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Abstract 

To modulate the rate of hydration of calcium sulfate hemihydrate (HH) to calcium sulfate dihydrate 

for industrial applications, additives (both accelerants and retardants) are added to the HH. Here we 

explore in detail the kinetics and mechanism of HH hydration in the presence of the accelerators K2SO4 

or ZnSO4, and also when a retardant (citric acid or tartaric acid) is added. Retardants tend to lower the 

maximum temperature of the reaction and increase the time needed to reach 50% hydration, yet the 

total conversion percentage is much higher for citric acid/tartaric acid then when an accelerant is 

added. The reaction process is found to involve heterogenous nucleation regardless of the nature of 

the additive. More soluble accelerants act mainly though increasing the rate of crystal growth, while 

less soluble species have a more significant effect on the rate of nucleation.  
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Abbreviations: 

BMA Ball mill accelerant  

CA Citric acid 

CSD Calcium sulfate dihydrate  

HH Calcium sulfate hemihydrate  

kg Rate of crystal growth  

kn Nucleation rate 

PN Probability of nucleation 

TrA Tartaric acid 
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1. Introduction 

Calcium sulfate is a very important mineral industrially (principally as the dihydrate, gypsum, and in 

the anhydrite form). It is used for instance in plasterboard production, dentistry, restorative medicine, 

and medical plasters.1,2,11,12,3–10 Three chemically distinct phases exist for the CaSO4 – water system at 

room temperature: the dihydrate (CSD), hemihydrate (HH), and anhydrite.13 HH comprises two forms 

(α and β), which are structurally identical but have different crystal habits, while there are two 

structurally different anhydrous forms stable at room temperature (γ-anhydrite and β-anhydrite). 

In plasterboard manufacturing, HH is hydrated to give CSD. To ensure that the HH  CSD reaction 

proceeds on a practicable time scale, an additive is often used to control the setting (crystallisation) 

time of the gypsum product during plasterboard manufacture. The setting time needs to be short 

enough that the production line length in factories is economical, but not so short that the setting 

process begins as soon as the hemihydrate and water are mixed (such immediate setting would lead 

to clogging of the dispensing equipment). Thus, additives in the form of both accelerators and 

retarders are added to control the setting time.14 Retarders commonly comprise organic acids such as 

citric acid, tartaric acid, D,L-malic acid or mesotartaric acid.15–17 They usually function via adsorption 

of the acid on the surface of the gypsum crystals, which prevents water adsorption between the grain 

boundaries of the HH.18,19 

Any residual water left at the end of the production line is removed by a heat treatment, which is both 

expensive and time consuming. However, this must be done as an excess of water will lead to a loss 

of mechanical strength in the final product.13 This, in addition to the fact that the hydration process 

from HH to gypsum is inherently rather slow, means that the reaction needs to be accelerated to be 

industrially viable. By adding seed crystals of gypsum to a slurry of HH and water it is possible to speed 

up the conversion by providing extra nucleation sites.20 These seeds are generally prepared using a 

simple grinding process, which generates large quantities of material but with significant batch-to-

batch variation. The product of such milling is termed ball-milled accelerant (BMA), and is composed 

of raw gypsum mixed with additives such as glycerin, lignin, starch, sugars and a range of salts.21–24 To 

avoid issues of interbatch variation in the production of gypsum seeds, the industry has explored a 

wide range of different materials which might be used to replace BMA, such as ZnSO4, or K2SO4. 

ZnSO4 and K2SO4 are known to be effective accelerants, but the precise effect they have on the HH 

hydration reaction remains poorly understood. This is because, in general, the plasterboard industry 

uses indirect methods such as temperature to quantify the setting process.25 These are simple to 

implement but offer only limited insight into the setting process. In recent work, we performed a 

detailed study of the HH  CSD hydration process using time-resolved in situ X-ray diffraction, and 
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were able to provide significant additional insight into the reaction.26 The use of the non-invasive X-

ray probe revealed that the HH hydration reaction is profoundly affected by the presence of BMA. A 

continuous increase in the nucleation rate, kn, with the amount of BMA in the formulation was 

observed. There is also a general tendency for kg, the rate of crystal growth, to rise with increasing 

BMA concentrations.26 

In this work, we build on our previous study to explore the effect of the accelerants ZnSO4 and K2SO4 

and the retarders Na3PO4, citric acid and tartaric acid on the HH hydration reaction. To do this, we use 

time-resolved synchrotron X-ray diffraction, which permits us to obtain extensive new insights into 

the reaction kinetics and mechanisms. 

