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The effects of the admixture of potassium citrate and potassium 
carbonate to portland cement with and without gypsum on the ki- 
netics of the dissolution of the clinker phases, formation of hydration 
products, and cementitous properties in ISO-mortar and concrete 
were investigated. Quantitative X-ray diffraction (QXRD) data in- 
dicate that the admixture of citrate to portland cements increases the 
dissolution rate of the ferrite phase. In the presence of 1 to 3% 
potassium citrate, the ferrite phases dissolve nearly completely 
within 6 hours. Citrate is assumed to act via surface complexation 
and ligand-promoted dissolution. Set and hardening coincides with 
the formation of AFro phases. Semiquantitative background evalu- 
ation of XRD spectra indicates that citrate promotes the formation of 
noncrystalline phases, in which iron(III)hydroxide presumably 
forms the polymeric backbone whereas carbonate stabilizes crystal- 
line AFm areas. Optimum early strength in ISO-mortar and con- 
crete is correlated with the formation of crystalline and noncrystal- 
line phases. ADVANCED CEMENT BASED MATERIALS 1995, 2, 
189--200 
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of their hydration is observed [1-3], especially for the 
ferro-aluminate phases [4]. The chemical and physical 
properties of the hardened cement paste are under-  
stood in terms of the principal hydrous  products--- 
ettringite, calcium-silicate-hydrate (C-S-H), and port- 
landi te--formed during the hydrat ion of aluminate 
and alite. The reactivity of Portland cement  can be reg- 
ulated either by accelerating and retarding admixtures 
or by modifying the alite and aluminate content of the 
clinker. The ferrite phase is regarded as the least reac- 
tive phase, yielding similar hydration products as the 
aluminate phase [1,2]. Its role as a strength-building 
phase and its contribution to the cementitious proper- 
ties is still controversial, but  a significant contribution 
of the ferrite phase to late strength was reported [5]. 
Recently, increased later age strength obtained by the 
admixture of triisopropanolamine was attributed by 
Gartner [6] to the enhanced hydration of the ferrite 
phase due to Fe(III) complexation. In this paper, re- 
suits of the influence of activating admixtures on the 
kinetics of the dissolution of the clinker phases, espe- 
cially the ferrite phase, and of the formation of hy- 
drous products and their influence on cementitious 
properties are reported. 

T he principal constituents of normal Portland 
c e m e n t  are c a l c ium s i l ica tes ,  ca l c ium-  
a luminates ,  calcium-ferro-aluminates,  and  

gypsum. Except for dicalcium silicate (belite), the an- 
hydrous clinker phases are highly reactive towards wa- 
ter. When mixed together in Portland cement, a sig- 
nificant alteration of their reactivity and of the course 
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Experimental 
Materials 
RAW MATERIALS. TWO types of clinker (Table 1) were used 
for the preparation of cement mixes: clinker (Blaine 
4390 cm~/g) used for ordinary Portland cement (OPC) 
production and a C3A-free clinker (Blaine 5070 cm2/g) 
used for the production of sulfate-resistant portland 
cements.  The reference cements  were prepared by 
mixing ground clinker with the appropriate amount  of 
gypsum. For the preparation of the cement  mixtures, 
ground clinker instead of commercial Portland cement  
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TABLE 1. Clinker composition 

Component Oxides (mass%) Other (mass%) 

Clinker SiO2 A1203 Fe20 3 CaO MgO SO 3 K20 Na20 TiO2 Mn20 3 PaO s LOI Sum CaOfree 
1 21.1 3.2 7.0 64.9 0.78 1.1 0.58 0.35 0.17 0.03 0.08 0.29 99.6 1.2 
2 22.7 4.9 2.8 64.4 1.6 1.3 1.1 0.30 0.22 0.05 0.17 0.28 99.8 1.1 

Phase Composition (mass%) Specific Fineness 
Weight Blaine 

Alite Belite C3A Ferrite CaOf,.. Periclase Alkali-sulfate (g/cm 3) (m2/kg) 

1 65.6 13.9 0.3 17.6 1.2 0.0 1.9 3.25 507 
2 53.8 29.3 4.0 8.4 1.6 0.1 2.8 3.27 439 

Clinker phases were determined by microscopic point counting. LOI = loss on ignition. 

was used  to eliminate calcium-sulfate-hydrate phases 
as addit ional nonspecif ied variables. 

The gypsum  used  was a commercial  high quality 
g round  g y p s u m  (90% <60 p,m). The additives, coarse 
caustic potass ium carbonate and tr ipotassium citrate 
monohydra te ,  were  commercial ly available technical 
grade products .  

CEMENT PASTES. The cements  (Table 2) were  p repared  by 
mixing the g round  clinkers with the additives and with 
the required amoun t s  of g y p s u m  in a laboratory mixer. 
The reference cement  pastes were  p repared  with a wa- 
ter :cement  ratio of 0.38, the cement  pastes of the series 
with d inke r  I (1-PG, 1-CG, 1-PCG) were  prepared  with 
a water :cement  ratio of 0.26, and  the cement  paste 
samples of series 2 (2-PCG and 2-GfC) were  p repared  
with a water :cement  ratio of 0.38. 

