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Abstract 
 
The objective of this study was to investigate methods for producing slaked lime with 

high specific surface. The impact of process parameters and possible additives to be 

used in the process were studied.  

 

Firstly, the effect of ethanol mixed in the slaking water was examined. The ethanol-

water mixture had a positive impact on the specific surface area, but sufficiently good 

results were not reached. Diethylene glycol as additive was tested with satisfying result. 

The additive enables a considerable increase of the specific surface under several 

process conditions.  

 

Secondly, process parameters to maximize the specific surface area were examined.  

Initial temperature and particle size of quicklime is effects on the results were studied. 

Also, the time duration of mixing the quicklime with diethylene glycol and the mixing 

temperatures’ impact on the results were tested. 

 

With an effective additive and optimally adjusted process parameters, high specific 

surface slaked lime could be produced. 
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Referat 
 
Ändamålet med detta diplomarbete var att forska hur släkt kalk med hög specifik yta 

kan framställas. Främst olika parametrar och möjliga tillsatsämnens påverkan 

undersöktes. 

 

Först och främst var påverkan av etanol blandat i släcknings vätska utvärderad. Den 

hade en höjande effekt av specifika ytan, men nådde ändå inte önskvärda värden. 

Därefter gjordes tester med tillsatsämnet dietylenglykol. Den visade sig höja specifika 

ytan betydligt mera i flera olika processförhållanden. 

 

Därefter undersöktes flera processparametrars påverkan på släckta kalkens specifika yta. 

Temperaturen vid processens start samt partikel storleken på bränd kalks påverkan av 

resultaten testades. Även blandningstidens och –temperaturens påverkan på resultatet 

under blandningen av dietylenglykol och bränd kalk testades. 

 

Släckning med ett effektivt tillsatsämne och optimala parametrarna var det möjligt att 

tillverka släckt kalk med hög specifik yta. 
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Svensk resumé 
 
Diplomarbetet i fråga är en studie över vad som påverkar specifika ytan på släckt kalk. 

Målet är att kunna tillverka en släckt kalk med så hög specifik yta som möjligt. Genom 

att hetta upp kalksten till 900-1500 ºC kalcineras den och bränd kalk bildas, vilken till 

stor del innehåller kalciumoxid. Då bränd kalk kommer i kontakt med vatten sker en 

hydrering, som är en exoterm reaktion. Produkten i denna reaktion är kalciumhydroxid 

dom kallas släckt kalk. Om denna produkt har en hög specifik yta, kan den användas till 

bl.a. en torr skrubber för att adsorbera svaveldioxid. 

 

Flera parametrar under kalksläckning påverkar ytan som bildas. I en s.k. våt släckning, 

där reaktionen sker med övermättad mängd vatten, blir specifika ytan omkring 30 m2/g. 

Den önskade ytan vore över 40 m2/g. I en torrsläckning, där reaktionen sker i 

pulverform, är det svårt att nå högre specifik yta än 20 m2/g. Högre temperatur på 

släcknings vatten samt mindre partikelstorlek på den brända kalken kan förbättra ytan 

marginellt.  

 

Största problemet som motverkar bildning av en hög specifik yta på släckta kalken är 

överhettning i partiklarna. Energin som frigörs i denna exoterma reaktion är för stor för 

att absorberas av vatten genom uppvärmning och avdunstning. Den höga temperaren i 

partiklarna leder till kristallisering och agglomerering, vilket resulterar i lägre specifik 

yta. Det konventionella sättet att förhindra överhettningen av partiklarna är att ersätta en 

del av släckningsvattnet med etanol. Genom en lägre kokpunkt för denna 

vätskeblandning sänks även temperaturen i partiklarna. Absorberingen effektiveras även 

av att släckningsvätskan rinner bättre in partiklarnas porer p.g.a. etanolens låga 

ytspänning. Experimentet gav ett resultat på endast 28 m2/g med torr släckning.  

 

Ett annat sätt att förhindra överhettningen är att belägga brända kalken med 

dietylenglykol (DEG). Beläggningen hindrar vattnet från att reagera med den brända 

kalken tills DEG löser upp sig. Det resulterar i en retardering i reaktionshastigheten i 

början av reaktionen vilket leder till att energin frigörs under en längre tid. Vattnet 

hinner då absorbera energin innan temperaturen blir för hög och därför kan en bättre 

specifik yta erhållas i produkten. Önskvärda resultat uppnåddes med både torr och våt 
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släckning. Då 1 vikt-% DEG per bränd kalk erhålls ett en specifik yta på 41 m2/g, men 

då 5 vikt-% DEG används erhålls resultat upp till 52  m2/g.  Med torr släckning har en 

specifik yta upp till 44 m2/g uppmätts med optimal mängd vatten.  

