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Abstract 8 

Microbially induced concrete corrosion (MICC) is recognized as one of the main degradation mechanisms of 9 

sewer infrastructure worldwide. To help control this problem, a beneficial reuse path for basic oxygen furnace 10 

slag (BOFS) has emerged in which the incorporation of copper-laden BOFS particles into cementitous materials 11 

inhibits the growth of microorganisms responsible for MICC. The effect of substituting fine aggregate with 12 

copper-laden BOFS particles (0.30-0.85 mm) on the hydration and microstructural evolution of portland cement 13 

mortars is reported, and the fate of copper in the cured cementitious matrix is elucidated.  As revealed by 14 

isothermal calorimetry, the total evolved heat at the end of the testing period (118 h) was similar when up to 40% 15 

of the fine aggregate mass was replaced with copper-laden BOFS particles of similar size, while delays in setting 16 

times were observed.  Analysis of microstructural evolution using quantitative X-ray diffraction (QXRD) showed 17 

higher C-S-H contents when fine aggregate was replaced with copper-laden BOFS, indicating copper-laden BOFS 18 

exhibited some degree of pozzolanic reactivity.  Electron microprobe analysis (EMPA) revealed that, while trace 19 

amounts of copper could be detected throughout the cement matrix, copper was predominantly localized in a 100 20 

μm spherical region surrounding BOFS particles.  Moreover, strong binding capacity of Fe-rich BOFS particles 21 

for copper was observed. Finally, compressive strengths of mixtures analyzed herein were not affected by the 22 

presence of copper-laden BOFS. 23 

Keywords: Antimicrobial mortar; BOFS; copper; isothermal calorimetry; electron microprobe analysis; MICC. 24 
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1. Introduction 26 

With an annual production of 1,816 million tonnes [1], the steel industry generates a large amount of solid 27 

byproducts, most notably, basic oxygen furnace slag (BOFS).  Steel slag is a gravel-like residual discarded after a 28 

desired metal has been separated from its ore. Depending on the steelmaking process, steel slags will have 29 

different physicochemical properties. Oxygen furnaces produce low-carbon steel and discard between 363 and 30 

454 million tonnes of BOFS annually [2, 3].   31 

The United States, Germany, and Japan have found multiple ways to reuse certain slags, some of which approach 32 

repurposing rates close to 100% [4].  In contrast, many other countries do not repurpose BOFS, and it is 33 

considered a dead-end waste.  For example, China is responsible for approximately half of the world’s steel 34 

production and generates large amounts of BOFS that do not currently have reuse avenues [4].  Therefore, finding 35 

new beneficial reuse pathways for BOFS is economically and environmentally desirable.  BOFS, either in powder 36 

or granular form, have been included in cement formulations for various purposes [2, 4-7].  One emerging 37 

application of BOFS in its granular form concerns metal-impregnated BOFS particles that have been used as a 38 

new class of antimicrobial admixture for inhibiting microbially induced concrete corrosion (MICC) [8-10]. 39 

Biogenic corrosion is a ubiquitous, now classic, phenomenon that threatens wastewater infrastructure worldwide. 40 

Comprehensive reviews on the topic are available [11-14].  MICC includes a variety of processes by which 41 

sulfur-oxidizing microorganisms (SOMs) contribute to accelerated corrosion of concrete sewers and wastewater 42 

appurtenances, which has serious economic and environmental consequences [11].  Caicedo-Ramirez et al. [15] 43 

showed that the growth of the most common SOMs associated with corroding sewers, Acidithiobacillus spp., 44 

could be inhibited by low-level exposures to heavy metals—including copper—sorbed onto activated carbon 45 

particles.  The antimicrobial effects of copper is based on its reactions with the negatively charged cell walls of 46 

bacteria and associated formation of complex compounds within the bacterial membrane [11].  Within recent 47 

years, antimicrobial admixtures containing different heavy metals have been increasingly used in conventional 48 

concretes in efforts to stem MICC proliferation [11, 16].  Two specific carriers have been previously reported for 49 

this metal-delivery purpose: zeolites [17, 18] and activated carbon [9, 10, 15, 19, 20].  In this context, the use of 50 
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copper-laden BOFS particles in cementitious materials represents a promising new approach to inhibit the 51 

microbes responsible for biogenic corrosion [8-10].  Even though the incorporation of copper-laden BOFS 52 

particles in cementitious materials has demonstrated a potent antimicrobial effect [8], how these BOFS inclusions 53 

specifically influence cement hydration and the mechanical properties of concrete remains unknown.  54 

Cement hydration involves complex interactions that may be influenced either by the mineral composition of 55 

BOFS particles, by the presence of metals impregnated in them (i.e., Cu), or both.  As previously discussed, the 56 

characteristics and composition of BOFS vary depending on the ore and metal scrap used in the process, if any [2, 57 

21]. The most abundant substance found in BOFS is calcium oxide (CaO) followed by iron-containing 58 

compounds and silicon dioxide (SiO2); but, magnesium and manganese oxides are also observed [2, 4]. In a recent 59 

study (2019), Wang et al. [22] carried out a comprehensive testing regime to evaluate the feasibility of using 60 

BOFS powder as a supplementary cementitious material (SCM). The results suggested that BOFS powder shows 61 

moderate pozzolanic activity and low hydraulic cement behavior, likely explained by its low amorphous content. 62 

BOFS powder contains crystalline calcium silicate phases (i.e., C3S and C2S), but these minerals may not 63 

necessarily be reactive [22].  64 

In recent years, due to increased environmental concerns and more restrictive regulations regarding the extraction 65 

and use of natural aggregates for the concrete industry, the feasibility of using particles as fine aggregate 66 

substitutes has been investigated [5-7, 9].  The effects that BOFS have on principal mechanical properties of 67 

cementitious materials, following fine aggregate substitutions have been documented.  However, there is a paucity 68 

of fundamental materials investigations reporting the mechanical effects that impregnating BOFS with heavy 69 

metals prior to fine aggregate substitution can have on the hydration of antimicrobial cement-based materials. 70 

