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A B S T R A C T   

The present study focuses on exploring the effects of reactivity and degree of dispersion of BaCO3 additions in the 
manufacture of sulfate-resistant OPC cements. A new electrochemical deposition method is attempted to effec
tively disperse BaCO3 particles (studying two different materials with particle size: D50 = 11.45 and 2.37 μm) on 
cement to enhance their reactivity and favour sulfate immobilisation in the form of BaSO4. The barium carbonate 
additions, particularly the finest, activate cement hydration to a greater extent. Electrodeposition is also 
observed to improve early age reactivity (2 d–7 d) in fine BaCO3. Cement paste bearing 15 wt % BaCO3 is more 
resistant to sulfate attack by a 5% (w/v) solution of Na2SO4 (180 d at 23 ◦C) than a commercial sulfate-resistant 
cement, although secondary ettringite and gypsum precipitated in all cases.   

1. Introduction 

Sulfate-resistant cements are manufactured in the absence or with 
very low proportions of C3A (0–5% in CEM I-SR [1]) to prevent the 
detrimental precipitation of ettringite (3CaO∙Al2O3∙3CaSO4∙32H2O). 
Paradoxically, more gypsum may precipitate in such cements because 
more Ca(OH)2 is formed with higher amounts of C3S. Natural pozzolans 
as well as pozzolanic industrial by-products such as fly ash and ground 
granulated furnace slag (CEM III-SR and CEM IV-SR) [1] are conse
quently added to cement clinker to compete for the calcium or Ca(OH)2 
needed for ettringite precipitation or gypsum formation, respectively [2, 
3]. The aforementioned supplementary cementitious materials (SCMs) 
may also be used to control thaumasite (CaSiO3∙CaCO3∙CaSO4∙15H2O) 
precipitation [4]. 

The pursuit of innovative, ‘one size fits all’ solutions to counteract 
sulfate attack in special applications have led to some promising results 
with barium compounds. Thermodynamic analysis [5,6] corroborated 
by experimental studies [7–11] have shown that the barite (BaSO4) 
formation induces immobilisation of internal or external sulfates and 
therefore hinders the precipitation of the three aforementioned salts. 

Although witherite (BaCO3) was identified as early as the forties to 
increase cement resistance to sulfate attack [12], research in the area has 

only been undertaken in the last 7 years [7–11]. The reasons for such 
belated interest may be associated with the limited supply of witherite in 
certain regions and the widely extended use of mineral admixtures. 
However, in China, the world’s leading producer of cement and with
erite and other regions were this mineral is readily available this line of 
research may be promising specially if industrial by-products are apart 
from the construction sites. Use of barium compounds may have also 
constrained by their toxicity. Virtually non-bioaccessible, non-soluble 
BaSO4 (2.2 10− 3 g/L in water at 18 ◦C) [13] is not toxic, unlike BaCO3 
whose solubility (22 10− 3 g/L at 25 ◦C) is slightly higher than that of 
CaCO3 (14 10− 3 g/L at 25 ◦C). However, Ba2+ is normally unable to 
migrate into the groundwater given its ability to combine with the sul
fates and carbonates in the soils. Nonetheless, barium compounds may 
dissolve and migrate in acidic soils [14,15]. 

Inconsistent results reported on the performance of Ba-compound 
additions in the short number of studies conducted to date have 
further contributed to misgivings around their use. Wen et al. [11] found 
that sulfate resistance increases with ≤4 wt% Ba(OH)2 additions to 
mortars made with crushed tuff aggregate but decreases at higher con
centrations of the compound (2 months; 10 ◦C; mixed Na and Mg sulfate 
solution). Carmona-Quiroga et al. [8] showed that 15 wt% BaCO3 
addition to a C3A-high cement (11 wt%) failed to protect pastes against a 
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4.4 (w/v) % Na2SO4 solution at room temperature (test duration = 1 
year). The non-uniform distribution of BaCO3 particles, as well as to the 
higher C3A content in the former case, were considered responsible of 
that ineffective performance [8]. 

In that vein, whilst highly variable performance reported in the 
literature for nanoparticles (SiO2, TiO2, Al2O3, etc.) [16,17] in cemen
titious systems has been related to agglomeration and reactivity, these 
issues have not been extensively addressed. Microsize particles tend to 
cluster and form particle agglomerates similar to those observed in 
BaCO3, but of smaller size than nanosized particles [18]. The methods 
most widely used to confront this problem include mechanical shaking, 
sonication and the use of dispersants [19,20]. Blanco-Varela et al. [21] 
showed that dispersants addition to innovative sulfate-resistant (SR) 
cements may be counterproductive; certain lignosulfonate-containing 

