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This paper investigated the water resistance of magnesium oxychloride cement (MOC) incorporating silica fume + phosphoric 
acid + nano-silica (SPN). Strength retention was tested to evaluate the water resistance of MOC. The characterisation of the 
hydration products and the microstructure of the typical samples before and after water immersion were carried out by using 
X-ray diffraction (XRD) and scanning electron microscope (SEM) facilities. The results show that incorporation of SPN 
significantly enhances the water resistance of MOC. The generation of an insoluble magnesium-chloride-silicate-hydrate gel 
and a magnesium-chloride-hydrate gel and the densification of the microstructure contribute to the remarkable improvement 
in the water resistance of MOC. Meanwhile, the pore structure results show that the total porosity and permeability of MOC 
has no direct relevant relationship on the improvement of the water resistance at the time of 28-day air curing.

INTRODUCTION

	 Magnesium oxychloride cement, also known as 
Sorel’s cement, is a potential cementitious material to 
be used for many applications in construction such as 
fire protection [1], grinding wheels [2, 3] and industrial 
flooring [4] due to its ability to gain strength rapidly 
and to withstand abrasion and high temperatures [1, 5]. 
Additionally, MOC does not need wet curing and can 
provide high early strength [6]. 
	 However, previous literature has indicated that the 
compressive strength of MOC decreased significantly by 
about 90% when soaked in water for 28 days. The main 
reason is due to the decomposition of the hydration pro-
ducts 3Mg(OH)2·MgCl2·8H2O (Phase 3) and 5Mg(OH)2· 
·MgCl2·8H2O (Phase 5) which progressively decompose 
to Mg(OH)2 with little ability, thus, leading to the apparent 
decrease in the compressive strength [5], as shown in 
Equation 1 and 2. Therefore, the common application of 
MOC is limited to indoor environments by its poor water 
resistance. It then becomes urgent to overcome the above 
problem by trying all kinds of means. Researchers have 
put forward some effective additives to improve the water 
resistance, among which adding water-soluble phosphate 
has been considered to be a simple and efficient method. 
It was proposed that the compressive strength of MOC 
soaked in water for 28  days decreased by only 10  % 
and 15 % when adding 1 % soluble phosphates [7] and 
30 % fly ash, respectively [5]. It is believed that the main 
reason is the transformation from a crystalline to a gel-

like Phase 5 for the improved water resistance of MOC 
when adding phosphates [8]. The water resistance was 
already improved by adding various reported additives, 
while the strength retention coefficient also decreased 
after water immersion in MOC. Therefore, if the water 
resistance of MOC increased with the increasing water 
immersion time, it will make a great breakthrough in the 
application of MOC. 
	 5Mg(OH)2·MgCl2·8H2O =
	 = 5Mg(OH)2 + Mg2+ + 2Cl– + 8H2O

                           (1)

	 3Mg(OH)2·MgCl2·8H2O =
	 = 3Mg(OH)2 + Mg2+ + 2Cl– + 8H2O                           (2)

	 In recent years, with the innovation of nanotech-
nology, the nano-modification of cement-based mate-
rials has attracted much research interest. The use of 
nano materials in Portland concrete is gaining more 
importance owing to its better properties in the fresh 
and hardened states of the concrete. Some of the nano-
sized materials used are nano-SiO2, nano-TiO2, nano-
Fe2O3, nano-Al2O3, and carbon nanotubes/fibres. Among 
all the nanomaterials, nano-silica is the most widely 
used material in cement and concrete to improve the 
performance, because of its pozzolanic reactivity besides 
its pore-filling effect. It is reported that the addition of 
nano-silica can accelerate the hydration process and 
also reacts with calcium hydroxide and produces more 
amounts of calcium-silicate-hydrates thereby improving 
the mechanical properties [9]. Concretes incorporated 
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with nano-silica also result in a denser and more compact 
microstructure with a smaller amount of calcium 
hydroxide crystals [10-14]. Pozzolanic reactivity is 
found to be much higher and quicker in nano-silica 
added concrete [11]. Besides, the incorporation of nano-
silica in concrete results in a higher compressive strength 
[10, 15-18]. Nano-modification is the manipulation 
of the structure on a nanoscale (less than 100 nm) to 
develop cement composites that exhibit enhanced or 
novel properties and functions. However, existing 
research is entirely limited to ordinary Portland cement 
and concrete. There are no experimental studies on 
nanomaterials incorporated in MOC. Simultaneously, 
none of the research has investigated the effect of nano-
silica on water resistance with regards to MOC.
	 Therefore, in this paper, using the experience of 
nano-technology in Portland cement for reference, the 
influence of nano-silica on the water resistance of MOC 
was studied, in order to improve the microstructure of 
MOC, thus, to enhance the water resistance of MOC-
based materials. Furthermore, for MOC containing silica 
fume + phosphoric acid, with the further addition of 1 % 
nano-silica, we hope to produce a new high-performance 
cement with much better water resistance.