The cement  paste samples were  s tored in polycar- 
bonate  forms unde r  air, saturated with water,  for 24 
hours.  The ha rdened  cement  paste prisms were de- 
molded  at the required sampling time. Seven-day and 
28-day samples  were  demo lded  after 24 hours  and 
stored unde r  water  at ambient  temperature .  

X-ray diffraction (XRD) samples were  prepared  by 
crushing and  pregr inding the specimen unde r  acetone 
and  by  g r i n d i n g  2 g s amples  in a Retsch-micro-  
mill. Fur ther  hydra t ion  was s topped  with acetone and 
by redrying u n d e r  vacuum for about  15--30 minutes.  

XRD Studies 
QXRD PATTERNS OF HYDRATED SAMPLES. The powde red  s a m -  

p l e s  were  compacted  unde r  vibration, and the sample 
holder  was rotated at 30 rpm dur ing  measurement .  

The XRD pa t t e rns  were  r e c o r d e d  wi th  a S iemens  
D500TT diffractometer.  Parameters  are repor ted  else- 
w h e r e  [7]. The  in tegral  in tens i t ies  and  the mass-  
absorpt ion coefficients, calculated from chemical ana- 
lytical data and the losses of ignition (LOIs), were  used  
for the quanti tat ive evaluation following the m e t h o d  of 
Klug and Alexander  [8]. Clinker phases  of the refer- 
ence samples 1-REF and 2-REF, de te rmined  by  micro- 
scopic phase  counting,  were  used  as external  stan- 
dards. 

The clinker phase contents  are calculated in weight  
percent,  referring to the LOI-free samples.  The amoun t  
of port landite  was calculated by  using an external  port- 
landite s tandard,  and values were  verified with data 
f rom thermo-gravimetr ic  measurement s  on  admixture-  
free reference samples. 

In SlTU HYDRATION. Pastes were  p repared  with sufficient 
water  (w:c = 0.38 for the reference,  w:c = 0.24 for 
1-PCG, and w:c = 0.27 for 2-PCG-pastes) to make  
them fluid but  to avoid bleeding.  The pastes  were  
placed in a 27 x 2 m m  sample holder  and covered with 
a 1 ~.m thick stretched po lypropy lene  film. The XRD 
pat terns  were  recorded  con t inuous ly  over  the scan 
range 8-53 ° 20, count ing time was 1.6 seconds,  record- 
ing time for each run  was 65 minutes .  

EVALUATION OF THE BACKGROUND. The  b a c k g r o u n d  in 
XRD patterns is composed  of very  broad reflections 
from noncrystall ine materials with contr ibut ions from 
poorly crystallized and microcrystall ine materials due  
to line broadening  and from non-Bragg scattering ef- 
fect [7]. To obtain information about  the nature  of the 

TABLE 2. Cement mix characteristics 

Cement* 1-REF 1-PCG 1-PC 1-CG 1-PG 1-GFC 2-REF 2-PCG 2-CG 2-GFC 

K 2 C O  3 ~ 1.85 1.85 - -  3.00 3.00 - -  1.85 - -  3.00 
K3-citrate - -  2.70 2.70 2.70 - -  - -  - -  2.70 2.70 - -  
Na-Lignosulfonate . . . . .  0.60 - -  - -  - -  0.60 
Gypsum 1.00 1.00 - -  1.00 1.00 - -  4.00 4.00 4.00 - -  

1- denotes series with clinker l ;  2- denotes series with clinker 2. 
*Weight % per weight clinker. 
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noncrystalline phases, the underlying background of 
the XRD patterns recorded from quantitative XRD 
(QXRD) samples was fitted with narrow parabolas ex- 
cluding as far as possible tails from the superposed 
XRD lines. The width of the parabolas was chosen 
such that crystalline material >50 A was excluded. 
This is possible only to a limited extent due to the 
complexity of the XRD patterns allowing only qualita- 
tive evaluation. 

By fitting the XRD background with very broad pa- 
rabolas, cont r ibut ions  from microcrystal l ine and 
poorly crystallized materials can be excluded. The in- 
tegral intensity of the fitted background was quantita- 
tively determined on 30-minute to 28-day-old samples 
and taken as a measure of the noncrystalline part of the 
sample. The corresponding measure of the crystalline 
part was obtained by subtracting the integral intensity 
of the background from the total integral intensity of 
the XRD spectrum between 8 ° and 53 ° 20. These values 
were corrected for the non-Bragg background by sub- 
tracting the background of the corresponding 30- 
minute-old samples. 

CHARACTERISATION OF CEMENTITIOUS PROPERTIES IN ISO-MORTAR 

AND CONCRETE. ISO-mortar was prepared according to 
ISO 772 (ENV-196). Water:cement ratios were chosen 
to obtain fluid (140-160%), standard (110%), and stiff 
(90-100%) mortars. Flow in percent was determined 
according to ASTM C 230-83. Strength was measured 
on 40 x 40 x 160 mm prisms. Setting times were de- 
termined on mortar with a Vicat needle. 