In response, this study focuses on the effects that copper (Cu) impregnation can have on the hydration process and 71 

mechanical properties of ordinary portland cement (OPC) mortars when these metal-laden slag particles replace 72 

40% of the fine aggregate mass. The 40% percent substitution of fine aggregate by BOFS particles (0.30-0.85 mm 73 

grain size) was chosen based on recent investigations by the authors [8-10].  Kinetics of cement hydration in the 74 
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presence of Cu-laden BOFS particles were characterized by temporal heat liberation patterns using accepted 75 

isothermal calorimetry methods adapted for mortars [23, 24].  Additionally, quantitative X-ray diffraction 76 

(QXRD) and electron microprobe analysis (EMPA) were employed to investigate microstructural evolution and to 77 

map copper concentrations in sections of cured mortars including Cu-laden BOFS. The following formulations 78 

were characterized by weight percent substitution of conventional fine aggregate by mass: Control (0% BOFS), 79 

40% unmodified BOFS substitution, and 40% Cu-laden BOFS substitution.  No other admixtures were used in 80 

this study.  Results from this study provide a framework to leverage metal-laden BOFS particles into a beneficial 81 

application for special cementitious material applications. 82 

2. Materials and Methods 83 

2.1 Materials 84 

A bulk cement (Type I/II) manufactured by LafargeHolcim (Florence, CO, USA) that complies with ASTM C150 85 

[25] was used. Chemical and physical characteristics of this cement are shown in Table 1. Ottawa sand that 86 

conforms to ASTM C778 was obtained from U.S. Silica Company (USA) [26]. Water saturation potential and 87 

saturated surface-dry (SSD) bulk specific gravity of Ottawa sand were determined per ASTM C128 [27] and 88 

presented in a previous paper by the authors [28] (Table 2). Basic oxygen furnace slag (BOFS) was supplied by 89 

the Indiana Harbor East Steel Mill complex (Indiana, USA). Cu(NO3)2 (99% purity, Acros Organics) was utilized 90 

to adsorb Cu onto BOFS particles.  91 

Table 1: Chemical and physical properties of OPC cement Type I/II from LafargeHolcim US. 92 

CaO SiO2 Al2O3 Fe2O3 SO3 MgO 
Loss on 
Ignition 
(LOI) 

Insoluble 
Residue 

(IR) 

Blaine 
Fineness 
(m2/kg) 

C3S C2S C3A C4AF C3S + 
4.75C3A 

62.2% 19.1% 4.2% 3.2% 3.7% 1.3% 2.50% 0.92% 440 61% 7% 6% 10% 87% 
 93 

Table 2: Bulk saturated surface dry (SSD) specific gravity, sorption capacity and mass-based sieve analysis of the 94 
fine aggregate (Ottawa sand). 95 
  96 

      Passing by mass (%) through sieve: 

Fine aggregate 
Bulk Saturated Surface Dry 
(SSD) specific gravity 

Water saturation 
potential (%) 

10 20 40 60 100 200 
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Ottawa sand 2.65 0.81 100.0 100.0 69.50 14.79 2.86 0.03 
 97 
 98 

2.2 Experimental methods 99 

2.2.1 Characterization of BOFS 100 

BOFS particle size distribution was determined as per ASTM D422 [29]. BOFS grain size ranged from 0.30 mm 101 

(sieve #50) to 0.85 mm (sieve #20) with a mean grain size (D50) of 0.43 mm. The relative densities (specific 102 

gravities for oven-dry (OD) and saturated surface-dry (SSD)) and water sorption for the BOFS were determined 103 

per ASTM C128 [27] and presented in Table 3.  104 

 105 

The equilibrium pH was determined by addition of 1 g of BOFS into 5 mL of deionized (DI) water. The 106 

suspension was sparged with N2 and mixed for 24 h to reach equilibrium prior to pH measurement; the final pH 107 

was 12.54. The chemical composition of BOFS particles was determined by X-ray fluorescence (XRF) 108 

spectrometry and the results are also listed in Table 3.  109 

 110 

Table 3: Chemical composition and relative density (specific gravity), bulk density, water sorption, and pH of 111 

BOFS. 112 

 113 

CaO SiO2 Al2O3 Fe2O3 SO3 MgO MnO P2O5 Na2O 
Particle 
specific 
gravity 
(OD) 

Particle 
specific 
gravity 
(SSD) 

Apparent 
specific 
gravity 

Bulk 
density 
(g/cm3) 

 pH 

37.6% 14.9% 2.5% 22.3% 0.2% 10.6% 5.3% 1.1% 0.1% 3.18 3.27 3.52 1.843  12.5 

 114 

Mineralogy of the BOFS sample was determined by X-ray powder diffraction (XRD). XRD data were collected 115 

by a Siemens D500 X-ray computer-automated diffractometer using Cu Kα X-ray radiation. The sample 116 

refraction spectra were observed from 5 to 65 ° (2θ) with a step size of 0.02 ° and a dwell time of 2 seconds per 117 

step. BOFS mineral composition shown in Fig. 1, was obtained through peak analysis of the XRD diffractogram 118 

using Jade software (MDI, Version 9) and the International Centre for Diffraction Data (ICDD) 2003 database. 119 
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Major crystalline peaks identified corresponded to: larnite (Ca2SiO4); srebrodolskite (Ca2Fe2O5); wüestite (FeO); 120 

merwinite (Ca3Mg(SiO4)2); magnesioferrite (MgFe2O4); and akermanite (Ca2MgSi2O7). The BOFS appears to be 121 

far less amorphous than other steel slags (i.e., ground granulated blast furnace slag (GGBFS) and ladle furnace 122 

slag (LFS)) [22], as an obvious amorphous hump is not detected [30].  123 

 124 

Fig. 1. XRD pattern for BOFS sample (as-received). Major crystalline peaks identified are: larnite (L); 125 

srebrodolskite (S); wüstite (W); merwinite (M); magnesioferrite (Mg); akermanite (A); portlandite (Pt); calcite 126 

