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A B S T R A C T   

This paper proposes the use of desalination brine as a setting and hydration activator in set-on-demand 3D 
concrete printing. A series of tests were conducted to investigate the effect of adding different concentrations of 
desalination brine on stiffness evolution and early-age hydration of Portland cement mortars (PC mixtures) and 
limestone-calcined clay-based cementitious materials (LC mixtures). Results show that, increasing brine con-
centration decreased slump, flowability and initial setting time, as well as enhanced buildability, and stimulated 
the stiffness development within the first hour. Furthermore, the addition of desalination brine resulted in an 
acceleration of cement hydration, a higher amount of chemically bound water and a higher 1st day compressive 
strength. The abovementioned behaviors were further promoted by doubling the brine concentration. Due to the 
presence of reactive aluminates in calcined clay, the acceleration of first-day hydration was slightly diminished 
and a higher intensity of Friedel’s salt was observed in LC mixtures compared to that of PC mixtures with the 
same desalination brine addition.   

1. Introduction 

Increasing digitalization in building and construction industry is 
required to respond to the demand of creating a sustainable built envi-
ronment (Bos et al., 2016; De Schutter et al., 2018; Wolfs et al., 2021). In 
this context, digital fabrication of concrete stands out as an ideal option 
for a technologically innovative, environmentally responsible and 
future-oriented solution (Chen et al., 2017). Over the last decades, 
extrusion-based 3D concrete printing (3DCP), as one of the most 
emerging and popular techniques in this field, received considerable 
attention and has been developed rapidly due to its benefits for rapid 
construction processes and unique architectural designs (Buswell et al., 
2018; De Schutter et al., 2018). Also, 3DCP may be an 
environmentally-friendly approach to concrete manufacturing by using 
sustainable cementitious materials (Chen et al., 2017). 

The 3DCP process can be explained as fresh cementitious filaments 
being extruded from a nozzle in a layer-based manner to form the 
designed objects without formwork (Mohan et al., 2020; Wolfs et al., 
2019). Owing to the lack of formwork in 3DCP, the deposited fresh 
mortar/concrete filament must emerge with sufficient yield stress to 

restrain the deformation under the load from subsequent layers (Chen 
et al., 2020a; Perrot et al., 2016). Until now, there are two main stra-
tegies used in 3DCP, i.e., extrusion of high or sufficiently high stiffness 
material and set-on-demand printing (Mechtcherine et al., 2021). The 
former, as a very common approach used in many earlier works (Bai 
et al., 2021; Chen et al., 2021; Le et al., 2012; Ma et al., 2018; Nerella 
et al., 2019; Panda et al., 2019; Rahul et al., 2020; Weng et al., 2018), 
relies on the thixotropy nature of cementitious materials. The thixotropy 
of fresh mixture can be enhanced by adding a proper amount of silica 
fume (Nerella et al., 2019; Yuan et al., 2018), organic viscosity modi-
fying admixture (Marchon et al., 2018), or nanoparticles, e.g., nano-clay 
(Kawashima et al., 2021; Moeini et al., 2020; Panda et al., 2019; Yuan 
et al., 2018), and nano-calcium carbonate (Chu et al., 2021; Yuan et al., 
2018). However, the shortages of extruding thixotropy-based mixtures 
are the relatively high pumping pressure as well as the short printability 
window, which may hinder the implementation of this technology in a 
large-scale construction (Chen et al., 2021). In contrast, set-on-demand 
(hydration/rheology control) is reported as a more advanced and so-
phisticated approach (Anton et al., 2021; Boscaro et al., 2021; Reiter 
et al., 2020). The strategy usually comprises the use of fresh mixtures 
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with great fluidity, which will be transported to the nozzle and mixed 
with an activator (or accelerator) only when the materials are at the 
printhead, as shown in Fig. 1 (a). 

As reported by Refs (Mechtcherine et al., 2020; Tao et al., 2021b), 
the printhead can be equipped with a dynamic mixer or a static mixer to 
mix fresh cementitious material and activator properly. The activator in 
set-on-demand printing can be an inorganic chemical accelerator, a kind 
of fast-set paste/mortar, or an organic viscosity modifying agent 
(Mechtcherine et al., 2021). The working mechanism of different acti-
vators has been reported elsewhere (Marchon et al., 2018). Aluminum 
sulfate salts-based shotcrete accelerator (Esnault et al., 2019) and cal-
cium aluminate cement (CAC) paste (Anton et al., 2021; Boscaro et al., 
2021; Reiter et al., 2020) were successfully employed as activators, 
which were dosed in the printhead incorporating a dynamic mixer 
(Fig. 1 (b)). Instead of dosing liquid or paste accelerators, Tao et al. 
(2021a) developed a mortar-based accelerator (consisting of fine sand, 
limestone powder, alkali-free shotcrete accelerator, and super-
plasticizer) that works perfectly on the 3D concrete printer equipped 
with a static mixer-based printhead (Fig. 1 (c)). 