Concrete mixes were prepared in batches of 75 L 
with 0/32 mm standard dry aggregate: 2-PCG-cement, 
400 kg/m3; sand (0/5 mm), 756 kg/m3; coarse aggregate 
(5/32 mm), 1182 kg/m3; water, 148 kg/m3; air content 
(%), 0.9; slump after 30 minutes (cm), 19/18; flow (cm), 
45-50; fresh concrete density (kg/m3), 2,455. 

Mixing time was 3.5 minutes. The flow was mea- 
sured according to DIN 1048/1; slump was measured 
according to ASTM C 143-78. Strength was tested on 12 
x 12 x 36 cm prisms. Set was determined on the con- 
crete prisms. 

Results 
Dissolution of Clinker Phases 
The influence of potassium carbonate and potassium 
citrate on the rate of the dissolution of clinker phases 
and on the formation of hydrous products in cement 
pastes was determined by quantitative and qualitative 
evaluation of XRD patterns. The setting times were 
adjusted within a range of 30-90 minutes  by the 
amount of gypsum or lignosulfonate (gfc formulations) 
added. 

DISSOLUTION OF THE FERRITE AND ALUMINATE PHASES. The 

QXRD results of the early hydration are given in the 
Figures 1 and 2, and results of the late hydration are 
given in Table 3. Both potassium carbonate and potas- 
sium citrate accelerate the initial rate of dissolution of 
the ferrite phase in comparison with the reference sam- 
ple to approximately 50% and 80% dissolution, respec- 
tively. In the presense of citrate (1-CG) and in combi- 
nation with carbonate (1-PCG), the ferrite dissolution 
proceeds at equal rate during early hydration, but fur- 
ther ferrite dissolution is enhanced during late hydra- 
tion (Table 3). The residual ferrite after 28 days is at- 
tributed to inclusions in agglomerated unreacted alite 
particles [7,9]. With regard to the accelerating effect of 
alkalis on the dissolution of clinker phases, especially 
aluminates [1,3], the amount of admixtures added was 
chosen such that in all samples approximately the 
same amount of potassium was added (2.0-2.4 wt% 
K20 ), except in the 1-CG sample (1.18 wt% K20 ). De- 
spite the difference in the K20 contents in the 1-CG 
and 1-PCG samples, the rate of ferrite dissolution is 
about equal. From this, it is concluded that potassium 
has no significant influence on the dissolution rate of 
the ferrite phase in the presence of citrate. 

In the presence of potassium carbonate and potas- 
sium citrate (2-PCG), the dissolution of both aluminate 
and ferrite is accelerated (Figure 2). In the potassium 
carbonate-  and l ignosulfonate-conta ining cement  
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FIGURE 1. Influence of potassium carbonate (1-GfC, 1-PG), 
potassium citrate (1-CG), and potassium carbonate and po- 
tassium citrate (1-PCG) on the rate of ferrite dissolution at 
w:c = 0.26 during early hydration in comparison with the 
reference at w:c = 0.38. C), 1-GfC; 0, 1-PG; &, 1-CG;. ,  
1-PCG; +, 1-REF. 
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FIGURE 2. Comparison of the rates of C3A and ferrite disso- 
lution during early hydration at water:cement ratio of 0.38 of 
cement pastes containing potassium carbonate (2-GfC), po- 
tassium carbonate, potassium citrate, and gypsum (2-PCG), 
and the admixture-free reference 2-REF. [3, C3A and 2-PCG, 
/k, C3A and 2-GfC; x,C3A and 2-REF; II, ferrite and 2-PCG; 
A, ferrite and 2-GfC; +, ferrite and 2-REF. 

pastes (2-GfC), only the rate of dissolution of the ferrite 
phase is enhanced during the initial hydration period. 
Lignosulfonate interacts specifically with the alumi- 
nate phase, retarding its dissolution [7]. 

DISSOLUTION OF THE ALITE PHASE. The XRD results of the 
dissolution of the alite phase in 1-PCG and 1-REF ce- 
ment pastes prepared with different water:cement 
(w:c) ratios during early and late hydration are given in 
Figure 3. The rate of alite dissolution is increased by 
the admixtures only during the initial hydration pe- 
riod. After 12 hours hydration at low w:c ratios, the 
dissolution rate is controlled by the w:c ratio. 

