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Introduction 

Water is a major constituent of food products even if it is present at a trace level as in white 
crystalline sugar. Molecular interactions between sugar and water are at the origin of 
structural as well as mechanical properties (density, compressibility, flow) of bulk sugar. 
Conditioning of white sugar is therefore difficult because it is sensitive to relative humidity 
and temperature of surrounding air. 

Water activity of sugar crystals in storage cells should be equilibrated with surrounding air at 
a reasonable value if it is desired to obtain stability and free flow of bulk sugar. The period 
needed for such equilibration is called the ‘maturation’ or curing period. In order to 
understand the physico-chemical phenomena leading to caking we studied the effect of 
parameters such as equilibrium relative humidity (ERH), temperature, grain size distribution 
on the lumping of sugar crystals. Likewise the conditions of de-caking of ‘softly’ caked bulk 
white sugar were studied in a pilot silo. 

During the 1999 and 2000 campaigns, white sugar freshly dried and not stabilised by 
maturation was sampled and tested in a pilot silo. The objective was to follow crystal 
lumping under a microscope camera and to measure shear stress while changing temperature 
and ERH conditions. In parallel, water vapour adsorption isotherms were established at 
different temperatures for sugar samples submitted to caking and de-caking conditions. 

Experimental 

Samples of sugar analysed 
To study the conditions of caking, different types of grain sizes were used: 
 Fine particles (<250 µm) and fractions retained by the different screens R250, R400, 

R500, R630, R800 (in µm). 
 A reference sample was prepared by excluding the fines (<250 µm) from an unsorted 

sugar sample. To this reference was added different amounts (5, 10 or 20% of fines (<250 
µm) to evaluate the effect of fine particles. 

Water vapour adsorption isotherms were obtained with sugar retained on 630 µm screen and 
with caked sugar. The pilot silo experiments were performed with sugar directly sampled in a 
sugar factory at 30°C after drying and cooling. The grain size analysis of this sugar was:  
MA = 0.57 mm and CV = 32. 

Water vapour sorption isotherms were obtained using a Novasina Thermoconstanter aw meter 
(Switzerland) device which allowed equilibration of temperature and RH in a relatively short 
time (about two days) because the volume of the measuring cell was small. 
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Pilot study of caking 
Constant temperature and RH were imposed in the pilot silo containing different qualities of 
sugar. Equilibrium was reached after 4 days. ERHs were obtained with saturated salt 
solutions (Greenspan, 1977) between 44 and 85%. Temperature was varied from 5 to 35°C. 

Image analysis 
After equilibration of sugar with water vapour at different ERHs, the observation of samples 
under the microscope camera allowed the determination of the stage (pendular, funicular, 
capillary or drop) of the caking. The image analysis allowed observation of the edges of 
crystals and of the surrounding syrup. 

De-caking in pilot silo 
Dehydrated air was introduced in a chamber where water was vaporised to reach a certain 
relative humidity, obtained through the pressure of water vaporisation. Air flow fed into the 
silo was controlled with a valve. Measurement of air velocity allowed checking of the air 
flow rate. The pilot silo walls were covered with insulator. 

A weight of 50 kg was used in the pilot silo study. Autonomous Tinytag sensors of 
temperature and RH were placed at the bottom of the silo in the cone-shaped part which did 
not contain sugar. A manual shear-meter was used to control shear stress (kPa) of sugar after 
equilibration with the different ambiances (T, RH). The method used has mainly a 
comparative value. Air flow rate (0.03 m3/h per 50 kg of sugar) was comparable to factory 
conditions. One hour was needed to reach relative humidity equilibrium in the pilot silo. 

Results and discussion 

Establishing a caking scale 
The different stages of caking of a powder are schematically represented according to 
Gutman (1992): scheme ‘a’ corresponds to the pendular stage for which free flowing is still 
observed; scheme ‘b’ corresponds to the funicular stage (wetting of the powder); scheme ‘c’ 
is the capillary stage which corresponds to humid lumping and ‘d’, the drop stage, 
corresponds to dissolution of solid particles (Figure 1). The corresponding photos of the four 
stages of sugar caking (Figure 2) show the progressive humidification of sugar crystals. 
 
