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~ N A  L yZED 
DIFFERENTIATION OF INTERLAYER AND ADSORBED 

WATER IN HYDRATED PORTLAND CEMENT BY 
THERMAL ANALYSIS 

R. F. Feldman and V. S. Ramachandran 
Division of Building Research ,  National Research  Council of Canada 

Ottawa 7 ,  Ontario,  Canada 

(Communicated by G.  L. ~ a l o u s e k )  

ABSTRACT 
Work leading to  the new model  of hydrated portland cement has 
shown that much  of the water  previously considered to  res ide on 
f r e e  sur faces  ex is t s  a s  inter layer  water .  Ln the present  work 
sample s we r e  conditioned a t  various relative humidities for  
t i m e s  varying f rom l f  t o  14 months and were dr ied  t o  two differ- 
ent levels before conditioning, one being d-dry. Conditions 
were chosen, based on the model ,  s o  that the different s ta tes  of 
water  could be clear ly  i l lustrated. I t  was concluded that thermal  
analysis allows differentiation of in te r layer  and physically 
adsorbed water and that the different degrees  of drying and very  
long t imes  allowed fo r  equilibration support a l l  sorption resu l t s  
on which the new model  of hydrated portland cement was based. 

SOMMAIRE 
Les  t ravaux menant B l a  nouvelle formule de ciment portland 
hydrate ont dCmontrC qulune grande partie de l leau qulon croyait  
qui demeurai t  auparavant s u r  l es  surfaces  l ib res ,  existe sous 
fo rme  d'entrecouche dleau. Dans l a  prCsente Ctude, les  Cchanti- 
llons ont CtC conditionnCs B diverses  humidites re la t ives  pour des  
pCriodes de temps  variant en t re  1f mo i s  & 14 moi s ,  e t  furent 
soumis au sCchage & deux niveaux diffCrents avant le conditionne - 
ment ,  un des  niveaux Ctant "d-dry." Les  conditions furent 
choisies,  basCes s u r  la  nouvelle formule,  afin que l e s  d ivers  
Ctats de l 'eau puissent Etre c la i rement  illustrCs. On en a conclus 
que l 'analyse thermique permet  l a  diffgrenciation des  en t r e -  
couches et  de l leau adsorbCe physiquement, e t  que l e s  differents 
degrCs de sCchage et  les  t r h s  longues pCriodes de t empspe rmises  
pour llCquilibration supportent tous les  rCsultats de d6sorption 
s u r  lesquels la  nouvelle formule de ciment portland hydrat6 Ctait 
basCe. 

Presen ted  at the Second Cement Symposium held a s  par t  of the 73rd Annual 
Meeting of the  American Ceramic  Society, Chicago, Apri l  1971. 
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Introduction 

A new model for  hydrated portland cement has been recently 

descr ibed (1).  Port ions of the model were  based on resu l t s  f rom water 

sorption experiments (2) and conclusions were  made with regard to  the state 

of the water and i t s  role in the system. The model recognizes that the 

hydrated calcium si l icates  in hydrated portland cement a r e  layer-s t ructured 

but poorly oriented, and with a spacing between layers  that m a y  vary f rom 

region t o  region. Much of the water which had previously been considered 

to  reside on f r ee  surfaces i s  now considered to  exist  a s  interlayer water ,  

and many of the physical and mechanical propert ies  of hydrated portland 

cement a r e  ascr ibed to this. 

The model has aroused considerable interest  but doubts have been 

expressed ( 3 ) .  In a continuing research  program a t  the National Research  

Council on the new model,  significant new evidence was developed on the 

manner  in which water occurs  in C-S-H. In work on cements so f a r  reported 

no systematic work seems to have been done on the thermal  analysis of 

samples  at  controlled conditions of humidity (4, 5). However, thermal  

analysis of samples  equilibrated at different relative humidities, based on 

the model,  c lear ly differentiates between adsorbed and interlayer water. 

The resu l t s  a r e  presented in  this report .  

Experimental 

Mate r ia l s  

A Type I portland cement was bottle-hydrated for  1; years  a t  a 

water-to-solidratio of 5. I t  was almost completely hydrated; carbon 

dioxide content was 1% and the surface a r e a  by nitrogen adsorption was 
2 

22 m /gm. The bottle-hydrated powder was dr ied to 1170 R. H. and screen-  

ed over a 100-mesh sieve. The residue of large Ca(0H) c rys ta l s  was 
2 

ground and remixed with the powder. 