Formation of Hydrous Products 
CRYSTALLINE HYDROUS PRODUCTS. In the samples contain- 
ing citrate and carbonate solely or in combination as 
well as in the GfC samples, the main crystalline hydra- 
tion product identified is an AFm phase [1] from the 
type {[Ca2(Al~e l_x)(OH)6] + [mY * nH2Ol-}, Y being 
O H - ,  CO32-, SO42-, 0 ~ n ~ 1. The XRD reflection at 
4.06-4.07 ,/k is detected only in the samples containing 
potassium carbonate consistent with a solid solution of 
carbonate (Y = CO32-, m ~ 0.5) in the AFm phase [6]. 
A minimum crystaUite size of 60-100 A is estimated 

from the line width of the reflections. The highest yield 
of AFm phase is obtained when potassium carbonate is 
present. The incorporation of carbonate [10] stabilizes 
the AFm phase with respect to hydrogarnet. No hy- 
drogarnets could be detected by XRD or by differential 
scanning calorimetry (DSC) [7]. The formation of the 
AFm phase coincides with the hardening of the citrate- 
and/or carbonate-containing cement pastes in the pres- 
ence or absence of gypsum. Portlandite is formed in 
detectable amounts 2 to 3 hours after hardening; but in 
comparison with the reference samples, significantly 
less portlandite is formed in the citrate- and/or carbon- 
ate-containing samples. Other details are described 
elsewhere [7]. 

The XRD detection of the AFro and AFt phases, par- 
ticularly ettringite, proved to be sensitive to the drying 
procedure, which caused line broadening and varia- 
tions in the integral intensities of the AFm and AFt 
phases as reported previously [1,11,12]. 

Thus, to correlate the early kinetics of the dissolution 
of the clinker phases with the initial formation of hy- 
drous products, in situ monitoring of hydration by 
XRD was used, similar to the procedure reported by 
Kuzel [11]. Due to the high finess of the cements stud- 
ied, the in situ samples can be treated as wet powder  
samples. The water content remains constant as the 
polypropylene film cover prevents evaporation of wa- 
ter and contact with atmospheric carbon dioxide. How- 
ever, the following limitations of the in situ XRD 
method have to be considered: (1) the X-rays penetrate 
only the surface layer of the sample (0.02 mm), there- 
fore a high sample homogeneity is required; and (2) no 
corrections are possible for orientation effects or 
changes in the texture in the matrix. To prevent or 
minimize possible artefacts, a careful sample prepara- 
tion with the optimum w:c ratio is essential and, as 
mentioned earlier, the cements studied have to be 
ground to sufficient fineness. The accuracy and reso- 
lution is limited by the recording time and is therefore 
significantly lower than for dry powders.  

As an example, a partial section of the recorded in 
situ XRD patterns of the 1-PCG cement paste is shown 
in Figure 4. The results of the semiquantitative evalu- 
ations are presented in Figures 5 and 6. The results 
obtained with the reference samples (1-REF and 2-REF) 
are corroborated by the QXRD results and agree well 
with the common model for OPC hydration, hence 
they support the validity of the method. XRD patterns 
recorded in situ during the hydration of 1-PCG and 
2-PCG show that after mixing with water an AFt phase 
is formed in significantly higher amounts than in the 
reference as a transient hydration product (Figure 4). 
The basal line at 9.58-9.60 A is assigned to a "water 
deficient" ettringite C3A • 3C~ . H31 [13], assumed to 
be formed in low w:c pastes. Syngenite (9.52 A) is 
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TABLE 3. Influence of potassium carbonate and potassium citrate on the rate of the dissolution of ferrite (series 1: C4AF, series 
2: C4A1.1F0.9) in cement pastes (wt  % of remaining ferrite) 

T i m e  1-REF 1-PG 1-CG 1-PCG 2-REF 2-GfC 2-PCG 
(days) (w:c = 0.38) (w:c = 0.26) (w:c --- 0.26) (w:c = 0.26) (w:c = 0.38) (w:c = 0.38) (w:c = 0.38) 

0 17.5 17.5 17.8 17.7 8.2 8.4 7.9 
1 13.8 8.7 3.9 4.0 6.1 4.1 0.6 
7 14.5 7.7 5.4 4.2 4.6 2.6 0.9 

28 14.0 7.8 4.2 2.7 4.0 2.8 0.7 

ruled out as its most intense lines at 3.16 A (80%) and 
2.86 A (100%) are missing. Corroborating the QXRD 
results, the main hydration product is a hexagonal 
AFm phase. The line that can be correlated with h e m i -  
c a r b o a l u m i n a t e  hydrate (4.07-4.10 A) is stronger in the 
1-PCG samples than in the 2-PCG samples. In both 
samples, 1-PCG and 2-PCG, significant amounts of ar- 
canite (KS) are formed initially, which persist through- 
out the recorded hydration period. 