(Ca); lime (Li); and quartz (Q). 127 

 128 

 129 

2.2.2 Copper (Cu) sorption 130 

To obtain Cu-laden BOFS, the particles were impregnated with soluble metals up to their saturation capacity. The 131 

sorption process was performed as follows. First, Cu(NO3)2 was added to a volume of DI water needed to reach a 132 

12mM Cu concentration. The pH was adjusted to pH 7.6-8.0 to reach an optimum range that favors Cu 133 

precipitation as hydroxides using NaOH. Next, BOFS grains were added to this solution in a liquid-to-solid ratio 134 

of 20:1 and mixed for 24 h at 150 r/min and room temperature. After this process, the Cu-laden BOFS was 135 
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separated from the solution by sieving (mesh No. 50), rinsed with DI water, and oven-dried at 40 °C. Sorbed Cu 136 

content by these BOFS particles was confirmed by Inductively Coupled Plasma Optical Emission Spectroscopy 137 

(ICP-OES) using a calibrated ARL 3410+ and modifications to a widely accepted technique developed by Farrell 138 

et al. [31]. The Cu detection limit was 42 ppb. The concentration of Cu sorbed onto the BOFS particles surface, 139 

normalized by the original BOFS mass, was of 17.9 mg Cu/g BOFS. The two types of BOFS used in this study 140 

will be respectively referred to hereafter as BOFS-U (unmodified basic oxygen furnace slag) and BOFS-Cu (Cu-141 

laden basic oxygen furnace slag). 142 

2.2.3 Sample preparation 143 

Three mortar lots were prepared: a Control formulation (not including BOFS) and two formulations where the 144 

fine aggregate of these formulations was replaced (by mass) with 40% BOFS as received (BOFS-U) and Cu-laden 145 

BOFS (BOFS-Cu) respectively. All formulations were prepared with a water-to-cement (w/c) ratio = 0.45 and a 146 

sand-to-cement (s/c) ratio of 2.1. The water sorption capacity of BOFS particles (i.e., 3.1 %) was considered and 147 

included in the mixing water to achieve an effective w/c = 0.45. Formulations containing BOFS are labeled 148 

according to the following convention: BOFS-Cu-40% denotes a formulation using BOFS particles loaded with 149 

Cu (BOFS-Cu) substituting 40% (by mass) of the fine aggregate (Ottawa sand). The formulation containing no 150 

BOFS particles was labeled only as “Control.” Additionally, one cement paste formulation (i.e., without sand 151 

addition) containing BOFS-Cu particles in an equivalent amount to that introduced to the BOFS-Cu-40% mortar 152 

formulation, was included for elemental surface-mapping with an electron microprobe analysis (EMPA). All 153 

formulations were manually mixed as follows: First, cement was added to the total amount of water and mixed for 154 

30 s.  Then, the total amount of fine aggregate (Ottawa sand) and BOFS particles (BOFS-U or BOFS-Cu), which 155 

were previously dry mixed, were added and mixed for an additional 30 s. After this, formulations were mixed for 156 

an additional minute up to a total maximum mixing time of  2 minutes. 157 

2.2.4 Isothermal calorimetry 158 

Heat flow (mW/g) was measured at the U.S. Bureau of Reclamation (USBR-Denver) using a TAM Air 8-Channel 159 

standard volume isothermal calorimeter (TA Instruments, USA). The calorimeter included an array of reacting 160 
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and non-reacting (control) channels that were capable of eight simultaneous measurements. During this study, the 161 

measuring cells within the calorimeter were kept in isothermal conditions (23 ± 0.03 °C). The reference material 162 

samples, located in the non-reacting control channels, consisted of 5.5 g of siliceous sand. All observations were 163 

collected and reported in duplicate. Freshly mixed cement mortar (5.5 g) was weighed into a 20 mL glass 164 

ampoule for each sample. The glass ampoule was sealed and placed into the calorimeter within 5 min after initial 165 

mixing, and the heat liberated was continuously monitored and recorded for approximately 118 h. External 166 

mixing was applied to ensure complete mixing. For this reason, the initial heat emission after the cement 167 

contacted with the mixing water was not measured. As recommended by other calorimetry investigations that 168 

include external mixing protocols, the integration of the heat flow accounted for the influence of external mixing 169 

energy [23, 32]. In the case of OPC, the first 30 min of hydration contributed less than 6 J/g to the cumulative heat 170 

release of the sample [32].  Integration of the heat flow was thus started 30 min after the initial contact of mixing 171 

water with cement to enable time for temperature equilibration, as described above. The heat liberated during 172 

hydration and the cumulative heat flow was normalized to the cement mass of the respective samples.  173 

2.2.4.1 Calorimetry set times 174 

Initial and final set times were determined based on the first derivative of the heat flow curves according to an 175 

identical procedure implemented in the study by Hu, et al. (2014) [33]. In this study, the initial set time was 176 

defined as the time at which the first derivative curve reaches a maximum, while the final set was defined as the 177 

time at which the first derivative equals zero after the initial set time. The first derivatives of heat flow curves 178 

(d(q)/d(t)) were obtained from the original heat flow curves. 179 

2.2.5 Compressive strength 180 

After 7, 28, and 240 days of continuous moist curing (temperature 23 ± 2 °C; RH >95%), the compressive 181 

strength of triplicate samples was determined as per ASTM C109 [34]. Load was applied to specimens in a 182 

calibrated compression press at a load-controlled rate of 1.32 kN/s using an Instron compression test machine. 183 

2.2.6 Quantitative X-ray diffraction (QXRD) 184 
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Mineralogy was characterized using specialized software (RockJock®) developed at the United States Geological 185 

Survey (USGS) [35]. This software utilizes the measured peak intensities as input data and calculates the 186 

abundance (in weight percent) of all identified minerals using internal standards. This software has been 187 

recommended by various investigators [36] after comparing it to the Rietveld approach (Topas, Academic), with 188 

obtained results within 1 to 2 wt. % of actual mineral abundance values [35, 37]. 189 