 

I första skedet av experimenten varierade resultaten, och trots lika parametrar kunde 

specifika ytan variera upp till 21 m2/g. Problemet visade sig vara torkningen av 

produkten, som sker i en luftfylld ugn med temperaturen 110 ºC. Två timmars 

torkningstid sänkte den specifika ytan mellan 1 till 3 m2/g på produkten. Redan ett 

dygns torkning resulterade i 5-20  m2/g beroende på kalksorten. Luften i ugnen 

innehåller 0,04 volymprocent koldioxid, som orsakar karbonatisering av den reaktiva 

kalken. För bättre resultat kan släckta kalken torkas i kvävgas. P.g.a. dessa resultat 

gjordes första skedets experiment om.  

 

Experimenten visade att starttemperaturen i reaktorn påverkar den specifika ytan. 

Förhöjning av temperaturen av reaktanterna, före reaktionen sätter igång, från 20 ºC till 

50 ºC gav 5 m2/g högre specifik yta, medan en starttemperatur på 40 ºC förbättrade 

resultatet 4 m2/g. Energin till uppvärmningen kan tas från reaktorn, vilken har en stor 

mängd överflödig energi från den exoterma reaktionen. Även beläggningstiden av DEG 

på brända kalken kan påverka resultaten. En blandningstid på två minuter gav 3 m2/g 

större specifik yta än då sju minuters blandningstid använts. Viskositeten på DEG 

sjunker från 35.7 mPa∙s till 7.3 mPa∙s då temperaturen höjs från 25 ºC till 60 ºC. Trots 

att detta leder till att DEG blandas bättre med brända kalken, påverkar ändå inte detta 

släckt kalks specifika yta.  

 

Bra resultat kunde också erhållas i pilotkörningar med 30 och 100 gånger större mängd 

kalk. Torrsläckning gav en specifik yta på 42m2/g samt 44  m2/g, vilket är lika bra 

som i laboratoriumskala. Däremot gav våt släckning endast 41 m2/g vilket är betydligt 

sämre resultat än i laboratoriumskala. 

 

Fördelen med DEG är att den går enkelt att lägga till i en konventionell 

släckningsreaktor och endast små mängder används. Om etanol används måste etanolet 

recirkuleras pga. att stora mängder används, vilket leder till dyra investeringar. Etanolet 

är även brandfarligt då större mängder än 5 volymprocent finns i luften, vilket kräver 
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kostsamma förändringar i en anläggning. Dessutom erhålls bättre resultat med DEG 

som kan reproduceras i laboratorium till en yta över 45 m2/g i våt släckning och över 

40 m2/g med torr släckning. Slutligen kan tilläggas att målet att producera 40  m2/g 

släckt kalk uppnåtts med en relativt liten förändring i reaktionen.  
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1. Introduction 
 

When calcium oxide reacts with water it forms calcium hydroxide. This is called 

slaking. The calcium hydroxide, called slaked lime, is a reactive alkaline product which 

is used in several industries.  It is favourable to have a high specific surface area 

product, which leads to higher reaction rates when for example neutralizing a solution. 

The product can be used in a dry scrubber for gas clean-up, which is simpler and more 

compact compared to a wet scrubber. [13] The more reactive the slaked lime is, the 

better the conversion and the more pure and valuable the product is. 

 

Nordkalk Oy Ab has been involved in flue gas treatment and desulfurization for many 

decades. With the shipping company Bore in the same concern, they are now looking at 

the marine flue gas treatment. This type of scrubber does not release any emission into 

the sea. Nordkalks goal is to sell the bi-product, gypsum, from the lime based 

desulfurization. [11] 

 

The aim of the thesis is to understand how to produce slaked lime with a high specific 

surface area (SSA) above 40 m2/g. The higher the specific surface is, the more reactive 

the product is, and less of it required for the regulated conversion of sulfur dioxide.   

This depends highly on the conditions throughout the slaking process. The properties of 

calcium oxide, called quicklime, are of course an important factor, considering it is the 

main reactant in the process. Also the original limestone, which the quicklime is a 

product of, can affect the process. Relations between particle size distributions between 

the limestone, the quicklime and the slaked lime can be important. Also, the porosity of 

the limestone and the quicklime are important as it affects the penetration of water in 

the material. 

