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ABSTRACT

Magnesium oxychloride (MOC) cements have high early strength, low thermal
conductivity and low density, but are not used widely in construction because they have poor
water resistance. This research has investigated the effects of phosphoric acid and tartaric acid
additions on the water resistance of MOC cement pastes. The effect on setting time, hydration
reactions, compressive strength, phase composition, thermal stability and microstructure are
reported. Phosphoric acid and tartaric acid additions of 1wt.% significantly improve the water
resistance of MOC cements pastes and this is associated with increased
5Mg(OH), MgCl, 8H,0 formation. These additions cause a reduction in compressive
strength and thermal stability, setting times increase due to delayed formation of hydration
products and there is increased gel pores (<10 nm). These effects are caused by both additives
but are most pronounced for MOC cement pastes containing phosphoric acid.
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1. Introduction

Magnesium oxychloride (MOC) cements are formed by reacting reactive magnesia with
magnesium chloride solution with compositions in the MgO-MgCl,-H,O ternary system .
They have high early strength, low density, low thermal conductivity and excellent fire
resistance P and as a result are widely used as lightweight partition boards and in fireproof
thermal insulation products, particularly in China. MOC cements are not toxic and they have
been investigated as potential re-sorbable or thopaedic biomaterials ™. They are also
low-carbon cements because the temperature and energy needed to form light-burned
magnesia (LBM) are much lower than required to manufacture Portland cement “®. MOC
cements can also be combined with coal fly ash and silica fume, to further improve
environmental characteristics ®*?1. The major problem that limits more widespread use of
MOC cements in construction is low water resistance ™,

The hydration products at room temperature of MOC cement pastes are
5Mg(OH), MgCl, 8H,0 (phase 5) and 3Mg(OH), MgCl, 8H,0 (phase 3) ®*“. Phase 5 is the
main binding phase that provides mechanical strength. The molar ratios of MgO/MgCl, and
H,0O/MgCl, used to form MOC cements influences the composition of the hydration products
(%1 These can be either phase 5 and phase 3, phase 5 and magnesium hydrate, or a mixture of
phase 3, phase 5 and magnesium hydrate #5*¢,

When MOC cement pastes are immersed in water, phase 5 and phase 3 decompose to
Mg(OH),. The use of additives can influence this decomposition and ~4 wt.% additions of
ferrous sulfate have been reported to improve the water resistance of MOC cements ™.
Incorporating complex water-resisting additives can also reduce the effect of water on
magnesite material™®.. Soluble phosphates decrease the concentration of Mg?* required for the
formation of phase 5 in MOC cement and this enhances phase 5 stability in water ™. Low
levels of additives improve the water resistance of MOC cement by changing the
microstructure and increasing phase 5 formation 2921

Previous research has used tartaric acid (C4HsOg) and phosphoric acid (HsPO,) to improve
the water resistance of MOC cement but understanding of how these change the hydration
products, pore structure and performance of MOC cement is limited. The aim of this research
was to investigate and understand the effect of tartaric acid (TA) and phosphoric acid (PA)
additions on the compressive strength, thermal stability, composition, setting time, pore
structure, microstructure and water resistance of MOC cement pastes.

2. Materials and methods

2.1 Materials

Light-burned magnesia (LBM) was produced by calcining magnesite (MgCO;)obtained
from Haicheng, in Liaoning Province China, at 800<C for ~2 hours. The original magnesite
had particles with diameters between 8 and 15 mm. After calcining the magnesia was crushed
and sieved to produce a powder with particles < 0.074 mm. The LBM powder was analyzed
by x-ray fluorescence (XRF, S8 Tiger, Bruker, Germany) and the resulting chemical
composition data is given in Table 1.

Table 1
Chemical compositions of LBM



Mass fraction (%)
MgO CaO SiO, ALO, Fe,O, Others

Components

LBM 89.13 2.34 1.41 0.42 0.47 6.23

2.2. Specimens pre paration

The amount of reactive MgO present was determined by mixing 2.0 g of LBM powder with
20 mL of distilled water. The sample was cured at 20 22 <C at a humidity of 65 x5 % for 24
hours and then heated to 105<C for 24 hours. It was then further heated 150 <C until constant
weight was achieved. The remaining solids sample was weighed and the content of reactive
MgO (W) in the original LBM powder calculated from:

_ (W1-W0)
0.45W0
where W, is the original weight of the LBM powder (g); W, is the weight of LBM powder
after hydration (g) and 0.45 is the molecular weight ratio between H,O and MgO. This
indicated that the content of active MgO in LBM was 65.50 wi% 2]

Magnesium chloride hexahydrate (MgCl, 6H,0), phosphoric acid (PA) and tartaric
acid (TA) were supplied as analytical grade chemicals (Ruijinte Chemical Co Ltd., Tianjin,
China). PA and TA were added at 1 wt.% additions relative to the quantity of light-burned
magnesia because preliminary work indicated that this was effective at improving the water
resistance of MOC cements. N-MOC samples contained no additives, while TA-MOC
contained 1 wt.% TA and PA-MOC contained 1 wt.% PA.

2.3 Test methods

Setting times were determined using the Vicat test at 20 =3 T (GB/T 1346-2001).
Compressive strengths of MOC cement pastes was determined with a 300 kN capacity
universal testing machine using a loading rate of 2400 N/s®*!.

After curing for 28 days, selected MOC cement paste samples were crushed and sieved to
form a powder with particle size of < 70 um. This was then subjected to thermal analysis
(TG-DSC, STA 449F3, Netzsch) with samples heated from ambient to 650 <C at a heating
rate of 10<C/min in a N, atmosphere.

X-ray diffraction (XRD, X Pert powder) was also used to analyze powder samples from 5
to 85° (20) using a step size of 0.0065° with 5 seconds per step. The Rietveld method with
Topas5.0 software was used to complete quantitative analysis of the MOC cement paste
samples®*?®!, Fourier Transform Infrared Spectroscopy (FTIR, Agilent Technologies Cary
630 FTIR) in the wave number range from 450 - 4000 cm™ was also used to characterize
hydrated MOC cement pastes.

Mercury intrusion porosimetry (MIP, AutoPorelVV9500) was used to determine the pore size
distribution of MOC cement pastes cured in air for 28 days. The MOC cement samples were
cut into small 5mm cube samples and dried in an oven at 60 <C for 1 day prior to MIP testing.

The water resistance of MOC cements was assessed by immersing 28-day cured samples in
water for 7, 28, 56 and 90 days. After removing the samples they were surfaces dried and
tested to failure in compression. The compressive strength retention coefficient, Ry, indicates
the water resistance of the MOC cement pastes and this was calculated from:

Ri= Ry /Rg

X 100%



where R, is the compressive strength of the MOC cement paste samples cured in air for 28
days and Ry is the compressive strength of the MOC samples after soaking in water for
different days.

Fracture surfaces of MOC cement pastes tested before and after soaking in water were gold
coated and examined using scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM/EDS, XIGMA HD).

3. Results

3.1 Compressive strength of MOC cement

Compressive strength data for MOC cement pastes is shown in Fig. 1. Strength increased
with curing time, with both initial and later strengths reduced by adding TA or PA as
previously reported®®!. The average 28-day strengths of N-MOC, TA-MOC and PA-MOC
were 108 MPa, 99 MPa and 87 MPa, respectively.
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Fig. 1. Compressive strength of MOC cement with and without additives

3.2 Thermal analysis of MOC cement

Fig. 2 shows DSC data from thermal analysis for MOC cement pastes cured for 28 days.
The DSC profiles of the different samples are very similar, showing five endothermic peaks
determined by the compositions of the crystal phases formed. N-MOC has endothermic peaks
at 137.3 T 1625 T and 194.1 <C and these are attributed to thermal decomposition of
5Mg(OH), MgCl, 8H,0 (phase 5) into 5Mg(OH), MgClL. Additional decomposition of
5Mg(OH), MgCl, into MgO occurs at higher temperatures and this produces endothermic
peaks at 337.3 <C and 442.9 <T ®!. The addition of TA or PA shifts the endothermic peaks to
lower temperatures and the endothermic peaks of PA-MOC are at lower temperatures than
those of the TA-MOC samples.
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Fig. 2. DSC curves of MOC cement with and without additives at 28 days.

3.3 Phase composition

Fig. 3 shows XRD data for MOC cement pastes cured for 28 days. All samples contain
significant amounts of phase 5, a small amount of Mg(OH), and some residual MgO, MgCO;
and SiO,. Phase 5 and Mg(OH), are hydration products while the other phases are present in
the LBM. XRD data is summarized in Table 2 and this shows the mineralogical composition
of MOC cement pastes is changed by the addition of TA and PA. TA and PA promote the
formation of phase 5 and reduce formation of Mg(OH),. The content of phase 5 in N-MOC
was ~ 58.3%. This increased to ~ 65.3% in TA-MOC and ~ 63.7% in PA-MOC.