2.2.6.1 Internal standards 190 

Internal standards for the classic minerals emerging in OPC mortars hydration process were prepared using a 191 

modified method introduced by D.D. Ebrel [35], which was adapted to employ corundum (Al2O3) and kaolinite 192 

(KGa-2) instead of zincite (ZnO). Calcite, portlandite, hydrotalcite, katoite, BOFS, and unhydrated cement were 193 

obtained from commercial manufacturers (Sigma-Aldrich and LafargeHolcim, USA), while ettringite and 194 

monosulfoaluminate were synthesized in the laboratory following the methods described by Yoon and co-workers  195 

[38].  For each internal standard, two samples were prepared: for the first, one gram of the homogenized material 196 

was obtained and named “pure sample”; as subsequent standard included one gram of the homogenized material 197 

was mixed with 20% corundum and 40 % kaolinite and named “mix sample.”  All measurements were made with 198 

± 0.00005 g accuracy. Corundum and kaolinite were used to normalize peak heights between samples and align 199 

diffraction patterns. Each sample was then ground in a McCrone micronizing mill with 4 mL isopropanol for 5 200 

minutes, generating particle sizes on the order of 10-30 μm. After drying at ambient temperature for 16 h inside a 201 

hood, both samples were transferred to a plastic scintillation vial with three acrylic balls (~1 cm in diameter) 202 

along with 350μL of Vertrel ® solution (Dupont, USA) and shaken for 5 minutes. The powder of each sample 203 

was first passed through a 500 μm sieve (sieve # 35) to break up larger clumps and loaded again in the plastic 204 

scintillation vial along with 250 μL of Vertrel ® solution and shaken for another 5 minutes. After this, the powder 205 

of each sample was passed through a 250 μm sieve (sieve # 60) to break any clumps and loaded onto a standard 206 

XRD holder.  For each sample, the corresponding pure and mixed specimen were analyzed using a Siemens D500 207 

X-ray diffractometer from 5 to 65 ° 2θ, using Cu Kα X-ray radiation, with a step size of 0.02 ° and a dwell time of 208 

2 s per step.  Internal standard XRD patterns are shown in Supplementary Information.  209 
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2.2.6.2 Mortar sample preparation for QXRD 210 

The following formulations were prepared for QXRD: Control (0% BOFS), BOFS-Cu-40%, and BOFS-U-40%. 211 

Five samples of each formulation were cast in separate plastic dishes (2.5 cm in diameter) and placed in a moist 212 

chamber (23 ± 2 °C; RH >95%) until the designed age of test: 1, 3, 7, 28 and 240 days. At the defined age, one of 213 

the mortar samples was removed from the moist curing chamber, and the hydration process stopped by crushing it 214 

into a powder with an agate mortar and pestle in 6 mL of isopropanol ((CH3)2CHOH). The resulting slurry was 215 

emptied into a glass vial and left to dry for 24 h at ambient temperature. Once it reached a dry condition, the air 216 

inside the glass vial was replaced with pure nitrogen gas. Then, the vial was immediately capped. The resulting 217 

powder was prepared for QXRD analysis as follows: 0.8000 g of the mortar powder was mixed with 0.2000 g of 218 

corundum to obtain 1.0000 g of homogenized material, where all measurements were made with ± 0.00005 g 219 

accuracy. The sample was then ground and prepared following the same procedure described above in order to 220 

develope the appropriate internal standard. Once the powder was loaded onto a standard XRD holder, it was also 221 

analyzed using a Siemens D500 X-ray diffractometer from 5 to 65° 2θ using Cu Kα X-ray radiation, with a step 222 

size of 0.02° and a dwell time of 2 s per step.  223 

2.2.7 Electron microprobe analysis (EMPA) 224 

2.2.7.1 Sample preparation 225 

Cement paste containing BOFS-Cu was cast in a circular plastic mold of 15 mm diameter and 10 mm height. The 226 

sample was de-molded after 24 h and cured in moist conditions for 30 days. After that time, the sample was dried 227 

in a desiccator for one week. The sample was then polished and prepared following the methodology previously 228 

described by Justo-Reinoso and co-workers [19]. After the sample was polished, it was embedded in an epoxy 229 

disc of 25 mm diameter and 15 mm in height for EMPA analysis 230 

2.2.7.2 EMPA elemental composition mapping 231 

In order to estimate the distribution of selected elements in the cement paste formulations containing BOFS-Cu 232 

particles, four wavelength dispersive spectrometry (WDS) elemental composition maps of Cu K, Ca K, Al K, 233 

and S K were acquired.  The EMPA data acquisition was performed on a JEOL JXA-8230 electron microprobe 234 
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outfitted with EDS and WDS attachments. The sample was carbon-coated (ca. 15 nm thin-film) using an Edwards 235 

Auto306 dual coater to ensure identical conductivity and analytical conditions with accepted standards. 236 

Backscattered Electron (BSE) images were also obtained using the JEOL JXA-8230. The EMPA system was set 237 

at 15 keV accelerating voltage, 40nA beam current, and 1 µm beam diameter. The WDS element maps were 238 

acquired using an accelerating voltage of 15 keV and a 100nA beam current. The electron beam was defocused 239 

between 5 µm and 6 µm to match the pixel size of the maps. A per-pixel dwell time of 10 msec was used.  Prior to 240 

the acquisition, each spectrometer was calibrated on a series of Astimex standard reference materials. The 241 

standards were as follows: Cu: chalcopyrite; Ca: plagioclase; Al: almandine garnet; and S: anhydrite. The Ca K, 242 