 

2. Methods 

2.1. Materials  

α-HH, β-HH, ZnSO4, K2SO4, Na3PO4, citric acid (CA) and tartaric acid (TrA) were all obtained from the 

Etex Group (Avignon, France). Water was deionized before use. 

 

2.2. In situ experiments 

Beamline I12 (JEEP) at the Diamond Light Source was used to perform time-resolved X-ray diffraction 

(XRD) measurements. Monochromated X-rays were employed (λ = 0.2296 Å; energy = 55.012 keV). To 

calculate the wavelength a previously described protocol was followed.27 A Thales Pixium RF4343 

detector was used to collect XRD patterns. The distance between the sample and detector was 

1635.77 mm. Experiments were performed using a PlexiGlas cell built in house (1 cm x 6 cm x 12 cm) 

and described in a previous report.26  

In each experiment the cell was loaded with HH (39 g for α-HH or 31.25 g for β-HH), together with 

ZnSO4, K2SO4, Na3PO4, CA or TrA. The holder was placed in an experimental hatch and a homogenizer 

(Heidolph 741) was installed above it. A pump was also set up above the cell, and a thermocouple 

inserted into the dry powder. Before adding any water to the HH a few diffraction patterns were 

collected of the dry powder. The pump was then used to dispense water (17 mL for α-HH and 25 mL 

for β-HH) into the sample holder, the homogenizer was switched on, and the slurry stirred at 2000 

RPM for 2 min. Throughout the hydration process, XRD patterns were collected every 5 s (4.8 s 

collection time) until no further changes were observed.  

XRD data were collected as 2D Pixium images and azimuthal integration undertaken using the Dawn 

Workbench (version 2.5.0), followed by background subtraction. The patterns were investigated with 
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TOPAS Academic (version 5). The peak shapes were fitted with Gaussian functions and the background 

with Chebyshev functions. Rietveld refinements were performed using the Inorganic Chemistry 

Structural Database (ICSD) entries 262106 (C2 crystal structure) for HH and 15982 (C2/c crystal 

structure) for CSD, based on a detailed analysis performed in our previous work.26 Lattice parameters 

were refined and phase fractions calculated. The latter were used to determine the percentage of 

each phase (HH and CSD) present and the extent of reaction. 

 

2.3. Kinetic models 

A range of kinetic models were explored (Table S 1). The induction time was determined using the 

Avrami-Erofe’ev model (Equation 1 and Equation 2). α is the extent of the reaction (equivalent to the 

normalised conversion percentage), n a reaction exponent which gives information on the mechanism 

of the reaction, k the rate constant, t the elapsed time and t0 the induction time. 

𝛼 = 1 − 𝑒−𝑘(𝑡−𝑡0)𝑛
 

Equation 1. 

 

 ln(− ln(1 − 𝛼)) = 𝑛 𝑙𝑛𝑘 + 𝑛 ln (𝑡 − 𝑡0) 

Equation 2. 

 

The Gualtieri model28 expresses the crystal growth process as detailed in Equation 3. 

𝛼 =  
1

1 + exp {−(
𝑡 − 𝑎

𝑏
)}

· {1 − exp [−(𝑘𝑔𝑡)𝑛]} 

Equation 3. 

 

t is the reaction time, a and b are parameters related to the nucleation process, kg is the rate of crystal 

growth, and n is the dimensionality of growth.  

SEM images of CSD29–31 indicate that the crystal habit is needle-like, and hence n was set to 1 for this 

analysis. The b parameter contains information about the crystal growth mechanism, while a is closely 

related to the rate of nucleation, kn  (Equation 4).32 
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𝑘𝑛 =  
1

𝑎
 

Equation 4. 

 

a and b can together be used to determine the probability of nucleation, PN  (Equation 5).33 

𝑃𝑁 = exp {−
(𝑡 − 𝑎)2

2𝑏2
} 

Equation 5. 