The FTIR spectra in Fig. 4 show absorption bands at 3610.3 cm™ and 3698.2 cm™ which
are attributed to stretching vibrations of OH in phase 5 and Mg(OH),. The peak intensity of
N-MOC at 3610.3 cm™ is lower than the peak at 3698.2 cm™ indicating less phase 5 is present
than Mg(OH),. From the peak intensities at 3610.3cm™ and 3698.2 cm™ it is apparent that less
Mg(OH), and more phase 5 is present in the MOC cement pastes containing TA and PA. The
absorption band in the 3000-3600 cm™ region is due to oxhydryl bond stretching vibration
and the band between 1600 and 1640 cm™ is attributed to H-O-H bending.
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Fig. 3. X-ray patterns of MOC cement with and without additives at 28 days.
Table 2
Proportion of mineralogical composition in MOC cement at 28 days.

5



Sample Mass fraction (%) Rwp*

Phase 5 MgO Mg(OH), MgCOs; SiO,
N-MOC 58.32 19.02 14.26 7.68 0.72 10.686
TA-MOC 65.28 17.62 9.02 7.25 0.83 10.966
PA-MOC 63.74 20.12 7.87 7.61 0.66 11.012

*Rwp: R- weight pattern
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Fig. 4. FTIR spectra of MOC cement with and without additives at 28 days.
3.4 Microstructure of MOC cement

Fig. 5 shows fracture surfaces of MOC cement samples cured for 28 days. The hydration
products form rod-like crystals in pores, while the bulk material consist of plate-like crystals.
SEM/EDS analysis indicates that the hydration products are all phase 5. In addition, the
plate-like crystals formed are interlocking in N-MOC (Fig. 5 (a)), while amorphous hydration
products appear to be formed in TA-MOC and PA-MOC (Fig. 5 (b) and (c)).

The pore volume distribution data of the MOC cement pastes is given in Table 3 and Fig. 6
shows cumulative intruded volume vs pore diameter of MOC cement at 28 days. Small
capillary pores (10-100 nm) and gel pores (<10 nm) are present. The amount of large pores
(>100 nm), small capillary pores and gel pores in N-MOC were ~ 5.2%, ~ 71.9% and ~
22.9%, respectively. The addition of TA and PA increased the volume of large pores and gel
pores. However the volume of small capillary pores decreased compared to the N-MOC and
the addition of TA and PA both results ina increase |n total porosity.




2 pm EHT = 15.00 KV Signal A = HDBSD Date :10 Oct 2018
— WD = 8.4 mm Mag= 500KX Time :11:42:20 usTL A

EHT = 15.00 kv Signal A = HDBSD Date :10 Oct 2018 UsTL
WD = 8.1 mm Mag= 5.00KX Time :11:52:03

(b) (©)
Fig. 5. Microstructure of MOC cement with and without TA and PAat 28 days (a N-MOC, b
TA-MOC, cPA-MOC).
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Fig. 6. Cumulative intruded volume vs pore diameter of MOC cement at 28 days ((a)

Cumulative intruded pore volume vs pore diameter, (b) Different intruded volume vs pore
diameter)

Table 3
Pore distribution of MOC cement at 28 days.

. . ) Pore volume distribution (%)
Sample Total intrusion volume (ml/g)  Total porosity (%)

> 100 nm 10-100 nm <10 nm

N-MOC 0.0990 17.94 521 71.86 22.93

TA-MOC 0.1121 20.06 5.88 66.56 27.56

PA-MOC 0.1256 22.16 6.03 69.62 24.35
3.5 Hydration of MOC cement

Fig. 7 shows Vicat setting data. The initial and final setting times increase for samples
TA-MOC and PA-MOC compared to N-MOC. Fig. 8 shows XRD data for the MOC cement
pastes during hydration at 3, 6, 8 and 16 hours. The rate of reaction of active magnesium
oxide and magnesium chloride is rapid in N-MOC and after hydration for 6 hours extensive
phase 5 has formed (Fig. 8 (a)). Addition of either TA or PA delays formation of phase 5.
After 3 hours the main hydration product was 2Mg(OH), MgCl, 2H,0 (phase 2 4 2). After
6 hours no phase 5 was detected (Fig. 8 (b) and (c)). After 8 hours, phase 2412 had
disappeared and phase 5 had formed, indicating phase 2 4 2 may transform into phase 5.
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Fig. 8. XRD patterns of MOC cement with and without additives after hydration for various
time (a N-MOC, b TA-MOC, ¢ PA-MOC).