formulations prompt thaumasite precipitation. Electrodeposition, an 
electrochemical method routinely used to coat metals by precipitation 
on an electrically charged surface [22], has been applied in concrete 
primarily to prevent or mitigate corrosion by closing cracks or blocking 
pores (with e.g. ZnO, ZnSO4, SiO2, etc.) [23–25]. More recently, it has 
been used to disperse SiO2 nano and microparticles across the surface of 
portland cement particles prior to mixing with water and aggregates 
[26–28]. The electrodeposition of different micro-nanoparticles having 
different surface energy of hydroxyl groups is afforded by a 
soft-mechanical mixing in a humidity free environment. A net charge 
compensation of the dissimilar particles provides the anchoring mech
anism of the nanoparticles onto the microparticles [29]. This uncon
ventional dispersion procedure raises particle reactivity, yielding 
denser, more refined microstructures that lengthen cementitious mate
rial durability with a cost not higher than 5 USD/MT. 

The present study deployed electrodeposition to enhance BaCO3 
reactivity in pursuit of new, more sulfate-resistant cements. The aim was 
to assess the effect of two synthetic mineral admixtures of different 
particle size on OPC-BaCO3 blend reactivity and durability. 

2. Materials and methods 

The materials used in this study included: two 99% pure synthetic 
BaCO3 powders with different particle sizes, coarser BaCO3 (named as 
C–BaCO3) supplied by T3Química (Barcelona, Spain) and finer BaCO3 
(named as F– BaCO3) by Acros Organics - Fisher Scientific (Madrid, 
Spain); and two portland cements, CEM I 42.5 R (cement A) and CEM I 
52.5 N SR (cement B), supplied by Portland Valderrivas, Madrid The 
latter served as a reference in the study of resistance to external sulfate 
attack. 

The starting materials were characterised chemically on a Bruker S8 
TIGER XRF spectrometer and mineralogically on a Bruker D8 Advance 
(1.5406 Å CuKα1 and 1.5444 Å CuKα2 radiation) X-ray diffractometer 
operating at 40 kV and 30 mA. Their particle size distributions were 
determined with a Malvern Mastersizer laser analyser (632.8 nm He–Ne 
laser, cement particles suspended in ethanol and BaCO3 in water) and 
their BET specific surface on a Micromeretics ASAP 2010 (N2, 77 K) 
facility Finer and coarser BaCO3 particles were also examined under a 
Hitachi S-4800 SEM (scanning electron microscope). 

The two synthetic BaCO3 materials were added to portland cement A 
at 15 wt% and 25 wt% using two methods: standard blending prior to 
mixing with water and electrodeposition, following a low-energy dry 
dispersion method (low shear rate) patented for dispersion of nano
materials [27]. In this electrodeposition method, the cement samples 
with different BaCO3 additions were dried in an oven overnight at 
120 ◦C and then mixed in a Turbula-type shaker with 15 mm diameter 
alumina balls [28]. Pastes of BaCO3-cement blends were named after the 
amount (15 or 25 wt%) and type of added BaCO3 (C or F). Furthermore, 

Table 1 
Portland cement and BaCO3 addition chemical and mineralogical composition, 
BET specific surface and particle size.  

Chemical composition (wt%) 

Oxide CEM I 42.5 R 
(A) 

CEM I 52.5 N-SR 
5 (B) 

Coarse BaCO3 

(C) 
Fine BaCO3 

(F) 

CaO 62.98 61.75 0.10 0.09 
SiO2 18.72 19.60 0.19 0.08 
Al2O3 5.63 3.75 0.31  
Fe2O3 2.68 4.07  0.04 
MgO 0.87 0.71   
SO3 3.05 2.94 0.17  
Na2O 0.04 0.03 0.76 0.67 
K2O 0.85 0.67 0.01  
TiO2 0.23 0.18 0.09 0.10 
SrO 0.05 0.05 0.30 0.07 
Mn2O3 0.05 0.15   
ZnO 0.03 0.02   
P2O5 0.05 0.06   
Cl− 0.02 0.02   
Cr2O3 0.00    
Ba#/BaO^ 0.01#  75.95^ 77.45# 

L.o.I. 2.3 3.2 22.1* 21.5* 
Free lime 0.19 0.15   
Mineralogical phase composition (Rietveld) wt% 
C3S 65.15 66.94   
C2S 11.41 13.62   
C4AF 6.87 12.11   
C3A 10.71 0.87   
Bassanite 1.13 0.84   
Gypsum 1.58 1.60   
Calcite 3.14 4.03   
WRp 4.63 4.4   
BET (m2/ 

g) 
1.45 1.48 0.57 2.81 

D50 13.07 8.68 11.45 2.37 

L.o.I = loss on ignition at 1000 ◦C *at 1200 ◦C. 

Fig. 1. Particle size distribution curves for raw materials: (a) cements and (b) BaCO3 particles.  
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pastes in which the mineral additions were electrodeposited were 
denoted by an additional E letter (15C-E, 25C-E, 15F-E and 25F-E). 