 

3. Results 

3.1. Time-resolved XRD data 

In situ XRD data for the hydration of β-HH in the presence of the accelerator K2SO4 are shown in Figure 

1, with plots for ZnSO4, Na3PO4, CA and TrA given in the Supporting Information (Figure S 1 - Figure S 

4). Exemplar Rietveld refinements, used to calculate phase fractions, are presented in Figure S 5 - 

Figure S 8.  In all cases, after an initial induction time significant changes in the positions of the Bragg 

reflections are visible (Figure 1 (a,b)). These correspond to the conversion of HH to CSD. The β-HH and 

CSD phase fraction lines cross at 50 % (Figure 1(c,d)), indicating that the hydration process is a direct 

conversion (with no intermediates present). Similar findings were obtained in our previous study using 

BMA as an accelerant.26 The maximum temperatures reached by the systems together with the total 

conversion and the percentage conversion of hemihydrate to dihydrate at the maximum temperature 

are summarized in Table 1. It can be seen that in most cases the maximum temperature reached by 

the systems is attained before the maximum conversion from HH to CSD. As detailed in Table 1, the 

maximum temperature lies in the region of 24-34 oC. In the presence of K2SO4 and ZnSO4 (as also with 

BMA) higher temperatures are observed with increasing concentrations of the additives (Figure 2(a)). 

This effect is reversed for system containing Na3PO4 and citric acid, as depicted in Figure 2(b). Tartaric 

acid requires the longest time to reach the maximum temperature, and also results in the lowest 

temperatures and the smallest percentage of CSD at this temperature (Figure 2(c)).  
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(a) (b) 

  
(c) (d) 

Figure 1. Time-resolved data showing the hydration of β-HH supplemented with (a,c) 0.2 % w/v 
K2SO4 and (b,d) 1 % w/v K2SO4. (a) and (b) depict contour plots of the XRD data as a function of time. 

(c) and (d) are phase fractions of the HH and CSD determined by batch Rietveld refinements and 
plotted in percentage terms. 

 

The total conversion never reaches 100 % for any of the systems presented here, as was also observed 

for the system containing BMA,26 and instead lies between 93-98 % (Figure 2). It is clear (Table 1) that 

K2SO4 is a potent accelerator, reaching 50% and maximum conversion more rapidly than an equivalent 

concentration of BMA or when the system has no additive at all. ZnSO4 is also effective as an 

accelerant. All other additives such as Na3PO4, citric acid and tartaric acid have times to reach 50 % 

conversion in range 11 to 49 min (5 – 7 min for BMA). The time to reach max conversion is shorter for 

K2SO4 and ZnSO4 than for systems containing BMA or no additive.  
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Table 1. Descriptive data on the β-HH to CSD conversion for systems with different additives. Data 
for BMA is from previous publication. CA: citric acid; TrA: tartaric acid. 

System Maximum 
temp. (oC) 

Time to 
reach 50% 
conversion 

(min) 

Time to 
reach max. 

temp. 
(min) 

Time to 
reach max. 
conversion 

(min) 

Conversion 
at max. 

temp. (%) 

Total 
conversion 

(%) 

No additive 31 6 46 75 80 95 
BMA 0.2 % w/w 26 28 7 14 50 94 98 
BMA 1 % w/w 26 30 5 10 30 77 97 
K2SO4 0.2 % w/w 32 6 9 17 87 97 
K2SO4 1 % w/w 34 4 11 11 96 97 

ZnSO4 0.2 % w/w 28 11 39 22 97 97 
ZnSO4 1 % w/w 30 11 33 26 97 97 

Na3PO4 0.05 % w/w 27 17 22 91 67 96 
Na3PO4 0.2 % w/w 28 37 66 62 97 97 
Na3PO4 0.5 % w/w 26 49 62 80 94 97 

CA 0.1 % w/w 28 52 58 78 91 96 
CA 0.5 % w/w 24 222 232 240 66 95 
TrA 0.1% w/w 24 267 287 381 57 93 
 

All the above reactions were performed with β-HH. For comparison, we also explored the use of 0.1 

% w/w citric acid in the hydration of α-HH (see Table 2). Here, the maximum temperature of the 

system is very close to that observed for α-HH (with no additive) and slightly lower than for the system 

with 0.2% BMA. The total conversion for all the systems (no additive, BMA or CA) is exactly the same 

and stands at 98%. The times needed to reach the 50% conversion, the maximum temperature and 

maximum conversion are much higher for the CA system than with no additive or in the presence of 

BMA. This is expected as the citric acid acts as a retardant.34  

Table 2. Descriptive data on the α-HH to CSD conversion. 