Sample Conditioning 

The bottle-hydrated powder was res tored  at 1170 R. H. (over sa t -  

urated solution of LiC1) in  a desiccator  fo r  6 months and designated prep-  



V o l .  1, N o .  6 609 
WATER, I N T E R L A Y E R ,  ADSORBED, THERMAL A N A L Y S I S  

aration A. One portion of A was spread 2 to  3 m m  thick in dishes andplaced 

in  a large desiccator with a large-diameter  tube fixed to  the lid. The tube 

led t o  a pumping system which consisted of a t r a p  cooled with solid CO and 
2 

a two-stage ro ta ry  pump. This corresponds to the well-known d-drying 

procedure. After 5 weeks of pumping the ma te r i a l  was placed in a vacuum 

vessel  and heated for 3 h r  at  100°C. This sample i s  designated preparation 

B. Another portion of A designated preparation C was placed in a vacuum 

vessel  and heated to  70°C for  approximately 2 hr .  It was found to contain 

approximately 370 more  water  than the d-dried sample. Small amounts of 

preparations A,B and C were  placed in desiccators  over saturated salt  

solutions (intermittently s t i r r ed  by magnetic s t i r r e r s )  to  control at  11, 32, 

44, 58, 66, 76, 84 and 10070 RR. H., respectively. After a period of t ime 

samples  of preparations B and C exposed at different humidities a s  descr ibed 

above were placed in another vacuum desiccator  conditioned a t  11% R.H. 

These reconditioned samples  were designated B(R) and C(R). The schema 

below i l lustrates  how the samples were designated and the i r  history. 

I Preparat ion B Preparat ion C 

J /  
Preparat ion B(R) 

d-dried 370 more  H z 0  than 

J, 
Preparat ion C(R) 

'4 
11, 

Table I shows the length of t ime samples  of preparations A, B, C, 

B(R) and C(R) were held a t  each condition before they were analyzed. As  

can be seen, the t imes  were  usually about severa l  months. Ent r ies  in the 

columns under TGA and DTA show when samples  were  tested by each 

technique. 

preparation B 

32, 44, 58, 
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TABLE I 

P e r i o d s  ( i n  Mon ths )  During Which Samples  Were  

Conditioned a t  Respect ive  Rela t ive  Humidi t ies  

a c k  t o  11% R.H. 

a c k  t o  11% R. H. 

ack  to  11% R .H .  

a c k  to  11% R.H.  

ack  t o  11% R.H. 

ack  t o  11% R.H. 

ack  t o  11% R.H.  

B 
I 

DTA 

3-6  
- 

3 - 6  
- 

3 - 6  
- 

3 - 6  
- 

3 - 6  
- 
- 
- 

3 - 6  
- 

3 - 6  
- 

Thermal  Analysis 

In this  work DTA and TGA were ca r r i ed  out under controlled con- 

ditions of humidity, the details of which have been published elsewhere (6).  

DTA TGA 

1 .25  
- 

1.25 
- 

1 . 2 5  
- 

1 .25  
- 

1 . 2 5  
- 
- 
- 

1 . 2 5  
- 

1 . 2 5  
- 

DTA 

(1) Thermogravimetr ic  Analysis 

A specially constructed gloved environmental box was used with a 

Cahn R. H. electrobalance (6). Samples could be weighed and loaded onto 

the balance and runs performed without the samples  being exposed to outside 

conditions. Normal TGA runs were performed at  a heating ra te  of 1 0 " ~ / m i n  

under vacuum. Static runs were performed by heating at  100°C fo r  3 hr .  

Samples were compacted at  5000 ps i  to prevent blowing and loss  of powder 

during evacuation and heating. 

( 2 )  Differential Thermal  Analysis 

The 900 Du Pont thermal  Analyser was used for  differential thermal  

measurements .  This unit has a remote plug-in module called the calor i-  

me t r i c  cell .  The cell  i s  placed in  a gloved box controlled a t  the required 

humidity and connected to the recorder  through a length of shielded wire.  

Samples of required quantity (16 mi l l ig rams)  were weighed in a balance in 

TGA TGA DTA TGA 
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the gloved box. Thermal  curves were obtained a t  heating ra tes  of both 10 

and 20°C/min. Results a r e  reported here  fo r  10"C/min only. 

Re sult s 

(1) Thermogravimetric Analysis 

The dynamic TGA runs did not show a s  clear  a delineation of differ - 
ent types of water a s  the DTA curves.  Hence, the TGA equipment was also 

used under static conditions, where the samples equilibrated a t  every con- 

dition were heated in vacuum for  3 h r  a t  100°C. It was found previously ( 2 )  

that this condition was equivalent to the d-dry condition, and thus the resul ts  

would yield quantitative information with regard to the amount of water in 

each sample above the d-dry condition. As a resul t  the intensity of each 

DTA curve could be well defined for  the region of "evaporable" water (7 )  on 

the basis  of the above. 