Minislump tests were conducted to establish cement paste fluidity, 
all with a water/solid ratio = 0.35. The non-standardised Kantro min
islump test [30] is a simple method for assessing water demand from the 
cement paste slump diameter found on a spread table [31,32]. The same 
mixes were moulded into 60 × 10 × 10 mm3 specimens for the 
compressive strength determination and sulfate resistance test. Heat of 
hydration was determined on a Thermometric TAM isothermal con
duction calorimeter at 25 ◦C, applying in this case a water/solid ratio of 
0.40 to homogenise the smaller samples required for calorimetric 
testing. 

The effect of the mineral additions on the hydration of 2, 7 and 28 
day pastes under water at 23 ◦C (room temperature) was examined with 
the aforementioned X-ray diffractometer as well as with thermog
ravimetry (TG) and differential scanning calorimetry (DSC) simulta
neous analyses on TA SDT Q60 instrument (in N2 up to 1200 ◦C, ramping 

at 10 ◦C/min). Compressive strength was tested on an Ibertest Autotest 
200/10 hydraulic test frame, whilst mercury intrusion porosity mea
surements were recorded with a Micromeritics Autopore IV 9500 V1.05 
instrument. Dispersion of the two mineral additions in the dry cement 
and in the hydrated pastes was examined under the aforementioned SEM 
fitted with a Bruker energy-dispersive X-ray spectrometer. Hydration 
reactions were detained with isopropanol. 

BaCO3-bearing and commercial SR cement (B) resistance to external 
sulfate attack was studied by soaking the specimens in a 50 g/L solution 
of Na2SO4 (standard exposure solution [33]) for 6 months at 23 ◦C 
(volume proportion of solution to paste specimens = 5.5; modified from 
Ref. [33]). Analogous specimens were soaked in water under the same 
conditions. Mechanical strength (speed (0.07 kN/s) and section modi
fied from Ref. [34]) was recorded after initial 2 d water curing and after 
28 d, 91 d and 180 d and paste mineralogy was found for the water and 
sulfate-soaked specimens with XRD at 180 d. 

3. Results and discussion 

3.1. Characterization of the starting materials 

Chemical and mineralogical composition of both selected cements 
(A, B) and both BaCO3 admixtures (C, F) and their particle size and 
surface area are shown in Table 1. Of the two cements, the sulfate- 
resistant one (B) (with limited C3A content) is finer (D50 = 8.68 vs. 
13.07, Table 1) because of its higher grade (52.5). Both cements pre
sented a unimodal distribution as seen in Fig. 1, unlike the finer of all 
four starting materials, the finer BaCO3 (F, D50 = 2.37 and BET surface 
area = 2.81 m2/g; Table 1) that showed a bimodal distribution (Fig. 1). 

When examined under SEM, the finer BaCO3 particles (F) (Fig. 2) are 
either elongated with rounded faces and length <5 μm or rounded whit 

Fig. 2. SEM micrographs of BaCO3 particles: (a,b) coarse, C, and (c,d) fine, F.  

Table 2 
Minislump spread diameter for pastes (w/s = 0.35).   

A 15C 15C-E 25C 25C-E 15F 15F-E 25F 25F-E 

Ø (mm) 91 ± 2 91 ± 1 95 ± 1 95 ± 1 98 ± 1 85 ± 1 83 ± 1 86 ± 3 83 ± 1  

Table 3 
Heat flow and heat of hydration data from Fig. 3.   

qmax (J/gh) tmax (hours) Q140h (J/g) 

A 21.0 6.1 354.9 
15C 17.3 10.3 405.7 
15C-E 17.0 11.1 409.5 
25C 17.2 11.5 437.0 
25C-E 16.8 11.5 429.5 
15F 19.0 11.5 414.6 
15F-E 20.5 11.4 390.0 
25F 22.3 9.7 451.9 
25F-E 24.2 10.0 421.4  
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sizes down 500 nm powder. On the contrary, the coarser (C) barium 
carbonate particles were elongated with faceted faces indicating well 
crystallization and with lengths >10 μm and thickness <4 μm (Fig. 2). 

3.2. Minislump 

BaCO3-bearing cement paste fluidity was studied (Table 2) to analyse 
its workability in comparison with neat cement. 

The results showed that of all the mixes, only 15C kept the same 

paste fluidity than that of neat OPC. In contrast, 25C increases the 
fluidity, while finer BaCO3 addition decreases it. The fluidity variation is 
greater at higher replacement ratio and at electrodeposition. 

The relationship between paste specific surface and decline in spread 
diameter is clearly visible at both replacement ratios. Specific surface is 
not the sole factor governing paste fluidity, which also depends on 
particle morphology, quantity, packing density and wettability. Conse
quently, the opposite may be observed, with finer particles contributing 
to raise paste fluidity at low replacement ratios (<5 wt% silica fume) 
[35], by filling the voids that generate inter-particle friction. 