Al K, and S K maps were obtained using spectrometers equipped with large-area pentaerythritol (PET) 243 

monochromaters. The Cu K map was obtained using a spectrometer equipped with a large area lithium fluoride 244 

monochromater. The energy dispersive X-ray spectra (EDS) were acquired at 15 keV accelerating voltage and 245 

accumulated over a 30-sec interval. Results expressed as net counts are semi-quantitative, since each pixel 246 

may represent a mixture of two or more mineral phases. 247 

3. Results 248 

3.1 Isothermal calorimetry 249 

Fig. 2 summarizes the rate of heat liberated from cement hydration and the cumulative heat obtained from the 250 

following mortar formulations: a Control formulation (0% BOFS) and two formulations where the fine aggregate 251 

was substituted (by mass) with 40% BOFS particles, either BOFS-U or BOFS-Cu. For clarity, the heat flow 252 

results are presented for the first 30 h of curing, while the cumulative heat curves are presented for a 118-hour 253 

observation period.  254 

  255 

  256 
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 257 

Fig.  2: (a) Heat flow (mW/g) and (b) cumulative heat (J/g) for the following cement mortar formulations: 258 

Control (0% BOFS), BOFS-U-40%, and BOFS-Cu-40%. Each curve represents the mean value of two 259 

measurements. 260 

 261 

The thermal power curve for all the three formulations shows a trace typically associated with the hydration 262 

kinetics of hydraulic cementitious mixtures, where a shoulder appears following the primary peak. The primary 263 

peak corresponds to the sulfate depletion point, followed by an accelerated calcium aluminate activity peak [23, 264 

39]. Following initial dormancy, an acceleration period occurred at 1.6 h for the Control formulation (0% BOFS), 265 

while this acceleration was measurably delayed to 1.9 and 2.3 for formulations containing 40% BOFS-U or 266 

BOFS-Cu, respectively. In a recent study, a similar delay was observed by Wang et al. when they compared the 267 

heat flow of an OPC paste to a BOFS paste, where BOFS powder was used as the cementitious material [22]. A 268 

main peak followed this acceleration period at 9.0 and 9.8 h for the Control and BOFS-U-40% formulations, 269 

respectively. However this peak was delayed (i.e., 10.9 h) for the formulation containing Cu-laden BOFS particles 270 

(BOFS-Cu-40%). Further, the height of the main peak (maximum heat rate peak) was decreased slightly when Cu 271 

was present. It is well known that the presence of metals may selectively delay cement hydration reactions due to 272 

the reduction of the permeability of cement grains likely caused by the rapid chemical precipitation of insoluble 273 
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metal hydroxides on their surface [19, 40-42]. Additionally, the conversion of metal hydroxides to metal 274 

hydroxyl-species consumes Ca2+ and hydroxide ions, and this consumption would, in effect, also delay the 275 

supersaturation of the cement pore water and, as a result, the precipitation of C-S-H and portlandite [43].   276 

In Fig. 2b, the cumulative heats for the three formulations are presented. These data show that when fine 277 

aggregate was replaced by 40% Cu-laden BOFS particles, the heat flow behavior was delayed during the first 63 278 

h, compared to the Control formulation (0% BOFS). After that time, the heat flow curve of the BOFS-Cu-40% 279 

formulation behaved similarly to the Control, where both formulations plateau at a similar level (340 J/g) after the 280 

testing period (118 h). In contrast, when Cu-free BOFS particles (BOFS-U) were used to replace that same 281 

amount of fine aggregate (40% by mass), the heat flow curve is not distinguishable from the Control formulation 282 

during the first 19.5 h; after this however, heat evolution from the BOFS-U-40% begins to accelerate and ends up 283 

achieving a slightly higher heat flow (350 J/g) than the other two formulations (Control and BOFS-Cu-40%). 284 

A higher cumulative heat response was expected as a result of replacing inert fine aggregate (i.e., sand) with 285 

BOFS particles, this due to the pozzolanic properties of the latter [30, 44]. However, the inclusion of these BOFS 286 

particles in this study exhibited only a slight difference in the hydration responses, likely, as mentioned by Wang 287 

et al. [22], by the low amorphous content and presence of some non-reactive crystalline phases of BOFS.  288 

The initial and final set times were obtained from the first derivative of the heat flow curves (Fig. 3). As 289 

mentioned by Hu et al., longer setting times have been observed from calorimetry methods when compared to 290 

ASTM penetration tests in similar cement mortar formulations due to different mechanisms and test 291 

configurations [33]. The results indicated that replacement of 40% (by mass) of fine aggregate with either BOFS-292 

U or BOFS-Cu particles, delayed the initial set time of these formulations by 18% and 47%, respectively. 293 

Likewise, final set times were delayed 9% and 21% for formulations containing BOFS-U or BOFS-Cu, 294 

respectively. These delays were anticipated as the presence of calcium aluminates in BOFS particles are known to 295 

react in contact with water, releasing aluminum ions which may be adsorbed on calcium silicate surfaces, thereby 296 

likely retarding silicate dissolution and cement hydration [22]. 297 
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 298 

Fig. 3: Initial and final set times calculated from the first derivative of the heat flow curves. (For the first 299 
derivative curves see Supplementary Information)  300 

 301 

3.2 Compressive strength 302 

Data suggest that the substitution of 40% (by mass) of the fine aggregate with similarly sized BOFS particles, 303 

regardless the presence or absence of Cu, have no significant effect on the compressive strength response when 304 

compared to a Control formulation (0% BOFS) after curing times of 240 days (Fig. 4). Results were compared 305 

using analysis of variance (ANOVA).  The results corresponding to the use of Cu-free BOFS-U particles are in 306 

accordance with those obtained by other authors in the same percentage replacement range [6, 7, 9, 45]; they 307 

reported that cement mortars made with a blend of metal-free BOFS particles (with an average particle size 308 

between 0.3 – 0.6 mm) and river sand had comparable compressive strength results to cementitious materials 309 

made with only river sand.  Likewise, the results regarding BOFS-Cu replacements are in agreement with other 310 

authors studying the effect of Cu on the compressive strength of cement mortars after 28-days of curing [9, 46].  311 
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 313 