3.6. Water resistance of MOC cement

Fig. 9 shows the compressive strength data for MOC cement pastes after different
immersion times in water. The water resistance of N-MOC is low and the compressive
strength retention coefficients is 0.36 after soaking for 7 days and 0.16 after 28 days. At



longer soaking times the N-MOC samples begin to disintegrate. The addition of TA and PA
markedly improve the water resistance of MOC cement pastes. Both TA-MOC and PA-MOC
have much greater water resistance than N-MOC with PA appearing to be marginally more
effective than TA.

Fig. 10 shows XRD patterns of MOC cement pastes after soaking in water for 28 days.
Phase 5, Mg(OH),, MgCO3, SiO, and MgO were present in MOC cement pastes. After
soaking in water for 28 days the peak intensities of phase 5 and MgO decreased and increased
for Mg(OH),. Results are summarized in Table 4. The main hydration product in MOC
cement with additives was phase 5 and this did not decrease after soaking in water. The main
hydration product in N-MOC was Mg(OH), with much less phase 5. Both TA and PA enhance
the stability of phase 5 in water and do not impede hydration of unreacted MgO in water.

Fig. 11 shows the microstructure of the MOC cement pastes after soaking in water for 28
days. There appears to be reduced phase 5 present in N-MOC samples. In addition, the
amount of porosity compared to the microstructure of N-MOC at 28 days has significantly
increased. This is believed to be due to loss of phase 5 and formation of Mg(OH), as a result
of water immersion.
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Fig. 9. Compressive strength retention coefficient of MOC cement with and without additives.
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Fig. 10. X-ray patterns of MOC cement with and without additives after soaking in water
Table 4



Proportion of mineralogical composition in MOC cement after soaking in water for 28 days.

Sample Mass fraction (%) Rwp*
Phase 5 MgO Mg(OH), MgCO; SiO,

N-MOC 23.76 10.64 56.95 7.96 0.69 10.546

TA-MOC 57.88 9.03 24.56 7.73 0.80 10.735

PA-MOC 55.29 12.42 23.80 7.85 0.64 11.414

*Rwp: R- weight pattern
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Fig. 11. The microstructure of MOC cement with and without additives after soaking in water
for 28 days (a N-MOC, b TA-MOC, ¢ PA-MOC).

Discussion

The XRD data and FTIR data show that TA and PA reduce the amount of Mg(OH), formed
during hydration of MOC cement. This is because when MgO is mixed with MgCl, solution,
OH" and [Mg(OH)(H,0),]* form on the surface of the MgO (Eq. (1))*"*and [Mg(OH)(H,0),]"
reacts further with OH in solution (Eq. (2))*®. However, [Mg(OH)(H;0),] may combine
with acid group ions if TA or PA are in the solution. This results in the growth of [TA"—
Mg(OH)(H,0),..] and [H,PO,— Mg]" on the surface of MgO as shown in Eq. (3) and (4)%7%,
The formation of hydration shells on the surface of MgO is believed to limit formation of
additional Mg(OH):

MgO + (x+1)H,0 — [Mg(OH)(H,0).J " surtce) + OH (1)
[Mg(OH)(H,0),]" guracey + OH — Mg(OH), )
TA" + [Mg(OH)(H20)d " (surkee) — [TA" — Mg(OH)(H,0)y1]wurtce) + Hz0 (3)
HoPO, + Mg? — [HP O, — Me] surtce (4)

The lattice erergy of gel phase 5 is low due to poor crystallinity and this causes thermal
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decomposition at lower temperatures as shown in Fig. 2°°. The acid groups of TA or PA are
absorbed on the surface of phase 5 and form Mg-O-CO-R or Mg-O-PO(OH), coordination
bond?®?! and these weaken adjacent Mg-Cl and Mg-O bonds of phase 5, reducing thermal
stability. The DSC results show that the decomposition temperature is in the order N-MOC>
TA-MOC> PA-MOC.