3.3. Early paste hydration at 2, 7 and 28 d 

3.3.1. Calorimetry 
Calorimetry was deployed to determine the effect of the two types of 

BaCO3 on the portland cement hydration rate. Unlike finely ground 
limestone [36–39], the presence of this mineral addition lengthens the 
induction period [40,41], retarding the appearance of the main 
exothermal signal by 3.6 h–5.4 h and therefore C–S–H nucleation 
(Table 3; Fig. 3). Reasons for reaching later the supersaturation level for 
the nucleation of C–S–H [42] in the systems bearing Ba could be related 
with the water content [43] (same w/s = 0.4 for all blends) and asso
ciated dilution effect on calcium and silicate concentration. 

Nonetheless, acceleration begins, with a steeper slope in the mixes 
containing F–BaCO3 (finer than the reference cement particles) due to 
the filler effect, stimulating nucleation and reversing initially retarded 
C–S–H growth (Fig. 4). 

The shape of the heat flow curves also changes for barium carbonate 
with higher specific surface values. Compositions 25F and 25F-E 
exhibiting narrower and more intense peaks than portland cement 
(Fig. 3). Moon et al. [39] observed a similar effect on the peaks shape 
with smaller particle size of barium carbonate. The next exothermal 
signal, attributed to the redissolution of aluminates reacting with CaCO3 

Fig. 3. Heat flow (a,b) and heat of hydration (c,d) normalised to cement content for the different cement pastes.  

Fig. 4. Acceleration slope on the calorimetric curves for the different 
cement pastes. 
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to form calcium monocarboaluminate, appears much earlier on the 
curves for the aforementioned two pastes than for OPC. Ettringite 
transformation is brought forward in all the BaCO3 samples, but more 
perceptibly in 25F and 25F-E. 

The deposition method affects the hydration rate for F–BaCO3, where 
the acceleration slope (first 6 h–10 h) is slightly steeper (Figs. 3 and 4). 

After the first 20 h–36 h, all the BaCO3-bearing cements release more 

Fig. 5. Two day (a,b), 7 d (c,d) and 28 d (e,f) diffractograms for the different cement pastes. E = ettringite; Mc = calcium monocarboaluminate hydrate; G = gypsum; 
P = portlandite; W––BaCO3; B = barite, clinker phases = C3S, C2S, C3A, C4AF. 

Fig. 6. XRD peak intensity of BaCO3 over hydration time.  

Table 4 
Non-normalised decarbonation and total weight loss for the hydrated cement 
pastes.  

◦C 2 days total 7 days total 28 days total 

473–1200 473–1200 473–1200 

A 5.40 18.98 5.22 19.82 5.85 22.00 
15C 7.59 19.27 8.44 21.66 7.58 22.66 
15C-E 7.25 18.95 8.01 21.38 7.37 22.32 
25C 8.80 19.13 9.23 21.67 9.22 23.04 
25C-E 8.68 18.74 9.20 21.52 8.87 22.84 
15F 8.07 19.69 7.68 22.19 8.21 23.64 
15F-E 7.43 18.50 8.04 22.91 8.34 23.98 
25F 8.95 20.09 8.61 22.23 9.62 24.35 
25F-E 7.97 18.59 8.75 22.94 9.58 24.43  
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heat (normalised to cement content) than the neat OPC (Fig. 3), as a 
result of the filler effect that has been described to cause a rise in inter- 
particle shear rate [44]. Heat of hydration rises with BaCO3 content. 
With coarser C–BaCO3 no differences as a function of the deposition 
method are observed in reaction rate or total heat of hydration at the end 
of the test (140 h), whereas with the finer F–BaCO3, electrodeposition 
helps to release greater heat than standard blending [36,39]. 

3.3.2. Mineralogy and BaCO3 distribution 
The diffractograms for the hydrated samples show that, despite 

barite precipitation (Equation (1) [10]), only primary ettringite is stable 
in the presence of BaCO3 at the earliest age (2 d), alongside calcium 
monocarboaluminate hydrate. Aluminates also reacted with carbonates 
to yield this latter hydrate (low intensity of its strongest line at 2θ =
11.7◦) (Fig. 5). Utton et al. [40] also observed the presence of ettringite 
in 24 h samples, although their materials had a higher BaCO3 content 
(30 wt% replacement ratio) and they worked at a slightly lower tem
perature (20 ◦C).  