An advantage gained by performing the s tat ic  thermal  gravimetr ic  

analysis i s  that sorption isotherms can be constructed. These a r e  shown in 

Fig. 1 for.the preparations A, B and C. Another advantage i s  that these 

isotherms a r e  constructed f rom samples that have been conditioned simulta- 

neously a t  varioushumiditiesfor 1: to 11 months (see Table I). This means  

that each point on the isotherm has been at i t s  respective condition for  that 

period. To accomplish this by a normal  vacuum balance, the period involved 

would have been increased several-fold. As i t  turns out, these lengths of 

t ime a r e  unnecessary in the regions inve,stigated. 

The points enabled outer boundary sorption curves to  be drawn for  

preparations B and C, i. e .  B(ads) and C(ads) respectively. F r o m  the points 

obtained f rom samples that had been exposed to various relative humidities 

and returned to 11% R. H. and the adsorption curve for  preparation A, 

approximate scanning curves could be outlined. F r o m  the sample that had 

been returned from 100 to 11% RR. H. the outer boundary desorption curve 

could be estimated. (This estimate i s  based on previous work with an 

identical sample (2) .  ) The adsorption curve for  preparation A was drawn on 

the isotherm loop of both preparations B and C, I t s  slope i s  very low, much 

lower than the outer boundary sorption curves for  preparations B and C. As 
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0 20 40 60 80 100 

PER CENT, RH 

FIG. 1 

Isotherms of hydrated cement from static thermal balance. 
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mentioned above, the scanning curves were partially located by observing 

the slope of this curve, Previous work ( 2 )  has already noted the difference 

in slope of the outer boundary curves and the scanning curves. Also shown 

in Fig. 1 i s  the fact that a l l  the water (including hydrate water)  removed 

when the samples a r e  d-dried (B) or  partially dried (C)  f rom 1170 R. H. i s  

returned af ter  the sample has been rewetted. The scanning curves show that 

this return takes place over the range of humidities 11 to  10070 R. H, DTA 

will show that part  of the water  i s  returned below 1170 R. H. 

Ln comparing the two isotherms for  preparations B and C i t  can be 

observed that the sorption boundary curve for  B (d-dried) has a grea ter  

slope. To il lustrate this,  the latter i s  drawn on the same axis a s  the C 

preparation. 

Preparat ion C contained approximately 370 m o r e  moisture than prep-  

aration B a t  the s t a r t  of the isotherm, but this difference was regained 

completely by preparation B a t  higher humidities. This was apparent be- 

cause both preparations had completely regained all  the water lost after 

being exposed to 10070 R0H. This lack of recovery at the low humidities of 

a l l  the ex t ra  water removed explains the much la rger  hysteresis  loop of 

preparation B (d-dried). 

Several points may  be taken from these results! 

( a )  The C preparation which was not d-dried did not allow complete 

regain of water when exposed at low o r  intermediate humidities, even after 

extended periods. This i s  explained by interlayer hysteresis  described in 

the new model, 

(b) If the BET calculations a r e  applied to the boundary sorption 

curve of preparations B o r  C, resul ts  would be completely fictitious since 

interlayer water i s  r e  -entering in the 0-3370 R. H. range. Values would be 

controlled by how the interlayer water re-entered the sample. Conclusive 

evidence that water enters  in the BET region i s  derived f rom the scanning 

curves and the fac t  that preparation B (d-dried) has a steeper curve in that 

region. If the extra  water removed f rom preparation B was solely phys- 

ically adsorbed, i t  would have readsorbed below 1070 R. H. ,  where i t  was 
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removed. The increased steepness in  the curve in the BET region i s  due to 

increased interlayer re -en t ry  in this region. 

A calculation for surface a r e a  could be made f rom the curve for  the 

A preparation, since no inter layer  water appears  to  be entering on this 

curve in the BET region. However, the position for  zero  adsorbed water i s  

not known. Special procedures  involving simultaneous measurement  of 

sorption and length change can be used to determine this.  They have been 

used by Helmuth (8) and re fer red  to a s  the Bangharn, Freundlich, Feldman 

and Sereda method. The surface a r e a  obtained by Helmuth for  the curve 

equivalent to curve C was s imi la r  to the a r e a  obtained by N adsorption. 2 

(2) Differential Thermal  Analysis 

The samples  used in this study were in some cases  conditioned fo r  

longer periods at the various relative humidities. The t imes  a r e  also tab- 

ulated on Table I. 