Desalination has been increasingly employed to meet the rising 
water demand in the last decade. About 15900 desalination plants are 
currently in operation worldwide (Jones et al., 2019). Desalination is 
defined as the process of producing freshwater that meets the re-
quirements of human uses from saline water such as seawater, brackish 
water and brine (Darre and Toor, 2018; Panagopoulos and Har-
alambous, 2020). However, desalination brine (also known as reject 
brine, or brine in this paper) as the main by-product is also produced 
during the desalination process. Depending on the desalination type, 
35%–45% of intake saline water can be converted into pure water, 
whereas the remaining (near 60%) is reject brine (Fattah et al., 2017). 
The composition of desalination brine is close to the intake saline water 
(seawater, brackish water, or brine), but it also contains additional 
chemicals used in the desalination process (Fattah et al., 2017; Pan-
agopoulos and Haralambous, 2020). Desalination brine is usually 

discharged into marine or other surface water bodies, causing severe 
effects on the aquatic ecosystem (Jones et al., 2019; Meneses et al., 
2010; Roberts et al., 2010). Therefore, brine disposal is an environ-
mental challenge and eagerly needs sustainable solutions. Utilizing and 
stabilizing such a desalination brine into concrete has been proposed by 
(Fattah et al., 2017). The authors reported that using desalination brine 
(chloride concentration: 39426 mg/L) as the source of mixing water in 
blended cement (containing 50% of ground granulated blast-furnace 
slag) can potentially reduce CO2 emission with more than 176 kg/m3 

of concrete produced. 
Due to the very high chloride salt concentration, employing desali-

nation brine as the source of mixing water in concrete may result in a 
rapid workability loss, which is not ideal for the mold-cast process of 
conventional concrete. Alternatively, many recent studies (Guo et al., 
2020; Li et al., 2019, 2020; Liu et al., 2021; Ren et al., 2021; Shi et al., 
2015; Wang et al., 2020) tried to use seawater containing relatively 
lower chloride ion concentration (9000–33400 mg/L). Typically, Cl− , 
Na+, SO4

2− , Mg2+, Ca2+, and K+ are the major ions in seawater (Li et al., 
2021). Among them, chloride ion has the highest proportion and plays a 
vital role in cement setting and hydration (Li et al., 2021; Montanari 
et al., 2019). The effect of seawater on fresh properties of cement paste 
has been studied by (Li et al., 2019; Wang et al., 2020). Li et al. (2019) 
found that adding seawater can reduce workability, flowability and 
packing density, as well as increase cohesion of fresh cement paste. 
According to Wang et al. (2020, 2018), the negative effect on the fluidity 
of fresh cement paste is attributed to the increase in yield stress and 
viscosity caused by mixing with seawater. Li et al. (2020) reported that 
the early-age hydration of C3S can be stimulated by seawater. Friedel’s 
salt (3CaO⋅Al2O3⋅CaCl2⋅10H2O) as a typical hydration product in the 
cement paste mixed with seawater is formed by the reaction between 
chloride ions and aluminate-ferrite-monosulfate (AFm). Furthermore, 
alumina-rich supplementary cementitious materials (SCMs), i.e., meta-
kaolin and slag, were recommended in the cementitious composites with 
seawater/reject brine. The addition of reactive aluminate phases in 

Fig. 1. (a) Schematic illustration of the set-on-demand 3DCP concept, adapted from (Reiter et al., 2020). The mixing reactor can be a dynamic mixer or a static 
mixer. (b) Printhead equipped with a dynamic mixer from ETH Zurich, adapted from (Reiter, 2019); (c) 3DCP setup equipped with a static mixer-based printhead 
from Ghent University, adapted from (Tao et al., 2021a). 
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cementitious materials can enhance the binding capacity of chloride to 
form more Friedel’s salt, which may contribute to densifying the 
microstructure, improving mechanical performance and durability of 
hardened concrete at later ages (Cheng et al., 2018; Li et al., 2015, 2021; 
Shi et al., 2015). 

For most mold-cast concrete applications, rapid acceleration of 
stiffness and early-age hydration may not be necessary, but it appears to 
be a major benefit to achieving the goal of set-on-demand printing. 
However, research to date has not yet determined the effect of desali-
nation brine that has a much higher chloride concentration (>50000 
mg/L) than seawater on fresh-state behaviors and hydration kinetics of 
cementitious materials. Moreover, to our knowledge, no research has 
attempted to use the desalination brine as an activator to accelerate the 
structural build-up of 3D printable cementitious materials. Therefore, in 
this paper, we propose using desalination brine as a setting and hydra-
tion accelerator in set-on-demand 3DCP. 

This study aims to determine the feasibility of using desalinization 
brine as a chemical additive to control stiffness development and early- 
age hydration of 3D printable cementitious materials. The impacts of 
using desalination brine and concentrated brine on the flowability, 
stiffness evolution and hydration of Portland cement-based and 
limestone-calcined clay-based cementitious materials were investigated. 
For evaluating the fresh properties of studied mixtures, slump, slump 
flow, Vicat penetration resistance, plate-stacking and layer settlement 
tests were performed. In addition, isothermal calorimetry, thermogra-
vimetric analysis, and X-ray diffraction analysis were carried out to 
characterize early-age hydration kinetics and phase assemblages of the 
resulting materials. Finally, compressive strength test (1, 3, and 7 days) 
was conducted to investigate the influence of adding desalination brine 
on the strength development of hardened cementitious materials during 
the first 7 days. 

2. Material and methods 

2.1. Materials 

The binding materials used in this work were CEM I 52.5 Portland 
cement (PC), low-grade calcined clay (LGCC) and limestone powder 
(LP). LGCC that contained about 50% of metakaolin was purchased from 
Argeco, France. According to our earlier study (Chen et al., 2021), the 
reactive aluminate and silicate in LGCC are about 32 wt% and 12.3 wt%, 
respectively. Oxide composition obtained by X-ray fluorescence (XRF) 
spectrometry of PC, LGCC and LP is given in Table 1. Fig. 2 shows 
particle size distribution using laser diffractometry and X-ray diffraction 
(XRD) patterns of PC, LGCC and LP, obtained by A PhilipsPW1830 
powder X-ray diffractometer with Cu-Kα radiation operated at 45 kV and 

Table 1 
Oxide composition of low-grade calcined clay (LGCC), limestone powder (LP), 
and Portland cement (PC).  