BaCO3 + Ca2SO4.2H2O + 2OH− → BaSO4 + CaCO3  
+ Ca(OH)2 + 2H2O                                                                         (1) 

In this study, the 2 d pastes with F–BaCO3 exhibit weaker ettringite 
signals than in the analogous mixes with C–BaCO3 (Fig. 6). Ettringite is 
absent altogether only for 25F-E, which contained the higher percentage 
of finer barium carbonate particles with dispersion attained by elec
trodeposition. According to a thermodynamic stability study of hydrated 
cement phases in the presence of barium (simplified closed 
CaO–BaO–Al2O3–CaSO4–CaCO3–H2O system at 25 ◦C [45]), ettringite 
and gypsum can only precipitate in the presence of very low barium 
concentrations (in this system in particular, at [Ba2+] ≤0.1176 mmol/kg 
and ≤1.5 10− 4 mmol/kg, respectively). 

By day 7, however, ettringite decomposes for all materials (Utton 
et al. [40] reported a weaker signal at that age) and more calcium 
monocarboaluminate precipitates at its expense (as revealed by the in
crease in intensity of its main peak, Fig. 5), whilst the hydration re
actions continue to progress more rapidly in mix 25F-E (attested to by 
the decline in the intensity of the C3S signal at around 52 ◦2θ) as BaCO3 
dissolves (Fig. 6). This fact is in contrast with the calorimetric findings 

where more (normalised) heat is released by the equivalent standard 
mix 25F. 

After 28 d, the deposition method has no effect on finer BaCO3 
reactivity. Substantial amounts of unreacted BaCO3 remain for the 28 
d ages samples (Fig. 6), although, high density of barium compounds 
that absorb standard X-ray sources hinders the assessment of its reaction 
degree. 

This finding also observed by Utton et al. [40] in OPC pastes with 30 
wt% BaCO3, might initially be thought to be available to immobilise 
external sulfate ions [10] (see section 3.4). 

Portlandite, calcite and unreacted clinker phases are present at all 
three ages, as expected (Fig. 5). 

The derivative of TG curves for the 2, 7 and 28 d pastes showed in 
Fig. 7 reveals three main weight losses ranges. The first, between 
approximately 90 ◦C–300 ◦C, is attributable primarily to C–S–H and 
calcium monocarboaluminate dehydration in the OPC-BaCO3 mixes and 
for neat OPC samples to ettringite and C–S–H dehydration. Portlandite 
dehydroxylation takes place at around 440 ◦C and CO2 loss from the 
various carbonates present (CaCO3 in calcium monocarboaluminate 
hydrate, calcite and BaCO3) from 600 ◦C onward. BaCO3 decomposes at 
higher temperatures and generates four endothermal signals at 818 ◦C 
(polymorphic transformation from rhomboid to the hexagonal system), 
977 ◦C (from the hexagonal to the cubic system), 1030 ◦C and the most 
intense at 1113 ◦C. Whilst decomposition starts with the second peak, 
the maximum DTG signal is at 1098 ◦C [7]. For calcium mono
carboaluminate, the decarboxylation signal is around 865 ◦C [46] and 
for calcite around 700 ◦C. Decarbonation signal position depends not 
only on the number of phases present, but also on their fineness [47], 
which would induce the appearance of several peaks in this temperature 
range. 

Decarbonation weight loss (Table 4) rise not only with the replace
ment ratio (as more carbonates are included in the systems) but with 
BaCO3 particle size as the finest addition (F), in contrast with the sam
ples bearing the coarser BaCO3, exhibit higher interaction Given the 
thermal stability of barite, its presence is not quantifiable [46]. (In some 
DSC curves (Figure not shown) a very weak endothermic peak at around 
1158 ◦C attributed to the polymorphic transformation from rhombo
hedral to monoclinic system can be detected) [48]. 

Since weight loss in the various carbonates overlapped between 473 
and 1200 ◦C [8] (Table 4), calculations are performed to quantify the 
values for portlandite dehydration (normalised to cement content) and 
bound water loss (modifying the equation in Ref. [49] to measure bound 
water in a single stage up to 385 ◦C) (Table 5). Hydrate weight loss rises 
perceptibly with curing time and more intensely in the materials con
taining BaCO3. More portlandite precipitates out of the finer, more 
reactive addition and at the higher replacement ratio (6% more in 25F 
than in A and 2% more than in 15C after 28 d). As ettringite contained a 
much higher proportion of crystallization water than mono
carboaluminate and since portland cement contained ettringite and the 
BaCO3-additioned cements primarily calcium monocarboaluminate hy
drate, the bound water measurements show only slightly greater losses 
in the samples with BaCO3, despite their higher degree of reaction. More 
specifically, a difference of 2.5% is observed between 28 d A and 25F 
bound water loss, with greater calcium monocarboaluminate dehydra
tion (signal at 144 ◦C–148 ◦C) in the latter (Fig. 7). 

Small weight loss differences between electrodeposition and stan
dard method were recorded in the 2 d and 7 d pastes with F–BaCO3 
(mean values of ±0.5% and maximum differences of 0.9% in bound 
water and 1.5% in portlandite content in the 2 d and 7 d pastes with 
F–BaCO3, Table 5). 