The semiquantitative evaluations of the XRD pat- 
terns illustrate the transient nature of the AFt phase, 
formed in higher yield in the C3A-free 1-PCG paste but 
with lower stability than in the 2-PCG paste (Figures 5 
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FIGURE 3. Influence of the  w:c ratio on the  rate of alite dis- 
so lut ion in potassium carbonate and potassium citrate con- 
taining samples (1-PCG) in comparison with the reference 
1-REF. Iq, 1-PCG (w:c = 0.26); A, 1-PCG (w:c = 0.38); +, 
1-REF (w:c = 0.38). 

and 6). The XRD lines assigned to the AFm phase con- 
tinue to grow long after the complete dissolution of the 
ferrite (2-3 hours) and aluminate phases (8 hours), lev- 
eling off after about 12 to 15 hours of hydration, indi- 
cating that the AFm phases are formed from an inter- 
mediary hydration product. The dependence of the 
onset of the AFm formation on the stability of the AFt 
phases, which in turn depends on the amount of gyp- 
sum added, suggests that in the presence of gypsum 
the intermediary product is the transient AFt phase [7]. 
Portlandite becomes visible in the XRD patterns only 
after the rate of AFm phase formation has diminished 
significantly. QXRD results show that significantly 
lower amounts of portlandite are formed in the PCG 
samples at equal w:c ratios, especially during early hy- 
dration (up to 12 hours) [7]. In reference samples, 
hardening coincides with the onset of alite dissolution 
and the emergence of portlandite. 

NONCRYSTALLINE HYDROUS PHASES. Environmental scan- 
ning electron microscope (ESEM) micrographs indi- 
cated the formation of large amounts of noncrystalline 
material with glassy-like appearance in 1-PCG and 
2-PCG samples [7,9]. The fitted XRD background of 
the 28-day-old reference and 1-PCG samples (Figure 7) 
is enhanced to nearly the same extent at d-values usu- 
ally associated with C-S-H (I)-gel [14] in agreement 
with the QXRD results (Figure 3). In the 1-PCG sam- 
ple, an additional non-C-S-H-background enhance- 
ment is observed, visualized by the differential plot 
PCG-REF in Figure 7. The non-C-S-H-background is 
significantly higher in the citrate-containing samples 
and lower in the solely carbonate-containing samples 
i71. 

The results of the evaluation of the background fit- 
ted with parabolas excluding contributions of micro- 
crystalline materials are shown in Figures 8 and 9. The 
moderate decrease of crystallinity and the almost linear 
increase of the noncrystalline fraction on the logarith- 
mic time scale in the reference (Figure 8) follows t h e  
rate and yield of alite dissolution (Figure 3) and water 
fixation [7]. The rapid decrease of the crystallinity in 
t h e  1-PCG sample during the initial 6 hours of sample 
hydration agrees well with the observed rapid disso- 
lution of the ferrite phase, which is nearly complete 
within 3 to 6 hours. The noncrystalline fraction in the 
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FIGURE 4. In situ recorded X-ray diffraction patterns during the hydration of 1-PCG. The patterns were recorded continuously 
up to 15 h and then discontinuously for the 19-hour, 24-hour, 42-hour, 7-day, and 13-day patterns. Denominations: alite (A), 
ferrite (F), AFm (M), hemicarboaluminate (MC), AFt (E), arcanite (KS), and Portlandite (P). 

1-PCG sample increases rapidly up to 24 hours of hy- 
dration, further increase proceeds nearly at the same 
rate as in the reference congruent with the assumption 
that the rate of C-S-H gel formation during late hydra- 
tion proceeds in both samples at about equal rates. The 
fraction of the noncrystalline phase formed is signifi- 
cantly higher in the citrate-containing samples - -  
highest in the 1-PCG and lowest in the 1-GfC samples 
(Figure 9). From this, it is concluded that a significant 
fraction of hydrous products formed during early hy- 
dration in the presence of citrate (1-PCG) is noncrys- 
talline and originates from hydration products of the 
ferro-aluminate phase. 

Pore Solution Composition During 
Early Hydration 
The composition of the pore solution of 2-PCG and 
2-REF cement pastes (w:c = 0.38) between 2 minutes 
and 24 hours after mixing with water was determined. 
Procedures and measuring conditions are reported 
elsewhere in detail [7,9]. Results are shown in Figure 
10, the logarithmic time scale is divided into two sec- 
tions, 0 to 30 minutes and 0.5 to 24 hours. 

In the 2-PCG plots, the calcium concentration Cato t 
comprises both free calcium ions and chelated calcium. 

Assuming that carbonate is removed from solution 
within minutes as calcium carbonate, then the mea- 
sured carbon originates from citrate. Considering that 
citrate contains six carbon atoms, calcium and citrate 
are present in the pore solution in equimolar amounts, 
supporting the assumption that calcium is dissolved 
mainly as chelate. From the stability of the calcium 
citrate complex (pK °'s -4.86,  pH 8) [15], the concen- 
tration of Ca 2 + (aq) is estimated to be < 1 mmol/L. From 
the solubility curve for C-S-H [16] for a concentration 
of 2-3 mmol/L SiO 2 (Figure 10), a saturation value for 
Ca2+(aq) of 0.1-1.0 mmol/L is estimated. It is assumed 
that the low concentration of Ca 2 + (aq) allows unusually 
high concentrations of aluminate and silicate anions. 
The extraordinary high values of dissolved Fe(III) are 
assumed to originate from [Fe-cit2] 5- [17]. 