XRF [wt.%] PC LP LGCC 

CaO 68.71 55.4 0.55 
SiO2 17.41 0.17 55.14 
Al2O3 4.62 0.03 38.43 
Fe2O3 2.75 0.04 2.60 
K2O 0.63 0 0.17 
TiO2 0.34 0 1.12 
ZrO2 0 0 0.05 
Other 5.54 44.36 1.94 
Total 100.00 100.00 100.00  

Fig. 2. (a) Particle size distribution of PC, LGCC, LP and quartz sand; (b) XRD (Cu-Kα radiation) patterns of LGCC, PC, and LP. Cal-calcite, Gp-gypsum, C3S-alite, C3A- 
tricalcium aluminate, Mul-mullite, Qz-quartz, Kln-kaolinite. 

Table 2 
Ion composition of Brine-1 and tap water.  

Ions Ca2+ (mg/L) Na+ (mg/L) Mg2+ (mg/L) K+ (mg/L) Cl− (mg/L) SO4
2− (mg/L) Others (mg/L) Total dissolved solids (mg/L) pH 

Brine-1 21633 9941 3569 163 58227 87 173 93794 7.0 
Tap water* 45 32 6.9 – 47 43 120 – 8.0 

Tap water*: The ion composition of tap water is provided by Evides, the Netherlands. 

Y. Chen et al.                                                                                                                                                                                                                                    



Journal of Cleaner Production 378 (2022) 134522

4

40 mA. As shown in Fig. 2 (b), quartz is the main impurity of LGCC. Fine 
quartz sand with 0.125–2 mm grain size was employed as aggregate. The 
chemical composition of the desalination brine (Brine-1) used in this 
study that was analyzed in Waterlab (TU Delft) is reported in Table 2. 
The cations and anions were assessed by Inductively Coupled 
Plasma-Mass Spectrometry (ICP-MS) (Plasma Quant MS, Analytik Jena, 
Germany), and Ion Chromatograph (IC) (Metrohm 881-IC compact pro, 
Switzerland), respectively. It was found that the main cation and anion 
were Ca2+ and Cl− , respectively. The chemical composition of tap water 
supplied by Evides, the Netherlands, is also presented in Table 2. 

For a set-on-demand printing system, the printable cementitious 
material with two components, i.e., a mortar mixture and an injectable 
activator, needs to be developed. The mortar mixture was employed as 
the base for the final printable material. The brine mixture containing 
normal or high concentration brine was designed as an injectable acti-
vator to stimulate stiffness evolution and hydration of the mortar 
mixture. Both mixtures were mixed inline in the printhead. Thus, mortar 
and brine mixtures were prepared separately and then mixed to make 
the final mixture. Table 3 presents the mix designs of different mixtures 
studied in this work. Except for mixtures P0 and C0, all mixtures were 
combinations of mortar and brine mixtures in a mass ratio of 1.27. For 
mortar mixtures, there are two groups, i.e., Portland cement-based 
materials (PC mixtures) and limestone-calcined clay-based cementi-
tious materials. (LC mixtures). The binder of the LC mixtures consisted 
of 55 wt% PC, 15 wt% LP, and 30 wt% LGCC. The aggregate-to-binder 
ratio and water-to-binder ratio were selected as 1.5 and 0.3. To adjust 
flowability to satisfy the requirements for pumping, 0.5–1 wt% of pol-
ycarboxylate ether (PCE)-based superplasticizer (SP) was added to 

mortar mixtures. Following the preliminary slump flow test, mixture P0 
(0.5 wt% of SP) showed a similar spread diameter (about 175 mm) 
compared to that of mixture C0 (1 wt% of SP). The initial setting time of 
mixtures P0 and C0 were 146 min and 161 min, respectively. Mixtures 
containing calcined clay need a high SP dosage to reach the desired 
workability, which can be attributed to the adsorption of PCEs into the 
amorphous structure of metakaolin particles (Ferreiro et al., 2017). 
Please note that mixtures P0 and C0 were only the mortar part of PC 
(P1–P3) and LC (C1–C3) mixtures. Thus, their behaviors were not dis-
cussed in the Result section. For brine mixtures, there were three liquid 
options, i.e., tap-water (reference), Brine-1, and Brine-2. In this study, 
Brine-2 was defined as a concentrated brine with nearly two times 
higher salinity than Brine-1. Brine-2 was obtained by heating Brine-1 at 
68 ◦C to evaporate the excess volume of water. Note that directly 
injecting brine into the mortar mixture will rapidly increase the total 
liquid-to-solid ratio, potentially affecting the buildability of deposited 
layers in the 3DCP process. Thus, LP as the filler was mixed with 
tap-water/brine in a mass ratio of 4.5. The final mixture was the com-
bination of fresh mortar and brine mixtures, which were prepared 
separately. Instructions for the mixing protocol can be found in Fig. 3. 
The time zero (T = 0 min) in this paper was defined as the time of mixing 
liquid suspension (water + SP or brine) with dry materials. 

2.2. Test procedures 

2.2.1. Evaluation of fresh state behaviors 
Slump and slump flow tests were employed at the material age of 

15–20 min to assess the shape retention and flowability of the studied 

Table 3 
Mix designs of cementitious materials (wt.% of the binder mass).   