BaCO3 distribution in the 28 d hydrated pastes was examined under a 
scanning electron microscope (Fig. 8). Large quantities of unreacted 
BaCO3 particles on which small (<2 μm) BaSO4 crystals precipitated are 
observed in the BaCO3-bearing cement pastes (Fig. 9a). The larger sized 
particles, C, with a characteristic prismatic shape were dispersed uni
formly across the matrix (Fig. 9b), unlike the finer particles, which tend 

Table 5 
Bound water and portlandite content normalised to cement content.   

Age 
(d) 

Bound 
water 

CH 
(normalised) 

Bound 
water 

CH 
(normalised) 

A 2 12.1 15.4   
7 13.1 16.7   
28 15.1 17.5   

Deposition 
method 

Standard Electrodeposition 

15C 2 11.9 15.6 12.0 15.5 
7 13.6 18.3 14.1 18.2 
28 15.8 21.4 15.6 21.5 

25C 2 11.6 15.7 11.3 15.5 
7 14.6 19.2 14.1 19.5 
28 16.1 22.1 16.2 23.0 

15F 2 11.6 16.0 11.3 14.5 
7 15.1 20.5 16.0 20.1 
28 16.3 22.1 16.7 22.0 

25F 2 12.7 16.8 12.3 15.3 
7 16.1 21.3 17.1 21.6 
28 17.6 23.5 17.7 23.5  

Table 6 
28 d strength activity index (SAI).   

15C 15C-E 25C 25C-E 15F 15F-E 25F 25F-E 

SAI 82 92 85 81 77 87 76 74  
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to form 50 μm–200 μm clusters, even when electrodeposited (Fig. 9c). 
Similar results were reported by Xiong et al. [10] and Carmona-Quiroga 
and Blanco-Varela [7] who used mechanical methods to blend cement 
with this very dense (4.43 g/cm3 [13]) micrometric addition, the former 
authors at 30 wt% and 10 wt% and the latter at 15 wt% replacement. 
Electrodeposition is used here in an attempt to reduce or minimise such 
clustering. Fine BaCO3 particles are initially dispersed in anhydrous 
cement very effectively with that method, as the micrographs in Fig. 9d 
show. However BaCO3 fine particles in contact with the mixing water 
tend to cluster, and both the clustered and non-clustered particles can be 
found throughout the paste (Fig. 9c) [18]. 

3.3.3. Microstructure and mechanical properties 
Both types of BaCO3 modify paste pore structure in the first 48 h, 

with higher total porosity and volume of pores under 10 nm in OPC- 
BaCO3 than in OPC. The volume of capillary pores (0.1 μm–0.01 μm) 
declines more steeply with curing time in the pastes with the finer car
bonate, as a result of denser particle packing [50] (Fig. 10). So at 28 d, 
all blended pastes have lower total porosity than the reference cement 
with F–BaCO3 specimens exhibiting the lowest values (dropped by 
35–58% from 2 to 28 d). The deposition procedure did not appear to be a 
determining factor for porosity at any age (Fig. 11). 

Xiong et al. [10] also observed 14 d pastes with smaller (5 wt% to 10 
wt%) amounts of BaCO3 to exhibit lower total porosity and a smaller 
critical pore diameter than the reference cement paste. They attributed 

such effect to accelerated C3A hydration driven by gypsum consumption 
by BaCO3 [10,51]. Su et al. [9] identified barite precipitation as the 
factor inducing the decline in porosity in mortars prepared with 
limestone-bearing cements and just 0.5 wt% to 1.5 wt% BaCO3 or Ba 
(OH)2. In contrast, mortars with 10 wt% to 15 wt% BaCO3 and no in
ternal sulfates were more porous than the reference materials with no 
BaCO3 and 5% gypsum [7]. In this case, the higher the percentage of 
BaCO3 added the greater the specimen porosity was. 

Small amounts of limestone also reduce OPC paste total porosity by 
raising the volume of hydration products, furthermore this addition 
stabilizes a voluminous phase such as ettringite and therefore prevents 
its conversion to calcium monosulfoaluminate, which occupies less 
volume [52]. On the contrary, it has been reported that larger amounts 
of CaCO3 (such as 25 wt% [53]) raise portland cement paste porosity; 
however, the use of low water/powder ratios (≤0.35) with the help of 
superplasticizers can cause a decrease in total porosity in blends with 
such high limestone contents (≤50 wt%) [54]. 

BaCO3 bearing cement pastes exhibit lower absolute compressive 
strength than the A-cement paste at all three ages due to their lower 
cement content (dilution effect) (Fig. 11). Nonetheless, except in two of 
the samples with lower amounts of BaCO3 (15C and 15F) the relative 
strength referred to a given cement content (strength activity index, SAI, 
Equation (2)) is greater than or equal to the values recorded for the 
reference cement (reactive effect) (Table 6). 