The increase of gel pores and decrease of capillary pores in MOC containing either TA or
PA indicates increased formation of gel phase. The acid groups of TA and PA cause the
transformation of phase 5 into a gel phase which can fill small capillary pores. Adding PA and
TA also formed more gel phase 5 and less Mg(OH), (Table 2) which may cause the proportion
of gel pores to increase and small capillary pores to decrease. The increase in large pores in
MOC cement with TA and PA may be due to the formation of CO, from the reaction of H" and
MgCOsin the slurry. The total porosity in TA-MOC and PA-MOC are similar to other data in
the literature®!. The increasing total porosity in PA-MOC and TA-MOC decreases the
compressive strength of paste samples compared to N-MOC.

The addition of TA and PA delay the formation of hydration products. The acid group ions
of TA and PA can adsorb on the surface of MgO particles to form [TA— Mg(OH)(H,0)x]
and [H,PO, — Mg]"and this forms a hydration shell which restricts further the hydration of
MgO particles (Eg. (3) and (4)). The acid group ions of TA and PA also forms coordination
bonds with Mg?* in phase 5 which delays the hydration and setting of MOC cement. Although
TA and PA delay hydration, the hydration products are similar. XRD data shows that phase
24 2 is formed in the early stages of hydration, and as the hydration increases, phase 2 4 2
disappearsand phase 5 is formed. The formation of phase 241 2 is given by Eqg. (5), while with
the incorporation of TA and PA is explained by Eq. (6) and (7). In addition, the observation
the transformation of phase 2 -4 2 into phase 5 is given by Eqg. (8).
2[Mg(OH)(H,0)] " curkce) +IMY(OH) (H20)J ey + 2CT + OH —

2Mg(OH), MgCl, 2H,0 + (2x-2)H,0 (5)
2[TAn_ - Mg(OH)(HZO)X—l](surface) + [Mg(OH)(HZO)x]+(surface) +2CI+OH —

2Mg(OH), MgCl, 2H,0 + (2x-3)H,0 + 2TA™ (6)
[HoPOs — Mg surticey + 2IMP(OH)(H20)] " surtacey + 2CT + 40H —

2Mg(OH), MgCl, 2H,0 + (2x+2)H,0 + 2P0O,* (7
2Mg(OH), MgCl, 2H,0 + 3[Mg(OH)(H20),]" surtacey + 30H —

5Mg(OH), MgCl, 8H,0 + (3x-6)H,0 (8)

When MOC cement pastes are immersed in water the crystal structure of phase 5 is
effected by the loss of Mg®* and CI, and finally translate into Mg(OH), (Eq. (9)). The
plate-like phase 5 crystals transform into a gel phase 5 rather than Mg(OH), in TA-MOC and
PA-MOC, indicating that adding TA or PA improves the stability of phase 5. In addition, the
reduced volume proportion of gel pores (< 100 nm) may also improve the water resistance of
TA-MOC and PA-MOC®!. However, as shown in Fig. 9, as the soaking time increases, the
compressive strength retention coefficients of TA-MOC and PA-MOC gradually decrease.
This indicates that although adding TA or PA can improve the stability of MOC cement pastes
in water, decomposition of phase 5 cannot be completely inhibited.
5Mg(OH), MgCl, 8H,0 ) + NH,0— 5Mg(OH), )+ 2CT zpy+ Mg ey (n+8)H,0 9)

Conclusions
The addition of 1 wt.% of tartaric acid (TA) or phosphoric acid (PA) to MOC cements
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significantly improves water resistance of paste samples. This is associated with increased
5Mg(OH), MgCl, 8H,0 (phase 5) formation with reduced crystallinity due to coordination
effects between the acid group of TA and PA and Mg** ions. The additives reduce compressive
strength and setting times increase and these effects are most pronounced for MOC cement
pastes containing PA. The increased setting time and reduced strength result from reduced
hydration of MgO due to increased stability of hydration shells that inhibit formation of
Mg(OH),. TAand PA additions increase total porosity by increasing the volume of large pores
(>100 nm) and fine gel pores (<10 nm). Immersing TA-MOC and PA-MOC in water for 28
days causes the plate-like phase 5 to transforms into a gel form of phase 5 and this is believed
to contribute to improved water resistance. The addition of TA or PA to MOC does improve
the water resistance but decomposition of phase 5 is not completely inhibited.
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