System Maximum 
temp. (oC) 

Time to 
reach 50% 
conversion 

(min) 

Time to 
reach max. 

temp. 
(min) 

Time to 
reach max. 
conversion 

(min) 

Conversion 
at max. 

temp. (%) 

Total 
conversion 

(%) 

No additive 27 18 36 45 94 98 
BMA 0.2 % w/w 30 16 31 45 92 98 

CA 0.1 % w/w 26 115 139 150 95 98 

 

When we look at the data for 0.1% w/w CA with α-HH (Table 1) and β-HH (Table 2) we can see that 

CA causes the system to have a lower maximum temperature then for the systems with no additive 

or BMA, much longer times to reach 50% conversion and reduced maximum conversion percentages. 

This is consistent with the retardant properties of CA.34 It seems that CA has stronger retardant 

properties with β-HH, as the times recorded are much longer then in the α-HH system. This could be 
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due to the fact that β-HH has usually much more smaller particles and therefore CA will block more 

nucleation sites. 35,36 

 

  
(a) (b) 

 
(c) 

Figure 2. Data for the hydration of β-HH in the presence of (a) K2SO4 and ZnSO4; (b) Na3PO4; and (c) 
CA and TrA, showing the time taken to reach the maximum temperature and the percentage 

conversion at which the temperature peaks. 

 

When we look at the times needed to reach 90-94 % of total conversion for β-HH, three distinctive 

groups are visible (Figure 3). Additives which work as accelerators (BMA, K2SO4 and ZnSO4) lead to 

reduced conversion times in the region of 5 - 20 min. There is then a second group of data where 40 -

65 min is required; here, the additives are having little effect on the process, and the times are similar 

to HH alone (Na3PO4, low concentration CA). The third set of plots correspond to strong retardants 

(high concentration CA and TrA), where > 200 min is required to reach these high conversion 

percentages. 
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Figure 3. A plot showing the final stages of the HH to CSD hydration. 

 

3.2. Kinetic modelling 

3.2.1. Potassium sulfate 

To understand the reactions in more detail, we attempted to apply a range of kinetic models to the 

hydration reactions. As seen in Table S 2 and Table S 3 (see also Figure S 9 and Figure S 10) the fitting 

is poor for all the kinetic models except for the Avrami-Erofe’ev and Gualtieri models (Figure 4). 
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(a) (b) 

  
(c) (d) 

Figure 4. The results of fitting the (a-b) Avrami-Erofe’ev model; and (c-d) Gualtieri model to the 
hydration of HH in the presence of (a, c) 0.2% and (b, d) 1% w/w K2SO4. In (c,d) experimental data 
(◼), the corresponding Gualtieri fits (–) and the calculated rate of nucleation (PN; ) are depicted. 

 

The parameters determined from Avrami-Erofe’ve kinetic model fitting are given in Table 3. 

Table 3. Kinetic parameters calculated from Sharp-Hancock and Gualtieri plots for K2SO4 accelerated 
reactions. 

Sharp-Hancock model 

Sample k (min -1) n t0 (min) 

No additive 1.33 × 10-5 ± 0.07 × 10-5 3.24 ± 0.02 8.91 ± 1.85 

BMA 0.2% w/w 1.92 × 10-5 ± 0.05 × 10-2 2.10 ± 0.02 1.98 ± 0.24 

BMA 1% w/w 2.71 × 10-2 ± 0.32 × 10-2 0.85 ± 0.01 2.60 ± 0.02 

K2SO4 0.2% w/w 0.118 ± 0.003 1.64 ± 0.02 3.02 ± 0.10 

K2SO4 1% w/w 0.382 ± 0.006 1.37 ± 0.02 2.53 ± 0.06 

Gualtieri model 

 a (min) b (min) kg (min -1) kn (min -1) 