SAI = blended cement paste compressive strength unblended OPC 

Fig. 7. Derivative TG curves for 2, 7 and 28 d cement pastes with a) coarse (C) or (b) fine (F) BaCO3.  
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paste compressive strength x 100 (2). 
In all cases strength rises steadily with reaction time, with the 28 

d mixes reaching 52 MPa–65 MPa and the portland reference 75 MPa. 
On the whole, allowing for testing error, the greater the replacement 
ratio, the lower is the compressive strength. Xiong et al. [10], however, 
using lower BaCO3 contents (5 wt% and 10 wt%), observed higher 
strength in the 28 d and 60 d additioned pastes than in the reference, 
although the pattern reversed after 91 d. 

Here the 7 d and 28 d compressive strengths closest to the OPC values 
are found for the electrodeposited samples with the lower amount of 
BaCO3. The pastes with the finer addition (F) exhibited lower mechan
ical performance than those prepared with the coarser (C) barium 

carbonate, despite their smaller total and capillary porosities (Figs. 10 
and 11). Considering this decrease in compressive strength with the 
electrodeposited finer addition, the possible use of even finer electro
deposited BaCO3 particles to increase their reactivity in the search for a 
more efficient substitution is not straightforward and should be further 
explored. 

One explanation for that initially contradictory result is the fact that 
the greater proportion of insoluble barite that filled the pores would not 
contribute in any substantial manner to mechanical strength develop
ment. The use of barite as an aggregate to partially replace ordinary 
aggregate in dense concrete manufacture has in fact been shown to 
induce a decline in compressive strength [55]. Lower strength in the 

Fig. 8. SEM micrograph mapping for 28 d pastes: a)15C; b) 15C-E; c) 25C; d) 25C-E; e) 15F; f) 15F-E; g) 25F; h) 25F-E.  
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F–BaCO3 cement pastes may also be attributed to the higher water 
sorptivity of those mixes (Table 2), for the addition has a higher BET 
specific surface than OPC (2.8 m2/g vs 1.5 m2/g). The presence of more 
entrained air pores in the 2 d and 28 d pastes would have been the result 
of less uniform mixing. 

3.4. Sulfate attack 

An initial visual inspection of the pastes prepared with neat cements, 
A and B, and BaCO3-bearing cements that were soaked in a 5% Na2SO4 
solution for 180 d reveals that most of the specimens, including the ones 
made with sulfate-resistant cement B, showed signs of slight to moderate 
decay (Fig. 12). Two compositions, 15C-E and 15F-E are found to be in 
good condition. These cement pastes are the two that after initial curing 
have compressive strengths closest to the unblended cement values. The 
greatest decay due to loss of the external layer is observed in specimens 
25F (where scaling is more intense) and 25C, the two with the lowest 
strength values at the outset of the durability test. All the other speci
mens show cracks along the edges, shorter in pastes B, A and 25F-E and 
longer and with associated material loss in 15F, 25F-E and 25C-E. 

Calcium monocarboaluminate hydrate precipitated in all pastes 
whether soaked in water or in a sulfate solution (). It has been found that 
its presence would increase the stability of the cementitious system to 
sulfate attack since it is more thermodynamic stable than monosulfate 
and other calcium-aluminate hydrates [56]. In any case, expansive 
products such as secondary ettringite and gypsum precipitate altogether 
in all the specimens, even those apparently unaltered, although the 
quantity of the latter mineral does not suffice to eclipse the presence of 
portlandite (Fig. 13). Conventionally, gypsum precipitates in the pres
ence of highly concentrated sulfate solutions [57] as in this study. Barite 
that immobilises a fraction of external sulfates also form in the pastes 
with BaCO3.Due to its low solubility substantial amounts of unreacted 
BaCO3 are observed in all the 180 d specimens, but less in the sulfate 
solution than in water (Fig. 14). In other words, dissolved Ba can 
immobilise only a limited amount of external sulfates (Fig. 13), so 
gypsum and ettringite are able to precipitate. In fact, the periodical 

analysis of Ba2+concentration in sulfate test solutions in which mortars 
elaborated with BaCO3-bearing cements were immmersed for 6 months 
revealed that this cation is readily immobilised [58]. Analysed con
centrations were below the detection limit (<0.006 ppm) of an ICP-EOS 
instrument in the majority of the cases which limits its toxicity effects. 