Results aimed at establishing a caking scale are presented in histograms with three 
dimensions: ERH varying between 44 and 85% on the X axis, temperature between 5 and 
35°C on the Y axis and a degree of caking inspired from Figure 1, on Z axis. A caking map 
for a sample of R800 (>800 µm) is reported in Figure 3a. It shows that this sample of sugar is 
stable (no caking) until ERH = 82%, whatever the experimented temperature. Adsorption of 
water vapour by R500 and R630 samples increases at 75% and caking is observed at 82% RH 
(Figures 3b and 3c). For these two samples, increase in water intake is observed when 
temperature is lowered below 35°C. Moistening of sugar is accompanied by decrease in 
flowability measured by friability angle (Rogé and Mathlouthi, 2000). R400 (>400 µm) 
sample has a reduced flowability at 20°C and 58% ERH (Figure 3d). This is even worse for 
samples R250 (>250 µm) and fines (<250 µm) as may be observed in Figures 3e and 3f. 
Small crystals have a relatively large specific area and have a disordered structure 
(amorphous and broken crystals), which is more hygroscopic than that of regular large 
crystals. 
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Figure 1. Schematic representation of caking stages. 

 
(a = pendular, b = funicular, c = capillary, d = drop). 

Figure 2. Sugar crystals submitted to conditions of caking stages 
a, b, c and d, as defined in Figure 1. 
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Figure 3. Caking stages (A,B,C,D) for sugar samples R800, R630, R500, R400, R250 
and <R250 (a,b,c,d,e,f), submitted to varied ERH and temperatures. 

Water content of the different sugar samples are reported in Table 1 when they are 
equilibrated with ERH = 82%. These results confirm the preceding results, i.e. the finer the 
crystals, the more hygroscopic they are. Moreover, temperature decrease favours the increase 
in water content. Water is at the origin of increased cohesion of sugar particles, which ends 
with caking. As a general rule, particles below 400 µm in size become unstable, starting from 
40% RH, whereas the flowability of crystals above this size was maintained until 75% RH at 
all experimented temperatures. It seems that the higher the MA of sugar, the less it is subject 
to caking when it is exposed to moist air. 
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Table 1. Water content (g%g) for samples of sugar equilibrated at 
different temperatures with ERH = 82%. 

<250 µm R250 R400 R800 Temperature 82% 82% 82% 82% 
35 0.024 0.008 0.000 0.010 
30 0.060 0.042 0.012 0.010 
25 0.078 0.076 0.012  
20 0.143 0.101 0.024 0.010 
4.5 2.930 1.462 0.077 0.069 

However, another characteristic of white sugar grain size distribution to take into account is 
the presence of fine particles described by CV. To check the effect of this parameter on 
reference sugar, additions of 5, 10 or 20% of fines (<250 µm) were made and the samples 
were submitted to different temperatures and ERHs. Results at equilibrium are reported in 
Figure 4. From the histograms, it appears that reference sugar is stable until ERH = 82% for 
temperature above 20°C and until 75°C below 20°C. After adding 5% of fine particles, the 
behaviour is nearly the same. However, addition of 10% of fines leads to an increase in 
moisture adsorption at all temperatures and ERHs. The aptitude of sugar to cake is increased. 
The water content for these four samples at equilibrium with ERH = 82% is reported in Table 
2. As expected, water content increases with decreasing temperature. Likewise, the increase 
in fines percentage yields an increase in water intake. Results obtained with reference sugar 
supplemented with 10 or 20% of fine particles are comparable to that obtained with a sample 
composed of 100% of particles with a size below 250 µm. 

 
Figure 4. Caking stages for reference sugar (>250 µm) without and 

with added (5, 10, 20%) fine particles (<250 µm). 
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Therefore, it seems that the aptitude to caking is greatly dependent on the heterogeneity of 
composition (CV) of sugar, especially as concerns the amount of fine particles (<250 µm). 
These particles play a role as a cement of the cohesion in the case of caking. The fine 
particles adhere to the surface of large crystals, as observed on a sample from the factory 
(Figure 5), and hence increase their ability to cake. It is even possible to remove these fines 
from the crystal surface by isopropanol washing. 