F o r  preparation B and B(R) a thermogram i s  presented on Fig.  2 for  

every condition on the sorption boundary curve se r i e s  (A) a s  well a s  for  a l l  

the points returned to 11% R. H . ,  i. e. , the points on the scanning curve 

se r i e s  (B) a t  a heating ra te  of 10"C/min. F o r  s e r i e s  A it may  be observed 

that two endothermic peaks with peak tempera tures  varying in the range 65-80 

and 90-1 05°C form and grow simultaneously with increasing humidity. It 

should be made c lear  here  that these temperatures  a r e  not exactly definable 

and a r e  known to vary to  some extent depending on the experimental con- 

ditions. The peaks for  the heating rate  of 10"C/min a r e  very clear ly 

recognizable although the baseline shifts greatly at this ra te .  Of the two 

peaks the 90-105°C peak i s  la rger  up to 84% R.H. ; a t  11 and 32% R . H . ,  the 

65-80°C peak i s  small ,  showing that in the region up to 11% R. H. most  of 

the water sorbed i s  associated with the higher temperature peak. 

Ser ies  B shows clear ly how 11% R. H. on the sorption isotherm i s  

not a uniquely defined point a s  a lso can be seen in Fig. 1,  where the amount 

of water contained at 1170 R.H.  var ies  with the conditions of exposure. The 

higher temperature peak grows bigger a s  the relative humidity to which the 
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1 I I ) I I I  

PREPARATION B 

0 100 200 300 400 
TEMPERATURE , 'C 

PREPARATION B (R) 

TEMPERATURE, 'C 

FIG. 2 

DTA thermograms of preparation B and B(R) 
Ser ies  A - Prepara t ion  B equilibrated at  R .  H. of 0 to 10070; 

Ser ies  B - Preparat ion B(R) f rom R,H. of 0 to 1000/0, 
equilibrated at  11 70 R. H. 

sample was exposed increases .  The 65-80°C peak, on the other hand, i s  

always reduced to a very  smal l  size on re turn  to 11% R. H. Thus it i s  

evident that the hysteresis  effect manifested by the scanning curves observ-  

ed on the sorption isotherm i s  associated with the high tempera ture  peak. 

This hysteresis  effect has  been previously attributed to inter layer  water  
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re -en t ry  ( Z ) ,  and i t  i s  apparent that the two peaks distinguish between in te r -  

layer water and water adsorbed on f ree  surfaces.  

The thermograms for  preparations A, C(R) and C a r e  presented on 

Fig.  3. Ser ies  A for preparation C(R) shows the curves for the samples  

that had been a l l  returned to 1170 RR. H. after exposure t o  various humidities. 

It i s  c lear  that this preparation contained m o r e  water af ter  drying than 

preparation B since an extended endothermal effect i s  visible below 100°C 

fo r  the 0% R.H. curve. Subsequent exposure to higher humidities and back 

to 1170 R.H.  causes the 90-105°C peak to  grow. The 65-80°C peak i s  small  

o r  not visible. This s e r i e s  i s  thus s imi la r  to that for  preparation B. Se r i e s  

B,  the samples  exposed at different humidities shows, a s  for  preparation B, 

a simultaneous growth of both peaks, the higher temperature peak not be- 

ing surpassed in intensity by the lower temperature peak until 7670 R. H. 

Se r i e s  C represents  preparation A exposed to various relative 

humidities. This sample shows a well-developed peak at 90-105°C and a 

small  peak at 65-80°C. As the relative humidity i s  ra ised the 65-80°C 

peak increases ,  surpassing the 90-105°C peak a t  7670 R. H. The la t ter  

appears  to  remain relatively constant, and the 65-80°C peak now appears  to 

grow independently of the higher temperature peak. This explains the 

sorption curve fo r  preparation A which has a very low slope in contrast to 

that of preparation B or  C (Fig.  1) .  F o r  preparation A a l l  the water assoc i -  

ated with the 90-105°C peak i s  a l ready present ,  while for  B and C it i s  sorb-  

ing a s  the humidity i s  increasing. The sorption hysteresis  i s  explained a l so  

by this peak, and since preparation C has some of this water a lready present  

i t s  hysteresis  i s  not a s  large.  

Comparing se r i e s  B and C on Fig. 3, it appears  that the lower t e m -  

perature peak fo r  C i s  l a rge r  fo r  the same humidity. This may  be due to a 

l a rge r  surface a r e a  of the undried sample. Some other experimental 

resu l t s  confirming this have been obtained and will be published la ter .  