Mortar mixture Brine mixture 

Binder Admixture Water Aggregate Brine/tap water Filler  

PC LP LGCC SP Tap Water Sand (quartz) Brine-1 Brine-2* Tap Water LP 
P0 100 – – 0.5 30 150 – – – – 
P1 100 – – 0.5 30 150 – – 40 180 
P2 100 – – 0.5 30 150 40 – – 180 
P3 100 – – 0.5 30 150 – 40 – 180 
C0 55 15 30 1 30 150 – – – – 
C1 55 15 30 1 30 150 – – 40 180 
C2 55 15 30 1 30 150 40 – – 180 
C3 55 15 30 1 30 150 – 40 – 180 

Brine-2*: The concentration of all ions is about twice that of Brine-1. 

Fig. 3. Mixing protocol for the fresh mixture preparation.  

Y. Chen et al.                                                                                                                                                                                                                                    



Journal of Cleaner Production 378 (2022) 134522

5

mixtures. Hägermann cone was used to perform both tests. The test 
protocol followed the recommendation of (Chen et al., 2021). The slump 
value and spread diameter (25 times of table drops) can effectively 
indicate the buildability and pumpability of fresh mixtures (Chen et al., 

2020a, 2021; Tay et al., 2019). Meanwhile, the initial setting time of all 
mixtures was measured by an automatic Vicat machine. The fresh 
sample was tested following the specifications of NEN-EN 196-3 (2016). 
Additionally, the plate-stacking test (Chen et al., 2021; Kazemian et al., 
2017; Panda et al., 2017; Perrot et al., 2016) was conducted at 15 min, 
30 min, 45 min, and 60 min to determine the evolution of stiffness/green 

Fig. 4. Illustration of the plate-stacking test process: (a) Cast cylindrical sample with customized ABS mold; (b) Measure the height of demolded sample; (c) Place 
static loads on the top of demolded sample. 

Fig. 5. Illustration of layer settlement test process: (a) Schematic section of the extrusion setup containing a progressive cavity pump, a nozzle with a rectangle 
opening and a manually controlled movable plate; (b) Photograph of the rectangle nozzle, extruded filament and manually controlled movable plate. 

Fig. 6. Slump and slump flow test results.  

Fig. 7. Initial setting time of studied mixtures.  
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strength. As shown in Fig. 4, cylindrical samples were cast using a 3D 
printed acrylonitrile butadiene styrene (ABS) mold (height: 35 mm; 
internal diameter: 60 mm). Before filling the fresh mixtures, mold oil 
was applied to coat the mold’s interior surface for easily demolding. 
Static load (plates) was gradually placed on the demolded sample until 
the vertical deformation reached 5 ± 1 mm. The maximum load was 
defined as the green strength of the sample at a specific material age. 
Note that this test aimed to compare the stiffness of different mixtures at 
the same resting time, rather than assessing the exact value of green 
strength. 

To investigate the impacts of adding brine on buildability, mixtures 
C1 and C2 were selected to perform a layer settlement test (Kazemian 
et al., 2017). A nozzle with a rectangle opening (13.5 mm in height and 
40 mm in width) was attached to a PFT Swing M conveying pump (also 
known as progressive cavity pump) for extruding filaments on a 
manually controlled movable plate (see Fig. 5). A straight wall was 
manufactured by stacking filaments. Each layer only contains one 

filament with a dimension of 40 mm (width) × 13.5 mm (height) × 245 
mm (length). The maximum number of stacked layers before collapsing 
was regarded as the indicator of buildability performance. About 8 L of 
fresh mixture was prepared for conducting this test. The pumping rate of 
the layer settlement test was 40 rpm, and the test was performed at the 
material age of 20 min. 

2.2.2. Characterization of early-age hydration 
Isothermal calorimetry test was performed in an eight-channel TAM 

Air isothermal calorimeter to quantify the hydration heat released 
during the first 7 days. Fresh pastes were prepared by following the same 
procedure. The pre-mixed liquid containing water, SP and brine was 
poured into the pre-weighed dry components (binder + LP filler), and 
then the mixture was stirred manually for 2 min. Afterward, 6 g of fresh 
paste was filled into a 20 mL glass vessel. The sample and reference 
vessels were placed in the calorimeter under 20 ◦C. Paste samples were 
also used for the thermogravimetric analysis (TGA) and qualitative X- 
ray diffraction (XRD) analysis. Cylindrical specimens with the dimen-
sion of 33.5 mm in diameter and 67.5 mm in height were cast and stored 
in a fog room (>99% relative humidity, 20 ± 2 ◦C) up to the time of stop 
hydration (4 h, 20 h, and 7 days). The hydration of pastes samples was 
stopped using solvent exchange method with isopropanol (see (Chen 
et al., 2020b; Lothenbach et al., 2016)). Netzsch STA 449 F3 Jupiter was 
used for TGA. With a heating rate of 10 ◦C/min, about 50 mg of powder 
sample was heated from 40 to 900 ◦C. The whole test was in an argon 
environment with a 30 mL/min flow rate. XRD patterns of different 
paste samples were determined using PhilipsPW1830 powder X-ray 
diffractometer, with Cu-Kα radiation operated at 45 kV and 40 mA. The 
diffraction angle (2θ) was in the range of 5◦–70◦. 

40 mm cubic samples were cast and tested at 1, 3, and 7 days to 
monitor the compressive strength development. All specimens were 
stored in the fog room (>99% relative humidity, 20 ± 2 ◦C) until the 
compressive strength test was conducted. A loading rate of 2.4 kN/s was 
selected to perform the compression test following NEN-EN 196-1 
(2016). The compressive strength of each mixture at each age was ob-
tained by three repeated tests. 