Fig. 4: Influence of the replacement of 40% (by mass) fine aggregate by BOFS (without and with Cu) on 314 

compressive strength after a curing period of 7, 28, and 240 days. Results represent the average of three cubic 315 

specimens for the following formulations: BOFS-0% (Control), BOFS-U-40%, and BOFS-Cu-40%. Error bars 316 

represent ± one standard deviation.  317 

 318 

3.3 QXRD  319 

No significant mineralogical differences between the BOFS-U-40% and the BOFS-Cu-40% were observed at the 320 

different curing ages investigated in this study (see Supplementary Information). QXRD results comparison 321 

between Control and BOFS-Cu-40% formulations is shown in Table 4. Data suggest a significantly higher 322 

content of calcium silicate hydrate (C-S-H) phases and calcite (likely due to carbonation) through the different 323 

testing ages for the BOFS-Cu-40% formulation. Lower amounts of quartz were anticipated, since the BOF-Cu-324 

40% formulation replaces 40% of the sand by BOFS.  325 
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Table 4: QXRD results comparison between the Control formulation (0% BOFS) and the formulation with 40% 328 

fine aggregate replacement (by mass) with BOFS-Cu. Results are shown as weight percentage of the total sample. 329 

 BOF-0% (Control)  BOFS-Cu-40% 

 
1-day 

(wt.%) 

3-days 

(wt.%) 

7-days 

(wt.%) 

28-days 

(wt.%) 

240-days 

(wt.%) 
 

1-day 

(wt.%) 

3-days 

(wt.%) 

7-days 

(wt.%) 

28-days 

(wt.%) 

240-days 

(wt.%) 

Quartz 67.76 66.37 70.08 73.33 71.50  31.96 35.54 33.41 33.20 33.60 

Calcite 0.77 0.26 1.09 0.60 0.74  5.69 2.81 2.46 4.82 4.29 

Ettringite 0.00 1.38 0.95 0.83 0.93  0.95 0.42 0.79 1.56 1.22 

Cement 19.84 13.28 13.23 8.86 8.50  20.70 10.56 6.42 7.45 6.82 

BOFS 0.00 0.00 0.00 0.00 0.00  23.65 25.17 26.99 22.50 23.23 

Portlandite 3.37 3.99 5.25 4.17 4.93  1.83 3.08 3.40 2.81 3.51 

CSH estimate 8.26 14.72 9.40 12.21 13.40  15.20 22.42 26.53 27.66 27.33 

TOTAL 100.00 100.00 100.00 100.00 100.00  100.00 100.00 100.00 100.00 100.00 

 330 

Fig. 5 shows the XRD diffractograms obtained for the Control (0% BOFS) and BOFS-Cu-40% formulations, after 331 

240 days of curing (for XRD diffractograms at other curing ages; see Supplementary Information). Quartz, 332 

portlandite, ettringite, calcite, and hydrotalcite are present among other hydration products. At the five different 333 

ages tested, the diffractograms of both formulations presented similar peaks, with some of these peaks varying in 334 

intensity among both formulations. 335 

 336 
 337 
Figure 5: XRD diffractograms for mortar samples with Cu-laden BOFS replacement percentages (by weight) of 338 

0% (Control) and 40% after a moist curing time of 240 days. Hc: hemicarbonate, H: hydrotalcite, E: ettringite, P: 339 
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portlandite, Q: quartz, C: calcite, C3S: alite, C2S: belite, and Co: corundum. See Supplementary Information for 340 

XRD diffractograms at other curing ages. 341 

 342 
 343 
 344 
3.4 Electron microprobe analysis (EMPA) 345 

Wavelength dispersive spectroscopy (WDS) elemental mapping with energy dispersive X-rays spectroscopy 346 

(EDS) was used to assess the proximity of copper (Cu) to the BOFS particles, as well as the distribution of Ca, Al, 347 

and S throughout the cement matrix. The WDS elemental map of Cu is shown in Fig. 6. The BSE image in Fig. 348 

6a shows the heterogeneity of BOFS particles, and their location overlaid on an elemental Cu concentration map. 349 

The EMPA maps show that Cu is concentrated in the BOFS particles but also revealed Cu micro-concentration 350 

gradient surrounding the impregnated BOFS particles, above the method detection limit (8 ppm). Microcracks 351 

observed in the sample resulted likely from the drying and polishing process prior to encapsulating it in epoxy 352 

[47, 48]. 353 

    354 

Figure 6: (a) BSE image of the cement paste containing BOFS-Cu is shown with the location points where 355 

energy dispersive X-ray spectra (EDS) were obtained; (b) WDS elemental mapping of Cu; (c) Segmentation 356 

decomposition counts ranged between 20 and 80 relative to the Cu WDS elemental map.  357 

WDS Cu elemental map is presented in Fig. 6b, and a segmentation decomposition image focusing on the 358 

proximity of Cu to BOFS particles is shown in Fig. 6c.  Copper was predominantly limited to a spherical region 359 

(~100 μm region) surrounding the BOFS particles. However, some BOFS particles presented significantly higher 360 
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levels of Cu than others—either in their close proximity or directly sorbed throughout its surface— likely 361 

resulting from the distinct mineralogical composition among these particles. These mineral composition 362 

differences might have probably resulted in different sorption and attachment mechanisms of copper onto the 363 

BOFS particles surfaces. The WDS elemental maps for calcium (Ca), aluminum (Al), and sulfur (S) in Fig. 7; 364 

these maps confirm the polymorphic composition of the different BOFS particles within the sample, with some 365 

BOFS particles containing higher calcium concentrations than others; still other BOFS particles appear to contain 366 

no calcium above the method detection limit. Likewise, BOFS grains presented among them unrelated 367 

concentrations of Al. Sulfur was uniformly distributed within the cement matrix and was not associated with the 368 

mineralogical composition of the BOFS particles. 369 

     370 

Figure 7: WDS elemental mapping of the cement paste containing Cu-laden BOFS. (a) calcium (Ca); (b) 371 

aluminum (Al); and (c) sulfur (S); Color scale is proportional to the mass concentration of each element relative 372 

to its highest detected concentration. 373 

 374 
 375 

Three EDS spectra were obtained from BOFS particles with significantly different Cu mobilization responses 376 