Cementitious Properties--Properties of 
ISO-Mortar and Concrete 
In Table 4, results of ISO-mortar formulations with ce- 
ments of series 1 (C3A-free clinker) and series 2 (OPC 
clinker) are given. The admixture-containing formula- 
tions were tested at a w:c of 0.375 - 0.005, except 
1-PCG, which was too fluid for flow measurement at a 
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FIGURE 6. Semiquantitative evaluation of in situ recorded 
X-ray diffraction patterns during the hydration of 2-PCG at 
w:c = 0.27 and the reference 2-REF at w:c = 0.38. 

w:c of 0.37. The 1-PCG and 2-PCG mortars were tested 
also at stiff and fluid consistencies; the reference was 
tested at standard consistency. In all formulations con- 
raining potassium carbonate and citrate solely or in 
combination, hardening starts with set in paste, mor- 
tar, and concrete. The set increases with the amount of 
gypsum added and may be adjusted between 2 min- 
utes and 3 hours in the 2-PCG formulations. Results 
refer to formulations containing pure dihydrate. The 
influence of the gypsum phase on the cementitious 
properties of samples containing citrate is reported 
elsewhere [18]. 

With the type and the finess of clinkers studied, only 
low early strength values (2-3 MPa after 4-6 hours) are 
obtained with GfC formulations, whereas by replacing 
l ignosulfonate  (1-GfC) wi th  citrate (1-PC), early 
strength increases by a factor of 4.5 (Table 4). Adding 
gypsum (1-PCG) increases strength further by about 10 
to 20%. Citrate in combination with carbonate (1-PCG 
versus 1-CG) increases not only early strength but also 
late strength significantly. 

In the 2-PCG concrete (w:c = 0.37), the initial 
strength gain of 20 MPa is attained within I hour after 
final set (2 hours). After a resting period of about 2 
hours, strength increases again rapidly and continues 
to increase linearly on the logarithmic time scale. 

Discussion 

Dissolution of the Clinker Phases 

In the common understanding of Portland cement hy- 
dration, the term hydration comprises both the hydra- 
tion of the anhydrous phases and the formation of 
hydrous products. There is general agreement that in 
normal Portland cement pastes, dissolution of the clin- 
ker phases and precipitation of hydrous products oc- 
cur nearly simultaneously. These reactions and several 
possible reaction mechanisms were extensively re- 
viewed [1,2,19-21]. Most commonly, these solid hy- 
drous products are assumed to form a diffusion barrier 
controlling further dissolution of the clinker particles. 
The dissolution of the aluminate and ferrite phases 
presumably is controlled by the formation of a protec- 
tive layer consisting of amorphous or microcrystalline 
ettringite. 

However,  in the presence of citrate, the dissolution 
of the ferrite and aluminate phases occurs rapidly (Fig- 
ures 1 and 2) and apparently is influenced neither by 
the formation nor by the disappearance of AFt phases 
during the initial hydration (Figures 5 and 6). From 
this, one might conclude that citrate prevents the for- 
mation of a protective AFt layer around the aluminate 
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28-day-old 1-REF-samples (REF), both w:c - 0.38. Bottom line shows the difference between the backgrounds of 28-day- 
old 1-PCG and 1-REF samples. 

and ferrite grains. This would  imply that the AFt 
phase, formed during the initial hydration in signifi- 
cantly higher amounts  in the 1-PCG and 2-PCG pastes 
than in the reference samples, is not protective. This 
would also imply that citrate intervenes on the level of 
ettringite formation, influencing ettringite morphol- 
ogy. 

Citrate forms highly stable complexes with certain 
polyvalent metal cations [17,22,23]. With Fe(III), it 
forms complexes of the type [Fe(Cit)2] s-  [17], from 
which above pH 13 polymeric iron(III)-hydroxide- 
citrate precipitates rapidly [23]. The Fe (III) concentra- 
tion in the pore solution of 2-PCG pastes is two orders 
of magni tude higher than in the reference (Figure 10). 
Following Gartner [6], this might increase the availabil- 
ity of Fe (III) for the incorporation in the hydration 
products. As only minor amounts  of Fe(III) are known 
to be incorporated into ettringite [24], opposite to AFm 
phases [13], the specific enhancement  of the rate of the 
ferrite dissolution by citrate is assumed to be due to the 
intervention of citrate on the level of the processes 
controlling the dissolution of the ferrite phases rather 
than on the level of the processes of product  forma- 
tion. 

Addition of 0.2 to 0.4% of citric acid is reported to 
change the zeta-potential of cement pastes from posi- 
tive to negative values indicating adsorption of citrate 
on the surface of the aluminate particles [25]. It was 
shown by Stumm [26] that the stability of surface com- 
plexes on h y d r o u s  oxide surfaces,  for example ,  
8-A1203 and c~-Fe203, is proportional to the stability of 
the corresponding complexes in solution. Contrary to 
Fe(III), AI(III) citrate complexes are not stable above 
pH 11 as O H -  is a much stronger ligand for Al(III) 
than citrate [27]. Therefore, citrate will form stronger 
surface complexes with the Fe(III) than with the AI 
surface Lewis acid centers. 