Fig. 8. Results of the plate-stacking test.  

Fig. 9. Photographs of layer settlement test.  
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3. Results and discussion 

3.1. Fresh state behaviors 

3.1.1. Slump and slump flow 
The slump and slump-flow test results of the studied mixtures are 

presented in Fig. 6. Both slump height before table drops and spread 
diameter after table drops were decreased by adding desalination brine. 
Both values were further reduced by doubling the brine concentration. 
Compared to LC mixtures, PC mixtures exhibited slightly lower flow-
ability with the same brine mixture due to the lower dosage of SP 
addition. 

3.1.2. Stiffness development 
As shown in Fig. 7, the initial setting time was decreased by using 

desalination brine. The reduction of the initial setting time was more 
than 70 min. Increasing the brine concentration further reduced the 
initial setting time. The acceleration of the initial set for PC mixtures was 
much more evident than that of LC mixtures. Fig. 8 shows the plate- 
stacking test results of the studied mixtures. All fresh mixtures became 

stiffer over time. The addition of desalination brine remarkably accel-
erated the structural build-up of fresh samples. Increasing brine con-
centration further enhanced this effect, which agreed with the initial 
setting time test results. This is because the increase in ion concentration 
in the mixing water can enhance particle flocculation and ionic strength 
(Wang et al., 2018), as well as accelerate the process of pore solution 
saturation and crystal precipitation, resulting in an internal structure 
with high cohesion and rapid hardening. 

Furthermore, with the same brine mixture, PC mixtures showed a 
lower flowability, a higher stiffness at the same resting time and a 
shorter initial setting time than LC mixtures. This may be attributed to 
the relatively high SP dosage in mixtures C1, C2, and C3. According to 
earlier studies (Chen et al., 2021; Gelardi and Flatt, 2015; Mantellato 
et al., 2019), increasing PCEs content (before reaching the saturation 
dosage) can reduce yield stress and severely delay the nucleation and 
structuration processes of fresh cementitious materials. 

3.1.3. Layer settlement 
Only mixtures C1 and C2 were selected to perform the layer settle-

ment test in this study. Fig. 9 compares the maximum stacked-layer 

Fig. 10. Isothermal calorimetry test results: (a) Mixtures P1, P2, and P3-normalized heat flow with time; (b) Mixtures C1, C2, and C3-normalized heat flow with time; 
(c) Mixtures P1, P2, and P3-normalized cumulative heat with time; (d) Mixtures C1, C2, and C3-normalized cumulative heat with time. 
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number before structure collapse using different mixtures. It can be 
found that more layers were deposited by using mixture C2 compared to 
mixture C1. The mixture incorporating desalination brine showed much 
better shape stability and buildability than the mixture with tap water, 
which was consistent with the results of slump and slump flow and plate- 
stacking tests. This confirmed that using brine mixture as an activator in 
the set-on-demand 3D printing process is feasible from a material 
perspective. However, it must be noted that our current setup cannot 
enable an inline mixing process. Further validation will be provided in 
future research. 

3.2. Early age hydration and compressive strength 

3.2.1. Isothermal calorimetry 
Fig. 10 shows the normalized heat flow (96 h) and cumulative heat (7 

days) of different paste mixtures obtained by isothermal calorimetry 
tests. As shown in Fig. 10 (a)(b), mixtures with desalination brine (P2, 
P3, C2, and C3) show a shorter induction period and required time to the 
main hydration peak, and a much higher intensity of the main hydration 
peak, compared to the mixtures with tap water (P1 and C1). Also, 
doubling the brine concentration can further enhance most of the 
abovementioned phenomena. Fig. 11 shows that the slope of the ac-
celeration period was significantly increased by adding concentrated 
brine. Overall, the enhancement of hydration induced by brine is much 
more effective in PC mixtures than in LC mixtures. The curve pattern of 
mixtures incorporating brine in Fig. 10 (a)(b) is very close to that of 
Portland cement and pure CaCl2 or commercial CaCl2-based accelerator 
in Ref (Shanahan et al., 2016), since Cl− and Ca2+ are the major ions in 
the brine used. 

The intensity of the main hydration peak and the cumulative hy-
dration heat in Fig. 10 were decreased by replacing part of PC with the 
blend of LF and LGCC (mixtures C1, C2, and C3). The slope of the ac-
celeration period in LC mixtures was also lower than that of the PC 
mixtures, which can be attributed to the dilution effect of the high 
volume of PC replacement in the mixture. Additionally, for LC mixtures, 
many chloride ions may be immobilized through reaction with meta-
kaolin (from LGCC) and cement (Li et al., 2015), leading to the reduction 
of slope in the acceleration period. Sulfate depletion was also observed 
in mixtures P1, C1, C2, and C3. A shoulder appeared after the main 
hydration peak in mixture P1 and C3. A narrow main hydration peak 
was observed in mixtures C1 and C2 due to the overlap of C3S and 
aluminate peaks, in agreement with (Marchon and Flatt, 2015; Zingg 
et al., 2009). For mixtures P2 and P3, adding desalination brine can 

avoid the formation of such an aluminate peak. This may be attributed to 
sulfate ion in the brine (see Table 2), which can react with C3A to form 
Ettringite and/or Monosulfate. However, due to the presence of reactive 
aluminate phases in LGCC (32 wt%), the aluminate peak cannot be 
eliminated even by adding concentrated brine in this work. 