 

Factors affecting the kinetics and temperature changes of the process are very important 

to identify. It is known that the starting temperature of the process also affects the 

results. [8] Also high slaking temperatures and steam slaking would damage the pore 

structure and lower the highest specific surface areas.  
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With ethanol mixed in the water the slaking results in higher specific surface. It limits 

the temperature rise of the process due to the lower vaporisation temperatures of ethanol 

mixed with water, besides presumably a viscosity lowering effect. [1] By coating the 

product with an organic solvent the first stage of the reaction is slowed down. This will 

also increase the specific surface area when the reaction heat evolution is less rapid.  [5] 
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2. Theory 

2.1 Lime slaking 

2.1.1 Dry slaking 

 

The product of the reaction is mainly calcium hydroxide, but it also contains water. [2] 

The excess water amount depends on the slaking temperature and of course the amount 

of water used relative to calcium oxide. [1] In dry hydration of quicklime the amount of 

excess water is kept to the minimal. The exact required amount of water can be 

calculated, consisting of the amount needed as reactant and possibly water to be 

vaporised. The result is a dry powder hydrate product. [2] Dry powder of slaked lime 

can, for example, be used in dry scrubbers benefiting from the adsorption of the flue gas 

when the specific surface area is high. [13] 

 

2.1.2 Wet slaking 

 

In wet slaking a large amount of excess water is used. The abundance leads to a product 

slurry or paste. [2] The larger amount of water compared to the dry slaking absorbs 

more heat from the reaction before reaching the boiling point. According to Wang et al., 

the long reaction times using wet slaking crystallisation and agglomeration will 

decrease the specific surface area (SSA). When the hydration time is from 2h to 4h the 

SSA decreases a few square metres per gramme. This could also affect the storage of 

slaked lime slurry. [8] 

 

2.1 Limestone  
 

According to the Moropoulou et al. study, the limestone structure and composition 

affect the SSA of slaked lime. [14] Limestone used with higher contents of magnesium 

oxide affect the SSA of the slaked lime negatively. [14] Aluminium oxide is another 

common impurity in the limestone. [2] The impurities are not controlled by the 

producer, as these are due to variations in a limestone vein. [2] Mainly the difference in 
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porosity and pore radius have a large effect on the SSA of the slaked lime. [14] A more 

porous limestone with higher pore radius have resulted in a slaked lime SSA values 

around 20 m2/g, while other stones’ results were below 10 m2/g. [14]  

 

2.3 Quicklime 
 

The quicklime, CaO, is the product of when limestone is calcined: 

 

CaCO3  →  CaO + CO2 

 

There are many properties of the quicklime used for slaking that affect the specific 

surface area. The quality of quicklime depends mostly on the calcination process. 

Temperature and residence time in the kiln are considerable factors. [2] If the CO2 is not 

removed effectively from the kiln, the quicklime (CaO) will recarbonate. [10] Also, the 

chemical composition of the limestone used affects the quality. [2] 

 

2.3.1 Effect of calcinations on specific surface area on slaked lime 

 

The calcination temperature affects the slaking process in many ways. The quicklime is 

called softburned if the calcination temperature is about 900 °C. With temperatures over 

1300 °C it is called hardburned.[2] Particle diameter of the quicklime is strongly 

influenced by the calcination temperature.[10] A softburned quicklime contains smaller 

particles which lead to higher reaction rates during slaking. [10] Compared to 

hardburned quicklime the specific surface area is high. [9] When calcinating hardburned 

quicklime, sintering causes low porosity and specific surface area. [7] On the surface, 

the sintered quicklime pores are smaller and the penetration rate for the slaking water 

decreases. [2] In the experiments of Li et al. it was shown that an increase of the SSA of 

the quicklime increases the SSA of the slaked lime. [9] If sintered quicklime is used, 

grinding may increase the SSA and the reaction rate of the slaked lime. [10] According 

to Li et al. the optimal calcination temperature in the pilot testing for slaking with 

ethanol-water solution was 650-700 °C. [9] With such low calcination temperatures 

problems can occur. [20] The calcination time will be long and the reaction too slow, 
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but in the end, the calcination will still be incomplete. [1, 24]  Reaching high specific 

areas as 50-55 m2/g, Moran et al. have used quicklime calcined at 982 °C while slaking 

with ethanol-water mixtures. [1] This showed that high SSA slaking lime is possible to 

be achieved above the optimal calcination temperature Li et al. suggested. Moropoulou 

et al. did experiments with two different types of limestone and several calcination 

temperatures from 900 °C to 1200 °C. [14] The results were clear: quicklime from both 

limestone types showed a significant increase of SSA when the calcination temperature 

dropped. [14] The study also confirmed that a higher SSA on the quicklime can also 

increase its reactivity. [14]   

 

2.3.3. Effects of quicklime storing on the slaking process  

 

The storage of quicklime can affect the reactivity in the slaking process. This is caused 

by air-slaking and recarbonation of the quicklime during atmospheric storage. The 

effect becomes stronger when the storing becomes prolonged and the air humidity is 

high. This results in a thin layer of calcium hydroxide and calcium carbonate on the 

quicklime particles retarding the reaction rate during slaking. Potgieter et al. showed 

that air-slaking and recarbonation along with hard burning affects the lime slakeability 

negatively. Air-slaking is more harmful than recarbonation considering the lower 

slaking rate. Over 10 % of calcium hydroxide in quicklime lowers the slaking rate 

considerably. Interestingly, a higher level of recarbonation decreases the retarding effect 

of the air-slaking. After all, the amount of calcium hydroxide after the slaking process 

will remain the same. [18] To avoid uncontrolled air-slaking and re-carbonation, the 

storing atmosphere should not be ventilated. [17] This means the reaction can be to 

controlled with air-slaking, but in most cases it can be problematic, since the reactivity 

is affecting the maximum achievable SSA. Also, it is favourable to maximize the active 