Discussion 

Despite the extraordinary lengths of t ime allowed for  equilibrium at 

the various conditions described above these resu l t s  a r e  essentially the same 
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THERMAL ANALYSIS  

TEMPERATURE. OC 

DTA the rmograms  of p repara t ions  A, C(R) and C 
S e r i e s  A - Prepa ra t i on  C(R) f r o m  R. H. of 0 t o  100y0, 

equil ibrated at 11 70 R. H. 
S e r i e s  B - Prepa ra t i on  C equilibrated a t  R.H.  of 0 t o  100%. 
Se r i e s  C - p repa ra t i on  A equilibrated a t  R.  H. of 0 t o  1000/oo. 
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a s  those obtained before when the equilibration periods were much less  (2).  

The resu l t s  c lear ly show the following: 

(a )  adsorption and desorption curves a r e  well defined by 

the experimental points and a large hysteresis  loop i s  

confirmed; 

(b) scanning curves exist  and a r e  the resul t  of r e -  

entrance of inter layer  water;  

(c )  practically a l l  water  removed on f i r s t  drying f rom 

llyo R. H. i s  regained by rewetting; 

(d) inter layer  water  re -en ters  throughout the BET range; 

thus conventional surface a r e a  calculations f rom water  

sorption a r e  not valid. 

In this  paper i t  was possible to  cor re la te  the 90-105°C peak with 

inter layer  water  and thus i t  was possible to observe directly how the amount 

of inter layer  water  changes with humidity. Progress ive  r e  -entry of in te r -  

layer  water into the d-dried mater ia l  takes place in s tages beginning with 

exposure at  very low humidities and i s  not complete until i t  exceeds about 

75yo R. H. There  seems to  be a form of equilibrium at  each humidity; this 

was discussed in an ea r l i e r  paper (2). F r o m  the correlation of the 90-105°C 

peak with inter layer  water  and f rom preparation C, the partially dr ied prep-  

aration, i t  was possible to  observe that inter layer  water entered when the 

samples  were  exposed f r o m  the d ry  to 1170 R.H. by a growth in the 90-105°C 

peak; this growth a l so  occurred in the BET region. 

The significance of the 1170 humidity position i s  obvious in the 

thermograms.  F o r  an ideal adsorption system the amount adsorbed a t  11% 

R. H. should be uniquely defined. At about 11 yo RR. H. a monolayer usually 

exists without the complicating features  of capillary condensation. Also in 

this region adsorption i s  expected to be reversible  along the adsorption 

curve. However, in the cement system any number of positions exis t  be-  

tween the upper and lower boundaries of the hysteresis  loop. This i s  a lso 

evident f rom the peak intensities a t  90- 105°C in the thermograms.  The 

90-105°C peak in preparation A a t  1170 R-H .  i s  s imi la r  to that in p repa ra -  
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tions B and C exposed to 84 o r  10070 R.H.  and returned to 11% R. H. Ex-  

posure of preparation A to  different humidities causes  only peak 65-80°C to 

grow. An explanation based on the reasoning that the 90-105°C peak i s  due 

to the desorption of a monolayer of adsorbed water can be r e ~ e c t e d  for  the 

following reasons.  

(1)  When the peak i s  removed by drying it  can only 

be res tored  by exposure to  high humidities. 

(2) Samples can be prepared by exposure to  different 

humidities and maintained at  11 70 R. H. even though 

they contain different amounts of water .  This i s  

a l so  manifested by the 90-105°C peak being of 

different s izes .  The 1170 RR. H. position i s  not 

unique. This situation i s  well explained by the new 

model  of hydrated portland cement.  

(3 )  Thermal  analysis of porous g lass  a t  different 

humidity conditions (6)  shows that the monolayer 

cannot be differentiated f rom the mult i layers .  

The higher temperature  peak i s  explained a s  due to  the expulsion of 

inter layer  water .  This m a y  not necessar i ly  be due only to  a higher energy 

of binding of these H 0 molecules over those physically adsorbed but also 
2 

due t o  the mechanical b a r r i e r  imposed on the inter layer  water  because of 

their  inter layer  positions. Although two peaks can be observed it  i s  c l ea r  

that there  mus t  be some overlap in the interaction energies.  

Conclusions 

Thermal  analysis allows differentiation of inter layer  and physically 

adsorbed water .  

Different degrees  of drying of samples  and long periods allowed f o r  

equilibration support a l l  sorption resu l t s  on which the new model  of hydrated 

portland cement i s  based. 
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