EXPERIMENTAL

Raw materials

	 The MOC was prepared by mixing amounts of 
light-burned magnesia powder (MgO) and bischofite 
(MgCl2·6H2O), which were obtained from the Liaoning 
and Qinghai provinces in China, respectively. The light-
burned magnesia powder with a content of active MgO 
55.4 % (by weight), was tested at 105 °C and 101.3 KPa 
by the direct hydration method [19]. Aggregate silica 
fume and modifiers, such as phosphoric acid (H3PO4) 
and nano-silica were adopted in this experiment, which 
were produced from a local power plant, Shanghai 
Macklin Biochemical Co. Ltd and Sinopharm Group, 
respectively. The chemical analysis of the raw materials 
used is shown in Table 1. The specific surface of the 
silica fume is 10.1 m2∙g-1 measured by the BET method. 
The particle size of the nano-silica was 30 ± 5 nm with a 
purity of 99.5 % and its specific surface is 640 m2·g-1. 

Sample preparation

	 Cement paste specimens with a size of 20 × 20 × 
20 mm were produced with an active MgO/MgCl2 molar 
ratio of 7 and an H2O/MgCl2 molar ratio of 15 [20, 21]. 
Table 2 shows the mix proportions of the cement paste 
prepared. To prepare the MOC specimens, bischofite 
was first dissolved into water before mixing with light-
burned magnesia powder. Then, the prepared fresh slurry 
with 15 % silica fume, 1 % H3PO4 and 1 % nano-silica 
additives by the light-burnt magnesia powder weight 
were cast in steel moulds through vibration compaction. 
The fresh samples were covered with a plastic sheet to 
avoid evaporation and initially cured for 24  h at room 
temperature. The specimens were then removed from 
the moulds and cured in an environmental chamber at 
20 ± 3 °C and 50 % RH for air curing. 
	 The compressive strength of the mixtures was 
recorded at 3-day, 7-day, and 28-day intervals after air 
curing and at 28-day and 56-day intervals after water 
immersion. The strength retention was used to evaluate 
the water resistance by comparing the compressive 
strength of the MOC before water immersion for 
28 days and after immersion for 28 days and 56 days. 
Identification of the crystalline structure of the samples 
was characterised by X-ray diffraction (XRD). The 
mineralogy and microstructure were studied by using 
scanning electron microscopy (SEM). The detailed test 
procedures can be found in previous literature [20, 21]. 
The pore structure was investigated by using mercury 
intrusion porosimetry (MIP, AutoPore IV 9500) [22].

Table 1.  Chemical compositions of the raw materials used.

light-burnt magnesia
	 Components	 MgO	 CaO	 Al2O3	 SiO2	 Fe2O3	 LOI (Loss on ignition)

	 Mass fraction (%)	 85.96	 1.29	 1.28	 6.03	 0.57	 4.78

bischofite
	 Components	 MgCl2	 KCl	 NaCl	 CaCl2	 MgSO4	 Water insoluble

	 Mass fraction (%)	 46.43	 0.21	 0.36	 0.01	 0.02	 0.07

silica fume
	 Components	 SiO2	 Al2O3	 Fe2O3	 MgO	 K2O	 Others

	 Mass fraction (%)	 86.74	 0.72	 2.29	 2.88	 3.36	 4.01

Table 2.  The recipe of the MOC paste.