CaO content because it is the molecule that reacts to high specific surface calcium 

hydrate. Every other mass of substance without high specific surface reduces the square 

meters per gramme of the product, in this case the carbonation just reduces the SSA. 

 



6 
 

 
Figure 1 - Slaking rate variations depending on calcium hydroxide and calcium carbonate [18] 

 

2.4 Kinetics 
 

The temperature is a major parameter affecting the kinetics of lime slaking. [12] This is 

an important parameter to control since the slaking process is exothermic. [7] Problems 

occur, if there is a considerable variation in kinetics disturbing the optimized process. 

On the other hand, it is possible to control or adjust the kinetics using additives that give 

different substances and ions.  

 

2.4.1 Temperature affecting kinetics and Arrhenius  

 

The reaction rate constant the reaction between calcium oxide and water can be given 

by: [12]   

κ = Ae
−Ea
RT  

 

A is the Arrhenius factor, a frequency factor, which depends on the chance of impact of 

the reaction molecules. This factor can be affected by variation of substances in the 

quicklime and the slaking water, this will be discussed in further detail in chapter 2.3.2 

[10] Eais the activation energy, R is the universal gas constant and T the absolute 

temperature. In practice the reaction is very slow at low temperatures. According to Shi 

et al. the heat evolution with industrial CaO and water has a maximum of 0,144 W/g at 

12 °C, which is a sixth of the heat evolution rate at 50 °C. [12] Because the heat 

evolution is linearly dependent by the reaction rate, the reaction depends highly on the 

reaction temperature. [7] With high heat evolution it can be hard to retain the 
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temperature at an optimal level. [1] In the experiments of Shi et al., pure CaO showed a 

less steep increase on the heat evolution when the starting temperature was raised. [12] 

 

2.4.2 Other substances affecting kinetics 

 

The presence of other substances during the slaking process can strongly affect the 

kinetics. It can affect the ability of impacts between calcium oxide and water, which is 

described by the Arrhenius factor. [12] According to Potgieter et al. the presence of 

anions soluble with the calcium on the quicklime has an increasing effect on the 

reaction rate, while the opposite has a retarding effect. [17] The reaction rate increases 

with a 1-3 weight % of chlorides in the process, but decreases with 0.1-3 weight % of 

sulphates in the process. [10] The sulphate ions form a highly insoluble calcium 

sulphate around the lime. [19] Also the hydroxide ion has a retarding effect on the 

slaking process, assuming that hydroxide is dissolved. The carbonate ion is retarding the 

process and with concentrations around 5-11g/l the slaking rate drops steeply. A coating 

on the quicklime particle may contain high amounts of CaCO3, which is less soluble in 

solutions containing CO3
2− ions. [10]  

 

2.4.4 Slaking temperatures  
 

According to Wang, the initial temperature of the slaking water has an impact on the 

SSA. As the reaction rate increases with higher temperatures following the Arrhenius 

rate constant equation, also the nucleation rate increases. [8] Using the lower initial 

temperatures, the temperatures increases to higher, more favourable levels, but at the 

beginning of the reaction the temperatures are low.  Wang claims that a temperature of 

70 ºC is the optimal temperature for slaking lime with high SSA; Figure 2 shows the 

results from his experiments. [8] The results do not differ considerable between 50 ºC 

and 80 ºC as initial temperatures. The porosity is, however, still clearly affected in this 

interval. An initial temperature of 50 ºC is would be favourable due to the high SSA and 

low heating needs. Clearly a non-heated slaking water of 20 ºC gives a lower SSA.  
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Figure 2 - The impact of initial temperature on the specific surface area. [8] 

 

2.5 Drying calcium hydroxide 
 

After the quicklime is slaked it is, (for a part of the applications) dried. Also, when the 

specific surface area is measured with BET-analysis, it is dried. Once slaked lime is 

dried, it will not regain the same colloidal behaviour when mixed with water again. [6] 

It is known that calcium hydroxide aggregates and agglomerates, but it is not clearly 

known how and to what extent. [1, 6] The most critical part of drying is the last stage, 

because of agglomeration. Short-range van der Waals forces keep the particles attached 

to each other once the agglomeration has taken place. [6] 

 

2.6. Additives increasing the specific surface area 

2.6.1 Ethanol – Water 

 