No additive 34.80 ± 0.07 5.48 ± 0.05 0.05 ± 0.00 0.03 ± 0.00 

BMA 0.2% w/w 6.30 ± 0.05 1.52 ± 0.04 0.19 ± 0.00 0.16 ± 0.01 

BMA 1% w/w 3.03 ± 0.04 0.83 ± 0.04 0.15 ± 0.00 0.33 ± 0.01 

K2SO4 0.2% w/w 5.87 ± 0.01 1.08 ± 0.01 8.18 ± 1.40 0.17 ± 0.00 

K2SO4 1% w/w 4.01 ± 0.01 0.66 ± 0.01 4.42 ± 0.69 0.25 ± 0.00 
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The addition of K2SO4 reduces the induction time, and also lowers the value of the reaction exponent 

in the Avrami model. It is not clear precisely what the changes in exponent correspond to in terms of 

the reaction mechanism, since a number of different possibilities would be consistent with the 

observed n values.37 However, it does appear that the importance of nucleation is diminished in the 

presence of K2SO4 and BMA. The value of the rate constant increases two-fold with the increase of 

K2SO4 concentration and 29,000-fold if compared with no additive system. 

Considering the Gualtieri fits (Table 3) the addition of K2SO4 is seen to increase both the rate of 

nucleation (kn) and the rate of crystal growth (kg) over the additive-free reaction. This was also 

observed for systems with BMA.26 The increase in kg is much greater with K2SO4, while the changes in 

kn are similar to those with BMA. kg is greater than kn for both the systems containing K2SO4, which 

indicates that nucleation is the rate limiting process. With K2SO4-accelerated reactions, the increase 

in kn is continuous with a rise in the seed concentration, whereas kg is highest with 0.2 % w/w seeds.  

This is different to the trend with BMA, where kn becomes greater with the increased concentration 

of seeds. K2SO4 can both act as seeds on which CSD growth can occur (increasing kn) and also provide 

extra feedstock (in the form of sulfate ions, since K2SO4 is more soluble than CaSO4) for the growth of 

the crystals (raising the value for kn). The data indicate that the latter is more important at lower 

concentrations of seeds, and the former more important at higher concentrations. The b parameters 

are all much smaller than 15 min, indicating that nucleation is heterogeneous, as would be expected 

for a seeded system.38 The values of a and b decrease with an increase in the amount of K2SO4, as here 

crystallization can take place at a greater number of preformed aggregates in the reaction. The a value 

is directly connected with kn value, and thus the reduction here with increasing K2SO4 is expected.  The 

b parameter is below 15 min in all cases, indicating heterogenous nucleation.  

 

3.2.2. Zinc sulfate 

Fitting of kinetic models to the ZnSO4 data (Table S 4 - Table S 5; Figure S 11 - Figure S 12) is generally 

poor, except in the case of the Gualtieri model as shown in Figure 5.  The fits here are as good as for 

the K2SO4 systems.    
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(a) (b) 

Figure 5. Gualtieri fits for the hydration of β-HH with (a) 0.2% w/w ZnSO4; and (b) 1% w/w ZnSO4; 
Experimental data (◼), the corresponding Gualtieri fits (–) and the calculated rate of nucleation (PN; 

) are depicted. 

 

The parameters calculated from the Gualtieri kinetic model are given in Table 4: 

Table 4. Kinetic parameters calculated from Gualtieri plots for ZnSO4 accelerated reactions. 

Sample a (min) b (min) kg (min -1) kn (min -1) 

ZnSO4 0.2% w/w 10.50 ± 0.01 1.94 ± 0.01 5.97 × 1034 ± 4.04× 1036 0.100 ± 0.00 

ZnSO4 1% w/w 10.90 ± 0.01 2.17 ± 0.01 2.98 × 102 ± 5.66× 10-4 0.090 ± 0.00 

 

 

Even though the Gualtieri fit is good (Figure 5) the calculated parameters (Table 4) do not allow for 

definitive conversions to be reached. In both cases b < 15 min, which is indicative of heterogeneous 

nucleation. It appears that kg increases enormously with addition of ZnSO4 while kn stays almost the 

same (as does the a-parameter). The rate of crystal growth is higher than the rate of nucleation (for 

both ZnSO4 concentration) indicating nucleation is the rate limiting process (where for BMA and K2SO4 

the limiting rate depends on concentration). Solubility in water (20 oC) for ZnSO4 is 35 (wt %) and for 

K2SO4 is 9.95 (wt %),39 which allows us to explain these findings: the increased solubility of Zn sulfate 

provides an increased feedstock of ions with which to contrast a lattice, and thus leads to a rise in kg. 