Code	 Silica fume	 H3PO4	 Nano-silica
name	 (%)	 (%)	 (%)

P0	 0	 0	 0
N01	 0	 0	 1
S15	 15	 0	 0
H15	 15	 1	 0
I15	 15	 1	 1
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RESULTS AND DISCUSSION

Compressive strength

	 Figure 1 illustrates the compressive strength deve-
lopment of the different types of MOC cured in air for 
28  days. It is apparent that the compressive strength 
of the blended paste decreased with an increase in the 
replacement ratio of the additives, which is consistent 
with the previous results [5]. Other researchers have also 
found that additives reduce the strength of MOC before 
28  days [7]. For instance, the compressive strength of 
P0, S15, H15, and I15 are 119.2 MPa, 100 MPa, 104 MPa, 
and 105.5  MPa after 28-day air curing, respectively. 
There are two possible reasons for that: (1) the repla-
cement of MgO decreased the quantity of the main 
hydration product, especially with the addition of silica 
fume; (2) the higher water absorption of the phosphoric 
acid allows less water to be available for hydration, 
thus, it retards the crystal growth in MOC pastes. But 
it is noteworthy that the incorporation of the nano-silica 
in MOC has a 5.50  % (I15) and 1.44  % (I15) higher 
compressive strength than the S15 and H15 and 2.35 % 
(N01) higher than the P0 samples. As a result, early age 
strength is slightly enhanced due to the incorporation of 
the nano-silica.
	 With the incorporation of nano-silica, the strength 
gain of the cement-based materials can be improved due 
to its hydration seeding effect that activates the silica 
fume and high pozzolanic activity [18, 23-25], which may 
result in the higher generation of a magnesium-chloride-
silicate-hydrate gel (M–Cl–S–H gel) and a magnesium-
chloride-hydrate gel (M–Cl–H gel) and a more densified 
bulk structure. Then the higher compressive strength 
of N01 over P0 is mainly attributed to the hydration 
seeding effect and high pozzolanic activity of the nano-
silica that acts as a nucleator to prompt the formation 
of the main strength hydration in MOC. Additionally, 
it has been reported that nano-particles are thought to 

be more effective in the pozzolanic reaction than silica 
fume [26]. Thus, the addition of nano-silica can promote 
the pozzolanic reaction in the silica fume, too. This 
will also contribute to the higher compressive strength 
of I15 over S15 and H15. Although high volume 
silica fume introduces the advantage of increasing the 
workability of the cementitious materials, its slow early-
age strength gain is a major drawback and has hindered 
its application, as shown in Figure 1 (S15). Then, the 
shortcoming of the nano-silica modified cement-based 
material is that the nano-silica adversely affects its 
workability due to the high specific surface area [27]. In 
considering the characteristics of the constituents (silica 
fume, phosphoric acid, and nano-silica), the benefit of 
each material can help counteract the shortcomings of 
the other: active nano-silica can improve the early-age 
mechanical properties while silica fume and phosphoric 
can improve the flowability. 