When ethanol is added to the slaking, it absorbs the energy similar to water by heating 

up and by evaporating. Unlike water, it will not react with the lime. When ethanol is 

mixed with water the vaporizing temperature for the mix is lower, which lowers the 

hydration temperature of both the liquid and the lime. [1] A slaking temperature under 

100 ºC is more preferable for making a high SSA product. The best results are obtained 
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when the water-ethanol mixture added has a total vaporisation enthalpy of 100-120% 

compared to a slaking where only water is used.  [20] According to Moran et al., this 

increases the SSA of a slaked lime product. Using the methods in the US Patent 

5,492,685 slaked lime with specific surfaces of 35-55 m2/g can be produced. Also, 

surfaces up to 80 m2/g have been documented in optimal conditions. [1] Wuelfrasorp® 

is a commercial product and an application where ethanol-water hydration is used. 

According to Schwarzkopf et al., a hydration with an ethanol-water mixture a SSA of 

40 m2/g and more can be obtained. After the hydration reactor, the product is dried in 

the Wuelfrasorp® process.  From both process steps, the ethanol containing liquid is 

vaporized. Of course the liquid contains mostly ethanol, but the amount of water is still 

significant too. The vapor is lead to a chilled tank, where it condensates to be fed again 

into the reactor. This will minimize the use of ethanol, and in the Wuelfrasorp® process 

the feed of new ethanol is only 1.3 % compared to quicklime. [4] The use of ethanol in 

the slaking water also lowers the surface tension. For an ethanol mass % from 0 to 50 % 

in water the surface tension changes from 72.75 mN
m

 to 33.37  mN
m

 at 20 ºC, and from 

67.92 mN
m

 to 20.21 mN
m

 if a slaking temperature of 50 ºC is used. [19] This will result in a 

more efficient distribution of the slaking liquid in the quicklime particles, considering 

the lower surface tension the liquid penetrate into smaller pores. 

 

2.6.2 Diethylene glycol (DEG) – coating the quicklime 

 

Diethylene glycol coating is used in another slaking method, called Novel hydration. In 

this case, the hydration solution is pure water. Calcium oxide particles are mixed and as 

a result coated in a two hour process with 1-5 weight % DEG. The layer of DEG 

prevents the calcium oxide from reacting with water too rapidly. Considering that the 

hydration is exothermic, this decreases the rapid generation of heat and prevents 

inhomogeneous hydration. [21] This allows the process temperature to be more 

controllable using cooling systems, enabling optimal temperature and temperature 

control.  
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Figure 3 - The schematic drawings of the particles shows the difference between the types of 
hydration. [1] 

 

The blocking effect of DEG coating prevents also the rapid formation of steam. The 

effect is illustrated in Figure 3. This is the result of the less rapid reaction. A fast 

evolution of heat can generate an amount of steam that cannot be cooled fast enough by 

the slaking water. This will result in a certain amount of hot steam hydrating the 

calcium hydroxide. This steam contains more energy, resulting in crystallisation of 

calcium hydroxide on the particles surface, which gives a low specific surface. [3]  

 

The less rapid hydration also benefits optimal conditions in the centre of the particles. 

As long as there is enough water to evaporate, the reaction temperature will stay at the 

boiling point. But when the particle cores start to hydrate, the exothermic reaction can 

result in temperatures much above waters boiling point. Without the DEG-coating the 

immediate rapid heat evolution during the first stages results in high temperatures inside 

the particles. The higher temperature means that the hydration in the pores in the centre 

of the particles may also occur in a steam atmosphere. Again, the higher level of energy 

results in crystal growth and agglomeration. The product will be denser and have a 
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lower specific surface area. It will also result in a faster settling slurry product.  [3] With 

DEG-coating, the inside of the particles will not be able to react rapidly with the water 

during the first stages of the reaction. [21]   

 

2.6.3 Methods and results using diethylene glycol 

  

Shin et al. compared SSH generation from the Novel hydration processes and slaking 

with ethanol mixtures using the same calcium oxide. The best results from ethanol-

water mixtures of SSA were 41.12 m2/g. Using 1.8 times the stoichiometric slaking 

water with 5 wt. % DEG, the SSA was 47.65 m2/g. When 1.5 times the stoichiometric 

slaking water was used, the SSA only reached 35 m2/g at most. The amount of slaking 

water and content of DEG-coating strongly affected the results, as shown in Figure 2. 