As shown in Fig. 10 (c), mixture P3 showed higher accumulated heat 
than mixtures P1 and P2 within the first 21 h. After that, the increment 
of cumulative heat of mixture P3 became smaller. At 7 days, mixture P2 
had the maximum cumulative heat value in this group, whereas the gap 
between mixtures P1 and P2 gradually decreased since the second day of 
hydration. In contrast to PC mixtures, LC mixtures demonstrated a 
different trend in Fig. 10 (d). The cumulative heat value increased with 
increasing brine concentration, but there was little difference between 
mixtures C2 and C3 at 7 days. 

3.2.2. Thermogravimetric and X-ray diffraction analysis 
Thermogravimetric (TG) and derivative thermogravimetric (DTG) 

curves of different studied paste mixtures at 4 h, 20 h and 7 days of 
curing are presented in Fig. 12. A large peak around 100 ◦C in all DTG 
curves is induced by dehydration of Ettringite and water loss of C–S–H 
gel layers (Li et al., 2020; Liu et al., 2021). According to (Li et al., 2020; 
Liu et al., 2021; Lothenbach et al., 2016), the peak at 125–200 ◦C in DTG 
curves may be the decomposition peak of Friedel’s salt for mixtures with 
desalination brine, whereas this peak is also considered as the mass loss 
of Monocarboaluminate (Mc) for mixtures P1 and C1, which was 
confirmed by our XRD results (see Fig. 14). Moreover, a small peak at 
about 300 ◦C may also indicate the formation of Friedel’s salt (De 
Weerdt et al., 2019; Lothenbach et al., 2016; Lu et al., 2021) in mixtures 
P2, P3, C2, and C3. As shown in Fig. 12, at the same material age and 
brine concentration, the C–S–H and Ettringite peak intensity in LC 
mixtures was slightly lower. In contrast, the intensity of Mc and/or 
Friedel’s salt peak was higher than that in PC mixtures. 

According to Refs (Chen et al., 2020b; Lothenbach et al., 2016; 
Roychand et al., 2016), the amount of chemically bound water (H) can 
be computed from the mass loss in the temperature range of 40–600 ◦C 
(see Eq (1)). The decomposition temperature of calcium hydroxide (CH) 
is in the range of 400–500 ◦C. The CH content was calculated using Eq 
(2). 

W[H2O] =
M40◦C − M600◦C

M600◦C
× 100 (%) (1)  

W[Ca(OH)2]
=

M400◦C − M500◦C

M600◦C
×

m[Ca(OH)2]

m[H2O]

× 100 (%) (2)  

where W[H2O] and W[Ca(OH)2 ]
represent the mass percentages of H and CH 

in mixtures, respectively; M40◦C, M400◦C, M500◦C and M600◦C denote the 
TG results at 40 ◦C, 400 ◦C, 500 ◦C, and 600 ◦C; m[Ca(OH)2 ]

, and m[H2O] are 
the molar masses of CH (74 g/mol) and water (18 g/mol). The calcite 
content of each sample was also quantified, and we found little or no 
carbonation in our samples (details can be found in Appendix). 

The computed H and CH contents are plotted in Fig. 13. In com-
parison with PC mixtures, LC mixtures showed much lower H and CH 
contents within the first 7 days because of the dilution effect induced by 
a high PC replacement. For PC mixtures, the highest H and CH amounts 
at 4 h were found in mixture P3. Afterward, mixtures P1 and P2 showed 
steeper H and CH growth than mixture P3. The highest H and CH per-
centages at 7 days were found in mixtures P2 and P1. The reduction of 
CH at 7 days in mixtures with desalination brine (P2 and P3) can be 
attributed to the formation of Friedel’s salt (Liu et al., 2021). Increasing 
brine concentration can increase the chloride ion concentration to 
stimulate this process. However, for mixtures with LGCC and LF, mix-
tures containing desalination brine displayed a much higher H content 
than the mixture with tap water. The magnitude difference between 
mixtures C2 and C3 was small and gradually decreased. In Fig. 13 (b), 
the CH content in mixture C1 was the lowest at 4 h, but it became higher 

Fig. 11. Brine concentration as a function of the slope value of the accelera-
tion period. 
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Fig. 12. TGA at 4 h, 20 h, and 7 days: (a) TG and DTG curves of mixture P1; (b) TG and DTG curves of mixture C1; (c) Mixture P2-TG and DTG curves; (d) TG and 
DTG curves of mixture C2; (e) TG and DTG curves of mixture P3; (f) TG and DTG curves of mixture C3. 1 – C–S–H and Ettringite, 2 – Monocarboaluminate and/or 
Friedel’s salt, 3 – Portlandite, 4 – Friedel’s salt. 
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than in mixtures C2 and C3 from 20 h onwards. Besides, a slight 
reduction of CH percentage in mixtures C1 and C2 was also observed. 
The decrease of Portlandite may be related to the pozzolanic reaction 
caused by reactive aluminates in calcined clay, as described in (Chen 
et al., 2020b; Shi et al., 2015). Compared to PC mixtures, more AFm 
phases appeared to form in LC mixtures, which can bind more chloride 
ions, resulting in an increase in Friedel’s salt at 7 days. 

The finding in the TGA can be confirmed by the qualitative XRD 
analysis. As shown in Fig. 14, the presence of Friedel’s salt was the main 
difference between mixtures with tap water and brine after 20 h of hy-
dration. Friedel’s salt peak intensity increased in both PC and LC mix-
tures with desalination brine from 20 h to 7 days. Instead of Friedel’s 
salt, Mc as the main AFm appeared in mixtures C1 and P1 at 7 days. 
Compared to PC mixtures, larger amounts of Friedel’s salt (mixtures 
with brine) and Mc (mixture with tap water) seemed to be formed in LC 
mixtures, which agreed with the results of (Shi et al., 2017). They found 
that the metakaolin can provide additional aluminates to promote the 
formation of Friedel’s salt. 