Water resistance

	 Water resistance is one of the most important 
factors to evaluate the performance of MOC and can 
largely affect the application scope and field in MOC. 
Figure 2 shows the compressive strength retention of the 
MOC pastes after immersion for 28-day and 56-day in 
water. As can be clearly seen, the compressive strength 
retention of the nano-silica MOC (N01) and neat MOC 
(P0) are only 15.08 % and 14.70 % at 28-day immersion. 
This demonstrates that the incorporation of a single 
nano-silica has no obvious positive effect on the water 
resistance in the MOC. The reason may be due to the low 
content of active silica for incorporation of 1 % nano-
silica in the MOC that has little effect on the pozzolanic 
reaction. The addition of silica fume has a positive 
effect on the water resistance of MOC with the strength 
retention of 44.04 % after 28-day immersion (Figure 2). 
But there is a 55.96 % loss in strength retention. Then the 
further addition of phosphoric acid has a more obvious 
positive effect on the water resistance of MOC, which 
has 105.40  % strength retention at 28-day immersion. 
Meanwhile, the strength retention maintains at higher 
than 80  % after 56-day immersion. This indicates that 
the addition of phosphoric acid in the silica fume MOC 
is an effective method for MOC to preserve the water 
resistance. Besides, the nano-silica added silica fume 
+ phosphoric acid MOC pastes exhibit the best water 
resistance in the five kinds of MOC when we disregard 
the immersion time. What is most important is that the 
strength retention of silica fume + phosphoric acid + 
nano-silica MOC (I15) are much higher in the further 
immersion in water for 56-days than 28-days with the 
strength retention of 133.70 %, which is 25.1 % higher 
than the 28-day water immersion. What is more, the 
strength retention of I15 is 53.82  % higher than the 
silica fume + phosphoric acid MOC e(H15). The results 
show that H15 incorporating 1 % nano-silica expresss 
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Figure 1.  The compressive strength development of the MOC 
pastes.
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outstanding resistance to water and can be dramatically 
boosted when an appropriate amount of silica fume + 
phosphoric acid + nano-silica (SPN) is utilised. On the 
one hand, this noticeable result may be due to the water 
environment that provided sufficient free water that 
facilitated the secondary hydration of MOC that forms 
the more main crystal phase after the water immersion, 
as reported in the previous literature [28]. On the other 
hand, the great improvement in the water resistance of 
MOC with nano-silica incorporation may be due to the 
amorphous magnesium-chloride-silicate-hydrate (M–Cl– 
–S–H) and magnesium-chloride-hydrate gels (M–Cl–H) 
formed by the pozzolanic reaction of the reactive SiO2 
contents of silica fume and nano-silica under the alkaline 
condition of the MOC system. With a large surface area, 
the well dispersed silica fume and nano-silica particles 
would form a network of M–Cl–S–H gel and M–Cl–H 
gels weaved with the microstructure of the MOC crystals. 
As a consequence, the water shy MOC phases would be 
protected to a certain extent by the surrounding spherical 
silica fume and nano-silica particles and water insoluble 
M–Cl–S–H gel and M–Cl–H gels [5]. 

Thermal stability

	 During the heat process, MOC loses weight due 
to the gradual loss of crystalline water, structural water 
and HCl. The main hydration 5Mg(OH)2·MgCl2·8H2O 
crystals lose eight crystalline water to 5Mg(OH)2·MgCl2 
before 215 °C, with the corresponding theoretical weight 
loss rate of 27.0  % [29]. The thermogravimetric (TG) 
curves of five kinds of MOC from 25 °C to 800 °C are 
shown in Figures 3a-e, respectively. As can be seen 
from the TG curves, five kinds of MOC pastes showed a 
similar shape and they could be divided into three weight 
loss stages. The weight loss ratio of P0, N01, S15, H15 
and I15 were 17.36 %, 17.40 %, 16.40 %, 16.29 % and 
16.20  % when the temperature increased from 25  °C 

~ 215  °C at the first stage, respectively. Therefore, 
the actual contents of Phase 5 are 64.30  %, 64.44  %, 
60.00 %, 60.33 % and 60.74 % in P0, N01, S15, H15 and 
I15 after 28 days of curing, respectively. This is in good 
accordance with the compressive strength development 
of the five types of MOC.
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Figure 3.  The TG curves of the MOC pastes at 28 days. 
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XRD analysis