[21] 

 
Figure 4 - Variation of specific surface area, with different amount of DEG-coating and 

stoichiometric water [21] 

 

Using DEG-coating in a dry slaking process easily doubles the SSA. [21] The rapid heat 

evolution in conventional dry slaking which causes the production of steam is 

presumably the main problem when not using a DEG-coating. [20] As earlier 
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mentioned, the conventional wet slaking leaves a higher SSA, due to the more stable 

temperature evolution. [1, 24] According to Dumont et al. the use of DEG will increase 

the SSA in wet slaking. Using 1 weight % of DEG compared to calcium hydroxide, the 

SSA increased from 28.3 m2/g to 39.1 m2/g. [5] 

 

Before the drying of the wet slurry is started, Dumont et al. used a rotary grinder for the 

slurry. This resulted in a considerable increase in SSA from 44 m2/g to 63.9 m2/g, 

when the DEG-coating was used. This is an increase of 45%. The grinding speed was 

3400 r.p.m. and the grinding time was under 1 minute. The wet grinding had a very 

small effect on conventional wet slaking, while the SSA only increased with 10% [5] 

Considering that there is certainly an investment cost for adding a another step to the 

process, the 10% increase may not be significant or cost effective. This would probably 

not be the case when using DEG, considering that the SSA increase is 45%.  

 

2.6.4 N-Cetyl-N,N,N-trimethylammonium bromide (NCT) 

 

In Nordkalks earlier studies, NCT was used as additive. Its function is to prevent re-

agglomeration of the smallest particles released during the hydration to obtain a higher 

SSA. When NCT was tested while slaking with water, the increase was insignificant. 

Using it coupled with an alcohol the SSA may increase significantly. While adding 

NCT in an ethanol-water solution, the SSA increased from 35 m2/g to results over 

42 m2/g. Adding NCT with methanol-water as a slaking solution gave an even larger 

increase, from 33 m2/g to results from 44 m2/g to 51 m2/g. Therefore, NCT is only 

effective when at least these two alcohols is mixed in the slaking water.[20] However 

methanol is problematic to use in greater amounts in an industrial process, due to its low 

LD50 of 0,4g/kg, while the LD50 for ethanol is 10,6. [28, 29] 

 

  



13 
 

2.6.6 Trietanolamine (TEA) 

 

In the US Patent 5,705,141 TEA is used as a coating agent for of the quicklime similar 

to DEG. Dumont et al. has also obtained increased SSA using TEA. The SSA using 

TEA is slightly better than DEG, comparing the same amounts additive. The grinding, 

mentioned in chapter 2.6.3, is still increasing the SSA, but not as much as when DEG is 

used. [5] 

Earlier results at Nordkalk showed that higher amounts than 2 wt. % of TEA per kg 

quicklime used do not result in an increase of SSA, which are shown in Figure 24. This 

makes DEG more favourable when larger amounts of additive can be used, considering 

the DEG increases the percentage increases. [21] 
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3 Overview of the experimented work 
 

The first set of experiments is discussed in chapter 4. Several additives were tested, and 

a few parameters effect on the SSA. The additive NCT mentioned in chapter 2.6.4 is not 

further discussed because no significant effect on the SSA was found after a few tests.  

 

- 4.1: Ethanol was tested as additive with different fractions mixed with water as 

slaking liquid.  

- 4.2: DEG as additive was tested both in dry and wet slaking. The wet slaking 

experiments resulted in satisfying SSA. The dry slaking experiments gave lower 

SSA and more variation in the results. More experiments were done with more 

slaking water added and better results were obtained. 

- 4.4: The thermodynamics heat released of the lime slaking reactions is 

calculated using molar, mass and energy balances. 

- 4.5: Additional testing with DEG was done, but a high variation on the SSA 

comprised the reliability of the results. 

 

Other tests done during the first set of experiments are not presented in chapter 4, 

because it was found that the drying time of the slaked lime product had a very strong 

impact on the SSA. All important tests were repeated in the second set of experiments. 

In chapter 5, mainly DEG is used as additive, due to the successful results obtained. 

Variation of its amount was tested with two quicklime types, and the impact of several 

parameters was tested. 

 

- 5.1: The impact of drying time in an air-filled oven was tested, including 

determination of an optimal drying time for the later tests. Also tests with drying 

in nitrogen gas were done. 

- 5.2: With the drying time documented a new series of test were done 

investigating the impact of DEG on the SSA.  

- 5.3: The impact of the amount of slaking water was tested to determine an 

optimal amount of water in a dry slaking. 

- 5.4: Several process parameters were tested. The impact of initial temperature of 

the slaking water and the temperature of DEG and quicklime mixed together to 
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put a DEG “coating” on quicklime were tested. Also, varying time durations for 

the DEG-coating and various particle sizes on the quicklime were tested. 

- 5.5: Thermo gravimetric analysis was made to determine the amount of DEG 

remaining in the slaked lime product.  

- 5.6: A few scaled-up tests were done with optimal parameters determined in 

laboratory scale for maximizing the SSA with both dry and wet slaking. 