3.2.3. Compressive strength 
Fig. 15 presents the compressive strength test results of different 

studied mixtures at 1, 3, and 7 days. PC mixtures showed much higher 
compressive strength than LC mixtures for the same brine concentration, 
indicating the dilution effect as discussed in Section 3.2.1. Furthermore, 
the 1st day compressive strength of PC and LC mixtures increased with 
increasing brine concentration, whereas the high brine concentration 
adversely affected the strength development of PC mixtures after the 1st 
day hydration. The compressive strength of mixture P1 at 3 and 7 days 
was very close to that of mixture P2 and higher than that of mixture P3. 
In contrast, mixtures C2 and C3 exhibited a stronger compressive 
strength than mixture C1 at 3 and 7 days. For LC mixtures, the side effect 
of increasing brine concentration on the 7-day compressive strength was 
limited. Similar values were found in mixtures C2 and C3. 

Fig. 16 (a) illustrates a good linear correlation (R-squared: about 
0.96) between normalized cumulative heat from the isothermal calo-
rimetry and chemically bound water content from the TGA. Both can 
indicate early-age cement hydration. Assuming that all cast samples in 
this study had the same air void content, the compressive strength 
appeared to be dominated by the hydration of cementitious materials 
(Chen et al., 2020b, 2021). As shown in Fig. 16 (b), a positive correlation 
between compressive strength and normalized cumulative heat was 
found. The R-squared of the fitted curve was 0.95, which confirmed the 
critical role of cement hydration degree on compressive strength. 

Overall, adding desalination brine accelerated and enhanced the 
first-day cement hydration and compressive strength of PC and LC 
mixtures. The acceleration and enhancement were further increased by 
increasing brine concentration. These effects were probably governed by 
the major ions in the brine, i.e., Cl− , and Ca2+. As summarized by Ref (Li 
et al., 2020), the abundant Cl− can significantly stimulate the hydration 
of C3S (see Eq (3)). During the cement hydration process, CaCl2 (or 
MgCl2) reacts with CH to form and precipitate calcium oxychloride (3Ca 
(OH)2 CaCl2 12H2O) (Farnam et al., 2015; Li et al., 2020). 

CaCl2 + 3Ca(OH)2 + 12H2O→3Ca(OH)2 • CaCl2 • 12H2O (3) 

This process can largely consume CH resulting in the reduction of 
alkalinity and Ca2+ concentration in the pore solution. The dissolution 
and hydration of C3S are therefore promoted (Li et al., 2020). 

However, doubling the brine concentration for PC mixture (P3) 
appeared to inhibit the cement hydration after the first day, resulting in 
a weaker compressive strength at 3 and 7 days compared to mixture P2. 
As shown in Fig. 12 (c) (e), mixture P3 displayed much weaker C–S–H 
and Ettringite intensity than in mixture P2 at 7 days. Also, the amount of 
portlandite and chemically bound water (7 days) and the cumulative 
heat (after the first day) in mixture P3 were lower than that of mixture 
P2 (see Figs. 10 (c) and 13). This may be attributed to the insufficient 
water available for later age hydration. A large amount of water may be 
consumed in mixture P3 within the first day due to the precipitation of 
large amounts of crystals caused by the high concentration brine (Brine- 
2). However, this hypothesis still needs to be confirmed in further 
research. As mentioned earlier, the compressive strength within the first 
7 days was strongly dominated by the cement hydration. Therefore, the 
negative effect of high concentration brine (Brine-2) on cement hydra-
tion after the first day played a dominant role in the decrease in 
compressive strength of mixture P3 at 7 days. Increasing brine concen-
tration also increased the concentration of many unfavorable ions, e.g., 
Mg2+. The high concentration of Mg2+ in Brine-2 may have deleterious 
effects on the micro-mechanical performance of C–S–H, leading to 
strength degradation (Sun et al., 2022), which might also be a reason for 
the weak compressive strength of mixture P3 at 3 and 7 days. However, 
based on the current results, the deleterious effects induced by unfa-
vorable ions are uncertain, and it requires further investigation. 

Additionally, the calcium, aluminate and ferrite ions in pore solution 
may have been consumed to form Friedel’s salt (C3A/C4AF CaCl2 
12H2O) at the beginning of the cement hydration (see Eq (4)), which 
accelerated the hydration of C3A, and C4AF (Li et al., 2021).  

Fig. 13. (a) The normalized amount of chemically bound water (H), relative to the dry sample weight at 600 ◦C; (b) The normalized amount of Portlandite (CH), 
relative to the dry sample weight at 600 ◦C. 
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Increasing chloride ion concentration (desalination brine concen-
tration) further enhanced this acceleration and formed more Friedel’s 
salt (Figs. 11, 12 and 14). As shown in Fig. 12 (d) and (f), mixture C3 
exhibited a lower C–S–H and Ettringite intensity but a higher Friedel’s 
salt intensity. The decrease in C–S–H and Ettringite intensity may be 

related to the increase in Friedel’s salt. Mixture C3 showed similar 
amounts of portlandite and chemically bound water as well as the cu-
mulative heat at 7 days compared to mixture C2. Therefore, the cement 
hydration of mixture C3 did not appear to be adversely affected by 
Brine-2. This is also confirmed by the similar 7 days compressive 
strength between mixtures C2 and C3 (Fig. 15). As mentioned in Section 
3.2.2., due to the presence of reactive aluminates (metakaolin) in LGCC, 
more Portlandite appeared to be consumed to form AFm and/or Frie-
del’s salt. According to (Li et al., 2018, 2020), Friedel’s salt can densify 
the microstructure of the cement matrix, improving the compressive 
strength. This might explain the relatively higher compressive strength 
at 3 and 7 days observed in mixtures C2 and C3 compared to mixture C1. 