	 Figure 4 presents the XRD patterns of the silica 
fume + phosphoric acid+ nano-silica MOC (I15) and the 
neat controlled sample (P0). It is interesting to notice 
that no new crystalline phase is observed after adding 
SPN, which means the products that improve the water 
resistance of MOC are amorphous in nature. It can be 
seen that the main crystallised hydration product of 
MOC is Phase 5, irrespective of whether the additives 
are added or not. Phase 5 is the most important crystal 
phase that affects the mechanical strength of MOC [5, 
6]. It is worth noting that the percentage of non-reacted 
MgO increased and the percentage of Phase 5 decreased 
after the addition of SPN compared to the controlled 
cement from the XRD pattern peaks (I15-1 and P0-1). 
This indicates the slightly low compressive strength 
after incorporation of the additives, which is consistent 
with the compressive strength development (Figure 1). 
After being soaked in water, the percentage of the 
Phase 5 increased with the immersion time increase. 
Meanwhile, the percentage of non-reacted MgO reduced 
steadily after water immersion. Additionally, there 
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Figure 4.  The XRD patterns of the MOC after air curing and 
water immersion (I15-1 and P0-1: air curing for 28-days; I15-2 
and P0-2: water immersion for 28-days; I15-3: water immersion 
for 56-days; b and c: the interval graphs)
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exists some percentage of brucite in the I15 cement 
after being soaked in water and the percentage slightly 
increased with the increased soaking time. The two 
results demonstrate that a secondary hydration process 
happened in the MOC after water immersion for some of 
the non-reacted MgO reacted to the Phase 5 and a small 
amount reacted to the brucite. However, the primary 
reaction may be the reaction to generate Phase 5 that 
contributes to the excellent resistance to water. Thus, the 
XRD patterns confirmed that the high, water absorption 
of the phosphoric acid and nano-silica, which allow 
less water available for hydration, thus, it retards the 
crystal growth in the MOC, which is keeping with the 
development of the compressive strength and strength 
retention. Therefore, when soaked in water, the water 
is sufficiently provided, thus, it promotes the secondary 
hydration in the MOC. But the percentage of brucite in 
I15 is much lower compared to P0-1. It is understood that 
the MOC phases (Phase 3 and Phase 5) are not stable in 
water and would decompose into brucite after a sustained 
period of exposure to water. If the formation of brucite 
was limited, then the rate of decomposition would be at 
least postponed, if not totally prevented. Consequently, 
the inhibitability of brucite growth by SPN could also be 
attributed to the enhancement of the water resistance of 
the MOC. 

SEM images

	 The typical morphology of the hardened and 
immersed MOC is shown in Figure 5. Apparently, the 
controlled MOC is covered with a gel-like crystal 
in the substrate and needle-like crystals in the pores 
accompanied by some cracks (Figure 5e). However, the 
I15 cement exhibited all gel-like crystals on the surface 
and a more compact structure than the controlled paste 
(Figure 5c). But the surface presented large crisscross 
cracks. This implies the lower compressive strength of 
I15 cement than the controlled paste. On the one hand, 
the obvious cracks may be due to the water absorption 
of H3PO4 and nano-silica that lead to inadequate water 
retention/hydration in the I15 cement, thus, results in 
the easy generation of cracks [30]. It is significant to 
find that the number of cracks reduced after immersion 
in the water. The cracks decreased perhaps due to the 
reduction content of the excess MgO. On the other hand, 
the further addition of nano-silica in H15 (I15) increased 
the hydration heat rate and total hydration heat that also 
attributed to the formation of cracks in I15 (Figure 6). 
What is more, the substrates both overlapped the gel-
like crystals and formed a much denser interlocking 
network than the air cured paste and controlled sample 
(all covered with flocculent brucite crystals). This result 
means that the nano-silica could active the silica fume 
to react with MOC to generate an amorphous product, 
which was stable in water and protected the hydration 
product from decomposition. The reduced cracks and 

generated amorphous product contributed to the eminent 
resistance of MOC after water immersion. At the same 
time, the EDS indicated the existence of M–Cl–S–H gels 
and M–Cl–H gels in the surface. The results of these 
examinations indicate that the nanoscale SiO2 behaves 

a) I15-3

b) I15-2

c) I15-1

Figure 5.  The SEM images of the MOC pastes cured in air and 
after immersion (I15-1 and P0-1: air curing for 28-days; I15-2 
and P0-2: water immersion for 28-days; I15-3: water immersion 
for 56-days). (Continue on next page)
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not only as a filler to improve the microstructure, but 
also as an activator to promote the pozzolanic reaction 
[31]. The improved water resistance and reduced cracks 

is directly related to the decrease in MgO content of the 
pastes and the improved stability of Phase 5 in water. 
The results from the SEM images suggest that nano-
silica and silica fume can act as a source of soluble Si 
which results in the formation of an amorphous (M–Cl–
S–H) type cementitious gel. The gel formed could help 
improve the Phase 5 stability in water by interlocking 
mechanisms which impede the access of water to the 
Phase 5. 
	 It was reported that the gel-like morphology is 
beneficial in improving the water resistance [32]. The 
reason is that the existence of a gel-like morphology 
reduces the porosity of the hardened paste and the 
hardened specimens become so compact that they can 
prevent water from permeating easily [30, 32]. MIP 
is a general method to test the porosity and pore size 
distribution of porous materials such as cement based 
materials [33]. The total intruded volume, total porosity, 
pore volume distribution, permeability coefficient and 
specific surface are tabulated in Table 3. Meanwhile, 
the pore volume distribution curves of the MOC are 
presented in Figure 7. It can be seen that the incorporation 