 
 

3.1 Laboratory equipment 
 

A part of the done tests had a relatively long reaction time. The isolated reactor ensures 

that the heat does not leak during the ongoing process to sustain the preferable thermal 

conditions. This also means that the temperature rise under the reaction depends on the 

heat evolution of the reaction. The hydration gives the best results for temperatures 

above roughly 40ºC. [8] This is also more similar to the industrial hydration process, 

where vessels are bigger and the heat is not disposed of as easily as in a laboratory 

vessel. In wet slaking tests, the usual amount of water was 1,2 kg with 0,3 kg calcium 

oxide. Industrial slakers usually have a slaking capacity of several tons per hour. This 

means, that the reactor surface for cooling would be much greater than for an industrial 

slaker which lacks the isolation. The main processes of absorbing the heat evolved from 

the hydration are the warming up of reaction substances and liquids vaporisation. For 

temperature monitoring a Pico logger was used, which enabled a monitoring frequency 

of one second.  

 

In dry slaking the stirring used in an isolated reactor could not be used to mix thicker 

slurry or dry reactants and products. For these cases a laboratory mixer, made by Hobart 

was used was used as reactor. The capacity of the mixer is about 3 litres, ensuring that 

the substance will remain in the mixer. Considering that dry hydration gives faster 

reactions, a reactor without isolation would not jeopardize the outcome. The heat loss 

can be calculated, and the reaction temperature will not drop so much under the few 

minutes where the reaction is slower and produces less heat. 
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Figure 5a - The Hobart laboratory mixer illustrated. [25] 

 

In the scaled-up processes, a BHS concrete mixer was used. Its capacity is 50 litres, but 

when 30 kg of quicklime was used, the stirring lacked power and jammed. 

 
Figure 5b – A illustration of a BHS concrete mixer [24] 
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3.2 Quicklime used 
 
For the experiments of lime slaking, two different types of quicklime are chosen. The 

first one is a sedimentary quicklime and contains partly clay making it more yellow. 

Two different industrially grinded qualities were used, with particle size of 90-1000 

coded as “S1” and 0-90µm coded as “S4”. Also, lump lime was used. No significant 

difference between these different types was found in the results of the slaked lime. Its 

specific surface was 1.02 m2/g and active calcium oxide content is around 88%. The 

second is a metamorphic limestone, industrially grinded with a particle size from 0 to 

several centimetres. The specific surface was 2.8 m2/g and active calcium oxide 

content is 92%. But for these tests particles over 2mm was filtered out. About two thirds 

of the particles were between 250 and 500 µm.  

 
 

 
 
Figure 6 - particle size distribution of the metamorphic quicklime. 
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4 First set of experiments 
 

4.1 Slaking with ethanol as additive 
 
 

Dry slaking with stoichiometric water to quicklime ratio of 1:2.38 gave poor results 

with an SSA of 12.4 m2/g. In the following text all ratios given are stoichiometric 

ratios. It is possible that the cooling by vaporisation is not enough and the calcium 

hydrate crystallizes. Ethanol-water dry slaking with the equivalent amount of 

vaporisation enthalpy gave better results with an SSA of 21.36 m2/g, but still far from 

the preliminary goal, >40 m2/g. The product was a quite dry powder, with 2-3 % 

moisture. 28 wt. % of the slaking liquid was ethanol. 

 

Stoichiometric ratio is calculated with: 

 

Water ∶ CaO =
(mwater)

mCaO ∗ ActiveCaO
∗ �

MCaO

MH2O
�    �

mol
mol

� 

 

In the dry slaking with the result of SSA 12.4 m2/g 300g of water was used and 450g of 

quicklime where the ActiveCaO is the mass fraction 0.88 of calcium oxide: 

 

Water ∶ CaO = 300g
450g∗0.88

∗ �
56.08 g

mol
18.016 g

mol
� = 2.38 mol

mol
  

 

The equivalent amount of vaporisation enthalpy is calculated with: 

Water ∶ CaO equivalent =
�mwater + mEtOH ∗

ΔHvap,EtOH
ΔHvap,H2O

�

mCaO ∗ ActiveCaO
∗ �

MCaO

MH2O
�   �

mol
mol

� 

 

In the ethanol-water slaking with a SSA of 21.36 m2/g was used 150g of water, 60g of 

ethanol and 300g quicklime:  

 

Water ∶ CaO equivalent =
�150g+60g∗1860 kJ/kg

2260 kJ/kg �

300 g∗0.88
∗ � 56,08 g/mol

18,016 g/mol
� = 2.35 mol

mol
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Mixing the ethanol with the quicklime before adding the water had no significant effect 

on the SSA. When increasing the amount of water and ethanol, the products moisture 

content increased to 8,7 wt. %, which indicates there was enough liquid to vaporize. 