Su et al. [9] reported that 0.5 wt%, 1 wt% and 1.5 wt% Ba(OH)2 
raised resistance to thaumasite (CaSiO3⋅CaSO4⋅CaCO3⋅15H2O) forma
tion in limestone-containing portland cement mortar more effectively 
than the same percentages of BaCO3 (even though ettringite and thau
masite precipitated). This fact was attributed to the higher solubility of 
the former that promotes pore structure refinement and sulfate immo
bilisation as barite. In contrast, an excess of barite formation seems to be 
counterproductive, as seen in this study and observed by Wen et al. [11] 
for mortars prepared with cements bearing over 4 wt% Ba(OH)2, where 
the volume instability generated [11] induced a decline in specimen 
compressive strength. 

Fig. 15 depicts mechanical strength development in the pastes 
soaked in a concentrated (50 g/L) sodium sulfate solution. Compressive 
strength is observed to decline significantly with test time in paste W25F 
only, where greatest physical decay is observed (Fig. 12) (lower 180 
d than initial strength). Unlike deposition method, replacement ratio 
appears to be a determining factor in OPC-BaCO3 mix durability. 

4. Conclusions 

In the search for novel sulfate resistant cements (SR), this study ex
plores the effect of different BaCO3 particles (two different fineness and 
morphology) replacing portland cement by 15 wt% and 25 wt% with 
different mixing procedures (standard and electrodeposition) on the 
reactivity and resistance of to a 5% Na2SO4 solution sulfate attack of 
those cement blends. The conclusions are set out below.  

• At both replacement ratios the two mineral additions studied (BaCO3 
(C), D50 = 11.45 μm and BaCO3 (F), D50 = 2.37 μm) retard portland 
42.5 R cement initial hydration (first 20 h–36 h). Nonetheless, after 

Fig. 9. Micrographs of a) barite precipitation and dissolved BaCO3 in paste 25C-E; b) unreacted BaCO3 (elongated white crystals) in paste 25C; c) BaCO3 particle 
cluster in paste 15F-E; and d) fine BaCO3 electrodeposited on anhydrous cement. 
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Fig. 10. Pore size distribution curves for the 2 d (a, b); 7 d (c, d) and 28 d (e,f) OPC (A) and OPC blended pastes with 15% or 25% of coarse (C) or fine (F) BaCO3 
electrodeposited (E) or standard mixed. 
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that initial period the heat of hydration in the OPC-BaCO3 mixes 
(normalised to cement content) rises with addition content.  

• The deposition method affects reactivity of the finer particles only 
(F), which, even when electrochemically deposited, cluster at early 
ages upon contact with water. XRD analysis reveals such differences 
in the 2 d materials, when primary ettringite can still precipitate in 
the presence of the scant BaCO3 dissolved, and in the 7 d pastes. In 
the 28 d materials, in contrast, reactivity varies only with particle 
quantity and fineness.  

• Adding more, finer and more reactive particles induces greater 
cement hydrates (such as calcium monocarboaluminate), (normal
ised) portlandite and CaCO3 and BaSO4 precipitation, the fourth as a 
result of the interaction between BaCO3 and internal sulfates. That in 

turn refines the pore structure, leading to a decline in 28 d neat OPC 
total porosity. Strength is lower, although significant (>50 MPa at 
28 d), in the mixes than in the reference cement, given the lower 
cement content in the former.  

• Despite their lower porosity, pastes prepared with fine particles are 
less sulfate-resistant than those bearing coarse particles. That is 
attributable to the higher amount of early age barite precipitation 
that does not contribute to mechanical strength, and therefore has a 
significant impact on the sulfate resistance test.  

• The OPC mixes containing 15 wt% BaCO3 exhibit the highest sulfate 
resistance when exposed to a 5% Na2SO4 solution for 180 d, even 
outperforming a commercial SR cement due to a balance between 
two factors: the high initial resistance of these mixes, very near that 

Fig. 11. Two day, 7 d and 28 d total porosity and compressive strength in cement pastes with coarse (a,c) or fine (b,d) BaCO3.  

Fig. 12. Pastes of reference cements (A and B) and BaCO3-OPC blended cements after soaking for 180 d in a Na2SO4 solution.  
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Fig. 13. Diffractograms for cement pastes after soaking for 180 d in: (a, b) water; (c,d) concentrated sulfate solution. E = ettringite; Mc = calcium mono
carboaluminate hydrate; G = gypsum; P = portlandite; W––BaCO3; B = barite, clinker phases = C3S, C2S, C3A, C4AF. 

Fig. 14. XRD peak intensity of BaCO3 in the pastes soaked in the 5% Na2SO4 solution or in water for 180 days.  
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of the unblended cement, and the partial immobilisation of sulfates 
as barite. On the contrary, the mixes with higher amounts of the 
addition, where barite forms and compressive strength is lower, 
decay most intensely (scaling).  

• Given its low solubility, BaCO3 does not react fully after 180 d. The 
resulting store of barium that might initially be deemed favourable 
as a long-term buffer against sulfate ingress proves to be counter
productive in systems exposed to high sulfate concentrations (labo
ratory tests), which induce excess barite precipitation. 
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