However, the high solubility also results in relatively few additional nucleation sites, resulting in only 

a modest increase in kn over the additive-free reaction.  

 

3.2.3. Sodium phosphate 

Poor fits of the kinetic models were obtained when sodium phosphate was added to the system (see 

Figure S 13 - Figure S 15; Table S 6 - Table S 8). The Gualtieri model fits well when the concentration 

of Na3PO4 is small (0.05 % w/w) (Figure 6(a)), but the fit becomes much worse at higher concentrations 
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(0.2 % and 0.5 % w/w), as shown in Figure 6 (b-c). It is clear that the PN maximum is shifting to later 

times with an increased Na3PO4 concentration (Figure 6), suggesting an increased induction time. 

 

  
(a) (b) 

 
(c) 

Figure 6. Gualtieri fits for the hydration of β-HH in the presence of (a) 0.05 %; (b) 0.2 %; and (c) 0.5 % 
w/w Na3PO4. Experimental data (◼), the corresponding Gualtieri fits (–) and the calculated rate of 

nucleation (PN; ) are depicted. 

 

Given the poor quality of fits and large errors in many of the kinetic parameters calculated with Na3PO4 

it is not possible to draw any clear conclusions. The retardant properties could be due to the fact that 

some of the sulfate ions in the CSD crystal lattice are replaced with the phosphate ions, which results 

in inhibition of the growth of the crystals. The crystallization of gypsum in the presence of phosphate 

is known to yield a stable material, ardealite (Ca2HPO4SO4·4H2O), and the formation of this presumably 

competes with CSD formation and inhibits further precipitation.40 The crystallization of gypsum in the 

presence of phosphate is known to yield a stable material, ardealite (Ca2HPO4SO4·4H2O), and the 

formation of this presumably competes with CSD formation and inhibits further precipitation.41,42  
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3.2.4. Citric acid and tartaric acid 

The fitting of different kinetic models to these reactions are presented in Figure S 16 - Figure S 19, 

with R2 values shown in Table S 9 - Table S 12. The fits in all cases are poor, and hence we are unable 

to deduce any further insight for these systems. 

 

4. Discussion  

Overall, it appears that the addition of both accelerants and retardants causes profound changes in 

the HH hydration process. With citric acid and tartaric acids, the reaction mechanism is found to be 

too complex to model with standard kinetic models. Even where the models could be fitted, often the 

parameter values obtained fall out with those previously reported. The kn and kg values for the systems 

with low concentrations of K2SO4 lie within the range reported by previous studies (0.019 < kn <  0.72 

min-1 and 0.00034 < kg < 9.9 x 105 min-1.26 For the remainder of the systems at least one of the 

parameters is out of the previously recorded range.  

The literature generally shows an increase in both kn and kg with the temperature of the reaction.28,32,43 

Here, we see an increase in the nucleation rate, kn, with the amount of K2SO4; with ZnSO4 kn is greater 

than the unaccelerated value at both concentrations studied, but there is minimal difference between 

the 0.2 and 1 % w/w systems. This is consistent with the reduced importance of nucleation in 

controlling reaction rate implied from fits of the Avrami-Erofe’ev model to the data where those could 

be obtained. kg is much greater than the unaccelerated value with both K2SO4 and ZnSO4 

concentrations, but seems to be lower at higher concentrations. This differs from the data obtained 

for BMA where both kg and kn generally increase with concentration.26 kg is much greater than kn in all 

cases with K2SO4 and ZnSO4, while for BMA the values are much more comparable. 

 We should note that, while the Avrami and Gualtieri models provide useful insight into the reaction 

process, both have some limitations, since they are designed for systems where crystallization takes 

place in a homogenous medium that contains the species required for nucleation. There will inevitably 

be some degree of heterogeneity in the water/HH system, and thus the models could miss some 

additional complexity.  