4. Conclusion 

This paper aimed to investigate the effect of adding desalination 
brines at two different concentrations on fresh-state behaviors and early- 
age hydration of 3D printable cementitious materials. Both Portland 
cement mixtures and limestone-calcined clay-based cementitious ma-
terials were employed in this study. The results are summarized as 
follows.  

• Increasing the brine concentration decreased flowability and initial 
setting time, as well as enhanced buildability and the stiffness evo-
lution (within the first 1 h after water addition) of fresh mixture. By 
using the same brine mixture, PC mixtures demonstrated much 
weaker flowability and higher stiffness than LC mixtures. This phe-
nomenon can be attributed to the high superplasticizer dosage and 
the dilution effect caused by high PC substitution in LC mixtures.  

• For the 1st day of hydration, mixtures incorporating brine showed a 
shorter induction period, a higher slope of the acceleration period, a 

higher intensity of the main hydration peak, a shorter time to reach 
the main hydration peak, higher chemically bound water content 
and compressive strength compared to mixtures with tap water. 
Doubling the brine concentration further enhanced these behaviors. 
Additionally, compared to PC mixtures, the acceleration of first-day 
hydration was slightly diminished in LC mixtures, because the 

Fig. 14. (a) XRD results of mixtures C1, C2, and C3 at 4 h, 20 h, and 7 days; (b) 
XRD results of mixtures P1, P2, and P3 at 4 h, 20 h, and 7 days; (c) Comparison 
of Friedel’s salt and Monocarboaluminate (Mc) intensities at 7 days. 1 – 
Ettringite, 2 – Friedel’s salt, 3 – Monocarboaluminate, 4 – Portlandite, 5 – 
Quartz, 6 – Calcite. 

Fig. 15. Compressive strength of different mixtures at 1, 3, and 7 days.  

C3A
/

C4AF + 2NaCl+Ca(OH)2 + 10H2O → C3A
/

C4AF • CaCl2 • 10H2O + 2NaOH (4)   
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reactive aluminates from LGCC may immobilize chloride ions at the 
beginning of the cement hydration.  

• Except for mixture P3, the cumulative hydration heat and chemically 
bound water content at 7 days increased with increasing brine con-
centration. A strong correlation between the compressive strength of 
cast samples and the normalized cumulative heat from isothermal 
calorimetry was found. This indicated the dominant role of cement 
hydration on the compressive strength of cast samples.  

• Adverse effects on cement hydration and compressive strength by 
adding concentrated brine were observed in mixture P3. However, 
such influences were not apparent in LC mixtures. Due to the pres-
ence of reactive aluminates (metakaolin) in LGCC, more Portlandite 
appeared to be consumed to form AFm and/or Friedel’s salt at 7 
days.  

• The use of desalination brine or concentrated desalination brine as 
an activator in the context of set-on-demand 3DCP is feasible from a 
material point of view. However, the 3D printability of developed 
mixtures was not verified using a set-on-demand printing setup in 
this work. Furthermore, the mixing time employed in the current 
study appeared to be unnecessarily long. Therefore, in further 
research, a shorter mixing time (e.g., 10–30 s) will be employed, and 
the final mixture will also be prepared and assessed using a dynamic/ 
static inline mixing system. 
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Appendix 

According to (Lothenbach et al., 2016), the decomposition temperature of carbonation phases is in the range of 600–900 ◦C. If we assumed all the 
carbonation phases are calcite (CaCO3), the calcite content was calculated using Eq (a1). 

W[CaCO3 ] =
M600◦C − M900◦C

M600◦C
×

m[CaCO3 ]

m[CO2 ]

× 100 (%) (a1)  

where W[CaCO3 ] represents the mass percentages of calcite in mixtures; M600◦C and M900◦C denote the TG results at 600 ◦C, and 900 ◦C; m[CaCO3 ], and 
m[CO2 ] are the molar masses of calcite (100 g/mol) and CO2 (44 g/mol). Figure A1 shows the TGA results and computed calcite content in all studied 
mixtures at 4 h, 20 h, and 7 days. It can be found that the measured calcite content is very close to that of the limestone powder content in the raw 
materials (binder + filler). Small fluctuations may be attributed to unavoidable deviations during the sample extraction. Thus, these results can 
confirm little or no carbonation in our samples. 

Fig. 16. The linear relationship between normalized cumulative heat by mass of paste and (a) Chemically bound water content; (b) Compressive strength.  
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Fig. A1. (a) TGA results (40–900 ◦C) of mixtures P1, P2 and P3: TG and DTG curves at 4 h, 20 h, and 7 days; (b) The computed calcite amount of mixtures P1, P2 and 
P3 at 4 h, 20 h, and 7 days using Eq (a1); (c) TGA results (40–900 ◦C) of mixtures C1, C2 and C3: TG and DTG curves at 4 h, 20 h, and 7 days; (d) The computed calcite 
amount of mixtures C1, C2 and C3 at 4 h, 20 h, and 7 days using Eq (a1).. 
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