 

Figure 5. Unsorted industrial sugar after washing with isopropanol. 

Table 2. Water content (g%g) for samples of reference sugar (>250 µm) 
and reference sugar supplemented with 5-10 or 20% fines equilibrated 

at different temperatures with ERH = 82%. 
>250 µm >250 + 5 >250 + 10 >250 + 20 Temperature 82% 82% 82% 82% 

35 0 0.000 0.125 0.212 
30 0 0.080 0.139 0.287 
25 0.005 0.080 0.163 0.357 
20 0.005 0.084 0.168 0.632 
4.5 0.120 0.713 1.116 2.114 

Adsorption of water vapour 

Effect of temperature 
Adsorption isotherms are reported in Figure 6 to show the effect of temperature (5 to 35°C) 
on the hygroscopicity of sugar samples. At a given temperature and ERH, the water content 
increases as temperature is decreased. This behaviour is very likely linked to the ease of 
saturation of air with water vapour at low temperature (dew point at 15°C corresponds to 11 g 
water/kg of air, whereas  29 g/kg are needed at 30°C). 

Water vapour adsorption by caked sugar 
The behaviour of caked sugar towards water vapour adsorption is modified after caking. After 
equilibration with air at ERH>58%, sugar is caked and its aptitude to adsorb water is 
increased. The liquid bridges formed during caking are at the origin of this behaviour. The 
general shape of adsorption curve is that of saturated sugar solution and not that of the pure 
sucrose crystal. 
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Figure 6. Water vapour adsorption isotherms of reference sugar 
at different temperatures (10 to 35ºC). 

De-caking of sugar in pilot silo 
Caking with formation of hard lumps of sugar is due to humidification followed by drying. 
These conditions were reproduced in pilot silo (Figure 7). If RH of air blown in silo is 70% 
followed by air at RH 20%, the surface of sugar is caked (a crust is formed). Measured shear 
stress reaches a value of 13 kPa. Before caking this value was 4 kPa, as for a free flowing 
powder. For a sugar only caked at its surface a flow of humid air (RH = 50-60%) restores the 
flowability and reduces the shear stress to about 5 kPa. Lower RH (below 50%) does not give 
a positive result and may even increase the caking. Increasing the RH of humidifying air to 
72% prior to drying in the caking experience leads to the lumping of the whole silo. 

 
Figure 7. Pilot silo. 

To obtain de-caking, humid air is again blown in silo. However, shear stress remains around 
11 kPa after humidifying if the duration is short. The best result is obtained when humid air 
feeding is made through four plateaus (Figure 8). After such treatment, sugar is de-caked and 
remains free flowing (shear stress = 5 kPa). 
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Figure 8. De-caking procedure in pilot silo: increase of ERH followed by four 
plateaus decreases shear stress (Tc) of sugar submitted to air at different ERH. 

A rapid drying of sugar during the conditioning step might be at the origin of caking. A 
competition between removal of water (with drying air at 30% RH) from the saturated film of 
syrup surrounding the crystal (aw = 0.85) and the crystallisation takes place. This leads to the 
formation of solid bridges (caking). If the difference in RH between the film and air is 
moderate and its lowering is gradual (plateaus), then removal of water is possible and 
de-caking feasible. However, after de-caking, the morphology of sugar crystals is not 
recovered, as may be observed in Figure 9. 

 

Figure 9. Sugar crystals after caking and de-caking. 
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Conclusion 

Laboratory study at the pilot scale of factors affecting the storage stability of white bulk sugar 
allows drawing of the following conclusions: 
 Storage stability depends on grain size distribution. It is advised to have a sugar with MA 

>0.63 mm and CV <30 with less than 5% of fines (250 µM). 
 After caking, a de-caked sugar becomes more hygroscopic. 
 Decreasing temperature below 20°C in silo increases the risk of reaching dew point and 

makes the sugar more hygroscopic. 
 De-caking of a friable lumped sugar is possible if a cycle of progressive humidification 

and de-humidification of air between 60 and 40% RH is applied. De-caked sugar has 
changed morphology, as some bridges between crystals are maintained. 
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