The specifically enhanced dissolution rate of the fer- 
rite phase might  then be explained by the ligand- 
promoted  dissolution model  developed by S tumm 
[26]. Bidentate ligands may form strong surface ring 
type chelates. Due to the trans effect, negative charge is 
transferred into the metal center, loosening the lattice 
metal oxygen bond and therefore promoting its disso- 
lution. 

The dissolution rate of ferrite in 1-PG (Figure 1) and 
in 2-GfC pastes (Figure 2) is significantly enhanced 
only during initial hydration until portlandite appears 
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and the concentration of dissolved carbonate becomes 
negligible. Further dissolution proceeds at nearly the 
same rate as in the absence of admixtures (Table 3). 
The inhibition of further ferrite dissolution can hardly 
be explained by the formation of a protective ettringite 
layer in the 2-GfC pastes. In the 1-PG paste, ettringite 
formation is completely inhibited, in agreement with 
the phase diagram reported by Kuzel [11]. 

The validity of the protective layer hypothesis for the 
dissolution of the aluminate phases in the absence of 
sulfate is questioned by several authors [2,19]. In wa- 
ter, both aluminate [2,28] and ferrite [4,28] react within 
minutes, the reaction being complete within several 
hours. Portlandite [1,28] retards the aluminate and fer- 
rite dissolution, the ferrite being significantly more 
sensitive than the aluminate. The hydrous products, 
mainly hexagonal and cubic calcium (ferro-) aluminate 
hydrates, either formed in the presence or absence of 
portlandite do not differ significantly [28,29]. The AFm 
phases formed during the early hydration of cement 
pastes containing carbonate and citrate do not influ- 
ence the rate of aluminate and ferro-aluminate disso- 
lution (Figures 5 and 6). This indicates that the hy- 
drous products, especially AFm phases, do not form 
protective layers during the early stages of hydration. 

If transport control is ruled out during the early hy- 
dration period, then inhibition has to be due to pro- 
cesses reducing the surface reactivity [26] of the alumi- 

nate and ferro-aluminate particles. Because most dis- 
solution reactions of hydrous oxides as aluminium 
oxides, aluminium silicates, and silicates are surface 
controlled [26], these mechanisms might also apply to 
the dissolution of the aluminate and ferrite phases, as 
outlined in detail elsewhere [7] and originally pro- 
posed by Tadros et al. [30]. Surface complexation of 
calcium ions is assumed to stabilize the surface of clin- 
ker particles, especially of ferrites and aluminates. Sul- 
fate enhances this effect [7,30] through formation of 
ternary surface complexes [26]. Excess sulfate, added 
as alkali sulfate, should accelerate the dissolution 
through ligand competition [26] by decreasing the con- 
centration of Ca2+(aq), which is actually observed 
[3,19]. Similarly, the initial enhancement  of the rate of 
ferrite dissolution in the presence of large amounts of 
carbonate might also be due to the reduct ion of 
Ca2+(aq) and the surface coverage with Ca 2+ [7]. The 
specific influence of potassium on the dissolution rate 
appears not to be very significant. This might be due to 
the relatively high alkali content already present in the 
clinkers studied. 

Following the previous argumentation, the dissolu- 
tion of alite is assumed to be controlled by the trans- 
port of excess calcium ions through C-S-H formed 
around the dissolving alite particles, leading to auto- 
inhibition of the dissolution reaction [7]. This agrees 
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well with the low sensitivity of the rate of the alite 
dissolution towards citrate and carbonate and the high 
sensitivity towards the w:c ratio (Figure 3) after the 
initial hydration period. 

Hydrous Products versus 
Cementitious Properties 
The formation of solid hydrous products during the 
hydration of normal Portland cement pastes is as- 
sumed to occur by precipitation out of solution. For 
precipitation to occur, the solution has to be oversatu- 
rated with respect to the precipitating mineral phase 

[26,31]. In normal Portland cement pastes (2-REF), the 
pore solution is rapidly oversaturated with portlandite 
and saturated with gypsum (Figure 10). Therefore, dis- 
solution of the clinker phases and precipitation of the 
hydrous products will occur nearly concurrently, as 
observed (Figures 5 and 6). 

