017 2e” 0.002
91 <D.L. 7e”® 0.005 7e® 0.002
2 0.001 0.002 0.002 2e* Se*
8 <D.L 3e* 0.003 2e? 7e*
70 28 <D.L. 2e* 0.012 2e” 0.002
91 <D.L. le* 0.005 le® 0.002
D.L® 4e” 7e® 8e™ 9e”’ 6e”

S9: Table of the effective saturation indices

Table St6: Effective saturation indices for ettringite (Ett.), gypsum, strétlingite (Str.), C-S-H, Ca(OH)2
(CH), siliceous hydrogarnet (Si-Hg), ferrihydrite (Fh), hemicarboaluminate (Al-Hc),
monocarboaluminate (Al-Mc), hemicarboferrite (Fe-Hc) and monocarboferrite (Fe-Mc).

Slag Time Ett. Gypsum  Str. CS-H CH Hdg Fh Al-Hc Al- Fe- Fe-
(wt%) (days) Mc Hc Mc

2 | 0.28 -1.04 -0.74 0.47 0.25 - - 0.002 0.20 - -



8 0.34 -0.92 -0.71  0.51 0.26 - - 0.02 0.22 - -
28 0.22 -1.10 -0.71 0.40 0.14 - - -0.05 0.15 - -
91 039 -0381 -0.66 0.42 0.21 058 -1.07 0.03 0.23 0.07 0.25

2 0.20 -1.23 -0.74 0.38 0.20 - - -0.01 0.19 - -
8 0.22 -1.20 -0.76  0.41 0.25 - - 0.01 0.21 - -
30 28 0.38 -0.94 -0.64 0.61 0.33 - - 0.10 0.28 - -

91 0.33 -0.97 -0.62 038 0.17 061 -092 0.02 0.23 0.09 0.27

2 0.24 -1.14 -0.69 0.42 0.19 - - -0.009 0.19 - -
8 0.21 -1.27 -0.71 0.38 0.22 - - 0.02 0.22 - -
50 28 0.19 -1.28 -0.61 031 0.11 - - -0.004 0.21 - -

91 0.28 -1.10 -0.53 033 0.08 057 -090 0.01 0.23 0.01 0.20

2 0.19 -1.20 -0.83 0.27 0.20 - - -0.04 0.16 - -
8 0.15 -1.40 -0.68 0.27 0.15 - - 0.002 0.21 - -
70 28 0.30 -1.04 -0.66 0.42 0.21 - - 0.02 0.22 - -

91 0.23 -1.17 -043 031 -0.04 050 -093 -0.03 0.20 -0.11 0.09
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