(Fig. 8). The location points of these EDS are shown in the BSE image (Fig. 6a). Point A corresponds to a BOFS 377 

grain with a high content of iron (Fe) (51.3 Atom %); point B to a BOFS grain with a predominant chemical 378 

composition of Ca and Al (26.3% and 17.2 Atom %, respectively); while point C shows a significant presence of 379 

Ca in combination with silicon (Si) (28.9% and 14.1 Atom %, respectively). The peaks of carbon (C) were 380 
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expected in all the EDS spectra as a result of the sample coating process with carbon. The EDS points were 381 

located inside BOFS particles where Cu presence is almost negligible, which is the reason for little to no evidence 382 

of Cu peaks. 383 

 384 

 385 

 386 
 387 
Figure 8: Energy dispersive x-rays spectra (EDS), obtained from a cement paste containing Cu-laden BOF-S 388 

particles, are shown for three different BOFS particles: (a) higher density particle; (b) particle with significant Cu 389 

concentration surrounding it, and (c) ordinary BOFS particle. The locations of EDS points are shown in Fig. 6(a). 390 

 391 
 392 
 393 
 394 
4. Discussion 395 

4.1 Isothermal calorimetry 396 

Concerning the BOFS-U-40% formulation, heat flow curve results suggest that cement hydration is slightly 397 

delayed during the first 18 h of the process, and then accelerated when compared to the Control formulation. The 398 
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delay could be associated with the presence of some minor elements on BOFS surfaces, which may dissolve in the 399 

pore solution and affect the cement hydration process. Aluminum ions released from BOFS particles may be 400 

adsorbed on calcium silicate surfaces, thereby delaying silicate dissolution [22]. Moreover, Mn [49, 50] and Mg 401 

[2, 51], also present in BOFS particles, are two elements know to retard cement hydration; this could be 402 

compounded by the chemisorption of Ca2+ ions onto the BOFS surface. Here, BOFS particle surfaces may act as a 403 

calcium sink, where Ca2+ ions in the pore solution may be coordinated by the aluminum associated with BOFS 404 

particles (Fig. 7) similar to mechanism observed on the surfaces of aluminum-abundant fly ashes [52].  When 405 

compared to the Control formulation, the higher cumulative heat liberated from this formulation (BOSF-U-40%), 406 

from 18 h onwards, is likely associated to the reaction of active minerals (C3S and C2S) that are present on BOFS 407 

particles’ surfaces with alkali hydroxides and calcium hydroxides (Fig. 9) [22, 53]. Regarding this aspect, Yuji 408 

[54] observed that small fibrous C-S-H crystals were able to grow from steel slag particles when these were used 409 

to replace fine aggregate in concrete samples. Guo et al. [7] also replaced a fraction of the fine aggregate by steel 410 

slag particles in normal-strength concrete specimens. They observed slight effects on the mechanical properties 411 

attributable to the presence of active C2S and C3S (on steel slag particles) participating in the hydration process. 412 

As a result of these fine aggregate replacements, BOFS particles can contribute to the heat of hydration 413 

(pozzolanic activity) in a sustained way that inert sand particles cannot.   414 

 415 

Figure 9: BOFS particle with rounded belite (C2S) crystals. 416 

 417 
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Replacing 40% (by mass) of the fine aggregate with Cu-laden BOFS particles resulted in a delay of the cement 418 

hydration during the first 63 h, after that, it showed a modest, but steady increase when compared to the Control 419 

formulation. This initial delay could be explained as a result of the Cu sorbed onto the BOFS particles. Several 420 

authors [40, 41, 55, 56] agree that the presence of heavy metals may selectively delay cement hydration reactions 421 

due to a reduction of the permeability of cement grains. On the other hand, the acceleration observed after an 422 

initial delay may be associated with the reaction of active minerals (C3S and C2S) that form part of the mineral 423 

composition of BOFS particles. When BOFS particles get in contact with water, they react with sodium and 424 

potassium alkali and calcium hydroxides to produce additional CSH. However, it should be noted that this 425 

reaction, due to the calcium silicates present in steel slag, is more reduced than that in portland cement because 426 

the cooling rate of steel slag is much lower than that of portland cement (pozzolanic reaction) [57, 58]. 427 

In summary, comparing the cumulative heat released after 118 h of curing in Fig 2b, the presence of BOFS-U 428 

particles (without Cu) induces an acceleration in the hydration process when compared to its Control formulation. 429 

In contrast, the presence of Cu in the BOFS induced an initial delay that later compensated to achieve a similar 430 

cumulative heat value as the Control formulation. 431 

4.2 QXRD  432 

It is well known that the production process of BOFS can influence the reactivity of the final proportions of its 433 

calcium silicates [2, 57]. BOFS particles used in this study were rapidly quenched, resulting in more reactive 434 

calcium silicate.  Relatively higher calcite and C-S-H contents were observed during the curing of the 435 

formulations containing 40% BOFS replacements. Higher C-S-H contents were expected, as different authors 436 

have observed that most silicate and aluminate in steel slag particles used as fine aggregates can hydrate 437 

producing additional C-S-H, C-A-S-H, and portlandite after 90 days of reaction [54, 57]. After the initial addition 438 

of water, hydration of BOFS in the presence of OPC depends largely upon breakdown and dissolution of the 439 

vitreous slag structure by hydroxyl ions that are liberated during the hydration of OPC [44]. The increase in pH of 440 

the supersaturated solution elevates silica dissolution of aluminosilicates present in the BOFS [59, 60]. Moreover, 441 

it has been shown that percentage of soluble silica from slag is almost doubled when pH increases from 13 to 14 442 
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in the solution [59]. Wang also observed that a significantly small instant reaction takes place when the slag is 443 

initially mixed with water, preferentially releasing Ca2+ and Al3+ ions to the solution. However, the reaction is 444 

limited until more alkali, calcium hydroxide (portlandite), and sulfates are available for additional reactions [44]. 445 