The admixture of carbonate and citrate changes the 
solution chemistry significantly as shown for the 
2-PCG samples (Figure 10). During the plastic stage, 
within minutes, unusually high levels of sulfate, Fe, 
and A1 are attained and calcium in solution is present 
mainly as citrate. Near the rapidly dissolving alumi- 
hate and ferrite particles, high concentrat ions of 
AI(OH)4- a n d  Ca2+(aq) will develop micro-locally, 
oversaturated with respect to ettringite [32] at the in- 
terface with the pore solution high in sulfate. The 
amount and the stability of the AFt phase will depend 
mainly on the amount of aluminate and ferrite dis- 
solved and the amount of gypsum added, similar to 
the mechanism proposed by Gartner [2,6], which as- 
sumes AFt/AFm conversion at the sulfate exhaustion 
point. The drop in the Ctot, sulfate, Cato t, and A1 con- 
centration coincides with the redissolution of the AFt 
phase and the rapid formation of AFm (Figures 5 and 
6) and noncrystalline non-C-S-H phases (Figure 8). 
This might be interpreted to mean that significant 
amounts of citrate and sulfate are incorporated into the 
AFm and/or noncrystalline phases. Eventually, there 
might be an AFm solid solution composition with a 
minimum solubility even below the solubility of AFT 
phases. Gartner and Myers [6] reported the formation 
of low-sulfate AFm phases from the dissolution of fer- 
rite accelerated by iron-complexing additives. Signifi- 
cant amounts of homogeneously distributed C-S-H 
might be formed throughout the solution during late 
hydration due to the high solution levels of silicate 
(Figure 10); this conclusion is supported by ESEM mi- 
crographs [7,9]. 

The strength development in mortar and concrete 
(Table 4) follows the two-step hydration of the clinker 
phases: the initial rapid strength increase coincides 

TABLE 4. Cementitious properties of admixture containing portland cements in ISO-mortar and in concrete 

Formulation 1-REF 1-GfC 1-PC 1-PCG 2-REF 2-GfC 2-CG 2-PCG 
2-PCG 

Concrete 

w:c 0.45 0.37 0.37 0.31 0.34 0.48 0.38 0.38 0.34 0.37 0.37 
Flow (%) 118 111 159 87 137 110 102 105 102 144 45-50 cm 
Final Set (min) 375 110 75 90 115 330 55 30 145 150 120 
Strength (MPa) 

4 hours 0.0 2.2 16.9 13.7 0.0 2.4 5.5 14.9 12.1 20.1 
6 hours 0.0 2.9 13.1 20.2 16.2 0.0 2.9 9.7 15.6 13.6 23.2 
24 hours 18.8 36.0 39.7 50.8 45.2 24.1 31.7 20.9 36.9 33.0 46.5 
7 days 43.8 49.3 62.8 66.1 62.2 43.4 44.9 47.9 59.7 60.2 63.5 
28 days 62.0 60.0 81.5 56.0 57.0 56.3 72.8 72.3 76.6 
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with the formation of AFm and noncrystalline non-C- 
S-H phases, and the second step of strength increase 
coincides with the dissolution of alite and formation of 
C-S-H. However,  the early strength development is 
not correlated with the amount  of AFm phases but 
rather with the amount  of noncrystalline non-C-S-H 
phases formed (Figure 9). The highest yields of crys- 
talline AFm phases are formed in the solely carbonate- 
containing low early strength GfC and PG formula- 
tions, and the highest yields of noncrystalline non-C- 
S-H phases are formed in the high early strength 
citrate-containing formulations. The low sensitivity of 
early strength to the w:c ratio (Table 4) and the mor- 
phology of the hardened paste [7,9] indicates a gel-like 
structure [7]. The importance of the ferrite phase for 
the early strength development [33] implies that Fe(III) 
has a significant influence on the formation of the non- 
crystalline non-CSH phase. The iron(III)-hydroxide- 
citrate polymer formed from [Fe(Cit)2] s -  above pH 13 
is reported to consist of spherical particles of diameter 
of 72 A, the surface covered with citrate ligands, the 
core similar to the iron(III) hydroxide polymer formed 
in chelate-free alkaline solutions [23]. The inclusion of 
A1, present in solution as AI(OH)4- and [(OH)3AI-O- 
AI(OH)3] 2- [34], during the precipitation process is 
likely [35] analogous to calcium-ferro-hydrates in 
which Fe(III) is readily exchangeable with Al(III) [1,13]. 
Therefore, in the presence of citrate and sufficient fer- 
rite, the formation of polymeric calcium-ferro-alumino- 
hydroxo-citrate particles in which Fe(III) provokes the 
polymeric structure is considered to be highly proba- 
ble. Following Taylor [14], it might be closely admixed 
with C-S-H gel and AFm phases. 

Summary 
The admixture of citrate and carbonate to Portland ce- 
ments increases specifically the dissolution rate of the 
ferrite phase. In the presence of 1 to 3% potassium 
citrate, the ferrite phase dissolves nearly completely 
within 6 hours; carbonate has a much weaker effect 
during the initial hydration period. Citrate is assumed 
to act via surface complexation and ligand-promoted 
dissolution [26]. A reevaluation of the surface reaction 
control model [26], originally proposed by Tadros et al. 
[30] for the dissolution of aluminate, is suggested. In 
the presence of citrate, noncrystalline phases are gen- 
erated in which iron(III)hydroxide presumably forms 
the polymeric backbone. In combination with carbon- 
ate, which stabilizes crystalline AFm areas, high early 
strength and increased late strength are obtained in 
mortar and concrete. The repartition of crystalline and 
noncrystalline hydrous materials is assumed to be an 
important factor in defining the cementitious proper- 
ties. 
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