The creation of a new crystalline unit from a solution starts with the nucleation process. Nucleation is 

defined as a series of processes by which the atoms, ions or molecules of a solution or melt rearrange 

into a cluster of the product phase large enough to be able to grow permanently to a macroscopically 

larger size.44 The cluster is defined as the nucleus.44 Nucleation can be homogeneous, in the absence 

of foreign elements or crystals in the solution, or heterogeneous, in the presence of foreign elements 
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in the solution (accelerators or retardants). Both types of nucleation are together termed primary 

nucleation. Secondary nucleation takes place when nucleation is induced by the presence of crystals 

of the same material (e.g. BMA).45 The use of CSD seeds to accelerate the HH → CSD hydration process 

is thus a secondary nucleation phenomenon. Following nucleation, there is crystal growth, in which 

an atom, ion or molecule is deposited onto the surface of a nucleus, causing an increase in size.45 The 

crystal growth process can be summarized into four steps (Figure 7). 

 

Figure 7. Schematic representation of the processes involved in crystal growth: (1) Transport of 
solute to a position near the crystal surface; (2) diffusion through the boundary layer; (3) adsorption 

onto the crystal surface; (4) diffusion over the surface; (4*) desorption from the surface; (5) 
attachment to a step or edge; (6) diffusion along the step or edge; (7) Incorporation into a kink site 

or step vacancy. Adopted from reference45  

 

In the first step, the solute is transported near the crystal structure (1), after which diffusion through 

the boundary layer takes place (2). Adsorption than occurs onto the crystal surface (3), together with 

diffusion over the surface (4). At the same time, desorption from the surface can also happen (4*). In 

the next step, attachment to a step or edge occurs (5) followed by diffusion along the step or edge (6). 

In the final step, the incorporation into a kink site or step vacancy is seen (7). There are thus two 

distinct elements of crystal growth: the transport process (step 1) and surface processes (steps 3-7). 

The slowest process will control the overall crystal growth rate, which can be transport controlled 

(step 1) or surface controlled (steps 3-7).45 

Considering the accelerants K2SO4 and ZnSO4, the seed particles can both affect crystal nucleation (by 

providing primary nucleation sites on which CSD can grow) and growth (by dissolving into solution to 

provide a supply of SO4
2-). This perhaps explains why the trends in terms of changes in kg and kn are 

complex: the balance of these effects varies with the amount of seed material present. In the case of 

Na3PO4 the situation is even more complex because of the potential to form ardealite as a byproduct 
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during the reaction. The retardant CA is known to be preferentially adsorbed on the surface of the c-

axis and slows down its growth.46 The same principle is expected to apply for TrA. These effects are 

clear from the increased induction time and times to reach 50 % and maximum conversion noted with 

these materials (Table 1). However, the reason why this inhibition also translates to standard kinetic 

models not fitting the data is not clear. It is possible that the selective inhibition of growth in one 

direction renders the crystal growth sufficiently anisotropic for simple models to be insufficiently 

sophisticated, but this requires more detailed investigation. 

 

5. Conclusions 

A detailed study of the hydration of CaSO4·0.5H2O in the presence of commercially relevant additives 

was undertaken in this work using time-resolved synchrotron X-ray diffraction. The temperature is 

found to be a poor proxy for the extent of reaction, with the maximum temperature reached well 

before the reaction is complete. Fitting kinetic models to the time-resolved data revealed that the 

Avrami-Erofe’ev and Gualtieri models provide the best description of the experimental findings. The 

addition of accelerants is seen to reduce the importance of nucleation in determining the reaction 

rate, and to increase the rate of reaction. In the Gualtieri model, all the accelerants K2SO4, ZnSO4 or 

BMA increase kg and kn above the unaccelerated system, but have markedly different effects. This is 

believed to be connected to the solubility of the accelerants used, with more soluble species able to 

provide an increased concentration of ions in solution to act as feedstock, hence having a greater 

effect on kg than kn, while less soluble analogues act mainly through kn. In the case of the retardant 

species, none of the kinetic models provided a good fit to the data, suggesting that the effect of these 

additives is very complex and cannot be modelled with the existing paradigms. 
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