Consequently, as a result of these hydration reactions, BOFS particles are able to react with the alkali and 446 

portlandite present in the solution to produce additional C-S-H and C-A-S-H [44]. Additionally, the calcium, 447 

which exists as various forms of compounds in BOFS, provided the potential for carbonation when exposed to 448 

atmospheric CO2 during the storage period [61], likely resulting in the higher calcite contents observed for BOFS 449 

formulations. Portlandite was observed in slightly lower percentages in BOFS-U-40% when compared to Control. 450 

However, these differences are likely the result of the pozzolanic effect of BOFS particles related to the presence 451 

of the SiO2 merwinite phase, as mentioned by Muhmood et al. [62]. 452 

4.3 EMPA elemental mapping 453 

The highest Cu levels remained in near the interface of BOFS particles with the bulk cement paste; however, it 454 

was evident that some BOFS particles presented significantly higher Cu associations than others (Fig. 6c). 455 

Furthermore, it is evident that some of the Cu that was originally sorbed onto BOFS particle surfaces experienced 456 

some degree of mobilization that resulted in copper dispersion into the cement matrix, albeit at levels near the 457 

detection limit of elemental mapping.  Even though Cu diffusion away from the BOFS particles was relatively 458 

small, this Cu may be at a level and distribution which influences the early cement hydration process according to 459 

calorimetry results previously discussed.  460 

In Fig. 6a, the heterogeneity of the BOFS particles in mineralogical composition can be readily observed. Here, 461 

BOFS particles containing heavier elements (e.g., Fe) appear in lighter shades of gray, while minerals containing 462 

only lighter elements (Ca, Al, Si) appear in darker shades. These variations were also corroborated through EDS 463 

spectra obtained from three different BOFS particles (Fig. 8).  As has been observed by several authors, even 464 

BOFS particles coming from the same furnace source can have heterogeneous chemical compositions [6], and this 465 

variability could explain the differences in Cu levels observed among BOFS particles in this study.  Moreover, 466 
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previous studies with commercial activated carbon, analogously impregnated with copper and added to OPC 467 

mortar formulations, revealed homogeneous metal distributions in and near these carbonaceous particles [19].  468 

These results suggest that variations in chemical composition of the BOFS particles observed here, are 469 

responsible for the variance in copper associations with these fine aggregate substitutes. Different studies have 470 

shown a strong binding capacity of Fe-rich particles, mainly containing Fe3O4 and Fe2O3, for Cu2+ ions [63-65]. 471 

The mechanisms responsible for binding these Cu2+ ions are adsorption and precipitation, being the latter the 472 

principal mechanism when BOFS particles are used as a result of the dissolution of the hydroxides present in their 473 

surfaces [63, 64]. Cu2+ ions electronegativity form very strong covalent bonds with the oxygen atoms present in 474 

iron oxides [64], which along with the acid-neutralizing ability of these BOFS particles, allows Cu2+ ions to 475 

remain firmly attached to these particles [66]. Regarding the effects that the alkaline environment during OPC 476 

hydration process may have on these attached Cu2+ ions, Tamez et al. observed that no significant reduction in the 477 

binding of these Cu2+ ions to iron oxides was observed in the presence of a solution consisting of a combination of 478 

cations normally present in the pore solution (Na+, K+, Mg2+, and Ca2+) [65]. 479 

 480 

5. Conclusions and significant findings 481 

The antimicrobial effect resulting from Cu-laden BOFS particles in OPC cement mortars has been documented as 482 

an effective, potentially low-cost, long-term alternative [8]. This study provides valuable insights on the use of 483 

these biocidal particles, with respect to the potential for Cu mobilization within cement matrix, as well as the 484 

effects that these antimicrobial aggregates may have on the hydration process and mechanical properties of 485 

cementitious materials, and, in this way, expand mechanistic knowledge of materials designed to counter 486 

microbially-induced concrete corrosion.  487 

 488 

The following statements highlight the conclusions and significant findings of this work: 489 

 490 
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 No significant differences were observed on the compressive strength behavior between formulations 491 

containing BOFS particles regardless of the presence or absence of Cu when these BOFS particles were 492 

used as partial replacements (40% by mass) of fine aggregate in similar mortar formulations. 493 

 The use of 40% replacement percentage of BOFS particles (BOFS-U or BOFS-Cu) increased the 494 

conventional dormant period of the cement hydration process, resulting in higher setting times for these 495 

formulations. The formulation containing Cu-laden BOFS particles experienced an expected delay in 496 

these setting times when compared to the other formulations. 497 

 The replacement of 40% fine aggregate (by mass) with Cu-free BOFS particles (BOFS-U) accelerated the 498 

hydration process after 18 h when compared to Control formulation, resulting in higher cumulative heat 499 

liberation at the end of the testing period (118 h). This acceleration is likely originated by the reaction of 500 

active minerals (C3S and C2S) present in BOFS particles. On the other hand, formulations containing Cu-501 

laden BOFS particles (BOFS-Cu) experienced an initial delay related to the presence of Cu that was later 502 

overcome to reach a similar cumulative heat as the one observed for the Control formulation, indicating 503 

that a similar degree of hydration was achieved after 118 h. 504 

 Relatively higher C-S-H contents were observed during the curing of the formulations containing 40% 505 

BOFS replacements, which was likely the result of the additional hydration of calcium silicates present on 506 

BOFS particle surfaces and pozzolanic activity.  507 

 Although at trace levels, Cu was detectable throughout the cement matrix even though BOFS was the 508 

only Cu source, indicating that some Cu desorbed from non-Fe-rich BOFS particles during cement 509 

hydration. Even in the presence of extremely high concentrations of alkali cations (Na+, K+, Ca2+, and 510 

Mg2+), there is a strong affinity of Cu2+ ions to iron oxides (i.e., Fe2O3) present in these Fe-rich BOFS 511 

particles [65]. Nevertheless, when Cu was slightly desorbed, it was predominately limited to the 512 

immediate vicinity surrounding BOFS particles (~100 μm). It is observed that these Cu levels 513 

significantly varied among BOFS particles due to their heterogeneous chemical nature. This finding 514 

implies the need for controlling the homogeneous spatial distribution of these BOFS particles to obtain 515 

the desired antimicrobial effects. 516 
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