Figure 5.  The SEM images of the MOC pastes cured in air and 
after immersion (I15-1 and P0-1: air curing for 28-days; I15-2 
and P0-2: water immersion for 28-days; I15-3: water immersion 
for 56-days).
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of additives increases the total porosity, except for the 
addition of nano-silica. For instance, the total porosity 
increases by 2.07  %, 25.33  %, and 12.28  % in S15, 
H15 and I15 in the comparison to P0, respectively. The 
increased total porosity of I15 is consistent with the 
obvious cracks shown in the images. Nevertheless, the 
total porosity of N01 and I15 decreases by 15.07 % and 
10.41 % when compared with P0 and H15, respectively. 
The change of total porosity and surface area are in 
accordance with the compressive strength development 
in the MOC after 28 days of air curing. From Figure 7, 
we can find that the incorporation of additives clearly 
fills the large pores (> 0.1 µm), especially for the single 
addition of silica fume and nano-silica. The further 
addition of H3PO4 in S15 increases the large pores as 
shown in Figure 7. Then the further addition of nano-
silica in H15 decreases the large pores. The change in 
the large pore volume proportion is not directly related 
to the water resistance development of the MOC 
before water immersion. This phenomenon means that 
pore structure of the MOC has less of an effect on the 
water resistance than the crystallinity of the hydration 
product. Additionally, the addition of additives reduces 
the permeability of the MOC with different extents. 
Among the varying additives, silica fume shows the best 
resistant permeability. But the water resistance of S15 is 
not the highest one among the five types of MOC. This 
indicates that the permeability is not directly relevant 

to the development of water resistance in the MOC in 
this experiment. At the same time, the much higher 
permeability of I15 may be attributed to the micro-
cracks generated by the non-abundance of water in the 
hydration process during 28 days of air curing.

CONCLUSION

	 The effect of silica fume + phosphoric acid + nano-
silica on the water resistance of MOC was investigated 
in this study. The incorporation of nano-silica can 
increase the compressive strength of MOC, which 
may be attributed to pozzolanic reaction. For the silica 
fume + phosphoric acid + nano-silica blended paste, 
the water resistance was remarkably improved and the 
strength retention increased with an increase in the 
water immersion time. The strength retention of the 
MOC increased 33.70  % when immersed in water for 
56  days. This great improvement is attributed to two 
main reasons: one is the secondary hydration to form the 
primary Phase 5, including M–Cl–S–H gels and M–Cl 
–H gels; The other is the postponement of the formation 
of brucite that sustained the main phase. Through the 
pore structure analysis, the water resistance of the MOC 
is not directly related to the change of porosity and 
permeability. The significant improvement of the water 
resistance may greatly expand the application of MOC 
in outdoor materials. 
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Figure 7.  The pore size distribution of the MOC.

Table 3.  The total porosity and pore volume distribution after 28 days of air curing.

Sample	 Total intruded	 Total porosity	            Pore volume distribution (%)		  Permeability	 Bulk density	 Surface area
	 volume (cc·g-1)	 (%)	 >1 um	 0.1-1 um	 0.01-0. 1 um	 <0.01 um	 (md)	 (g·cm-3)	 (m2·g-1)

P0	 0.1046	 18.32	 7.93	 3.71	 82.03	 6.33	 707.76	 1.7518	 17.712
N01	 0.0844	 15.56	 11.76	 6.54	 68.94	 12.76	 512.55	 1.8438	 17.789
S15	 0.1019	 18.70	 10.50	 17.67	 65.50	 6.33	 8.36	 1.8346	 16.711
H15	 0.1276	 22.96	 8.93	 48.76	 41.67	 0.64	 64.19	 1.7990	 6.585
I15	 0.1140	 20.57	 9.40	 16.48	 71.25	 2.87	 648.14	 1.8046	 11.070
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