Also the wt. % of ethanol was slightly increased from 28 to 33 wt. %. Locally it is 

possible that the liquid, holding the reaction temperature to its vaporizing temperature 

could run out. The resulting BET-area was slightly better at 27.6 m2/g. Using 200g 

water, 100g ethanol and 300g of quicklime, the equivalent amount of vaporisation 

enthalpy water to quicklime ratio was found to be 3.53. 

 

 

Water ∶ CaO equivalent =
�200g+100g∗1860 kJ/kg

2260 kJ/kg �

300 g∗0.88
∗ � 56,08 g/mol

18,016 g/mol
� = 3.53 mol

mol
 

 

 

By coating the quicklime with 3 wt. % DEG for 60 minutes, the BET-area of the 

produced slaked lime increased to 39.8  m2/g. This showed a very slow reaction and 

temperature decreased during the slaking, since the reactor was not isolated. After about 

10-15 minutes the temperature increased rapidly and the reaction accelerated until the 

hydration was completed. This was repeated with a coating time of just 10 minutes. The 

heat evolution and reaction rate had the same behaviour, except that it was almost twice 

as fast and the BET-area decreased to 24.19 m2/g. Overall the reaction rate of slaking is 

very slow for a dry slaking. 
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4.2 Di-ethylene glycol impact on specific surface area 

 
4.2.1 Wet slaking 
 
In the experimental plan, 1-5 weight % DEG per calcium oxide was mixed; following 

the same principle as Shin et al. [21] A series of wet slaking was done: 300g calcium 

oxide was mixed with DEG in a Hobart and stirred for 10 min followed 50 min without 

stirring. After that 1200g water was added to the reactor, which is isolated and stirred 

with a flat blade.  

The temperature curves characteristics differ from a wet hydration without DEG, the 

temperature evolution is highly dependent on the reaction rate.  The reaction 

temperatures are illustrated in Figure 7a. At the beginning it reacts rapidly for a few 

seconds, but then for a minute the reaction is slower. After that the reaction continues 

rapidly. When no DEG is used in the hydration, the reactions rate is more stable and 

also considerably faster. The more DEG is used, the slower is the reaction rate. Still, the 

kinetics with 1-3 wt. % DEG is quite similar, but with 4 and 5 wt. % DEG the reaction 

rate slows down significantly while the amount of DEG is increasing. 

 

This can prevent the rapid heat evolution at the beginning, if there is not enough water 

to cool it down resulting in air/steam slaking. Also, the slower reaction rate allows heat 

from the reacting particles to spread to throughout particles, as mentioned in chapter 

2.6.1 [3]   
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Figure 7a – Hydration temperatures measured under versus hydration time, quicklime S1 used.   

 

With wet slaking without any additives, the SSA will easily reach values like 30 m2/g 

with sedimentary quicklime. Using a starting temperature of 50 ºC the SSA resulted in 

31.8 m2/g, which is a fair result. When the starting temperature is increased to 60 ºC 

and 80 ºC, the SSA of both samples was 32.1 m2/g. Starting from 20 ºC the SSA only 

reached 22.8 m2/g. This means the slaking temperature of 50 ºC is the most favourable, 

due to the higher SSA and the obviously lower heating demand than 60 ºC and 80 ºC 

starting temperatures. Only an increase to 90 ºC will increase the SSA to 34.8 m2/g, but 

such high temperatures with a marginal increase of SSA may not be preferable  

Therefore, 50 ºC will be used in wet slaking with DEG.  

 

Already mixing one weight % DEG per calcium oxide gave 40.25 m2/g, which is a 

considerable increase in SSA. Adding more DEG will increase the SSA, which is 

illustrated in Figure 8. However, when 2% was added, the SSA was only 34.4 m2/g. 

The best result was recorded with an amount of 5% DEG per calcium oxide. It was 

analysed three times with BET-analysis for a more exact result. The first two results 

were 49.8 m2/g and 50.61 m2/g. The sample used for the last analysis was stored in a 

sealed jar for a month before a second analysis, which gave an SSA of 56.26 m2/g. 
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Figure 8 – Specific Surface area measured with varying amounts of DEG coating. 60minutes of 
coating, 300 grammes of “S1” quicklime and 1200ml of slaking water was used. 

 
 

 
 
Figure 7b - The heat generation displayed as heat difference per second 
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4.2.2 Dry slaking 
 
An experimental series was done with dry slaking, to test the effects of smaller amounts 

of water. In this case only 200ml water preheated to 60 ºC was used for 300g quicklime. 

The Hobart is used as reactor with faster and more powerful stirring. The reactor is not 

isolated, so there is heat loss which depends on the reaction temperatures. It is possible 

to see that also in this case the DEG coating results in a short initial phase, followed by 

a low reaction rate. About a minute after the start, the reaction rate increases. This is a 

similar behaviour as with wet slaking, only faster and less reactive at the beginning. The 

reactivity is measured with temperate or heat evolution. At the beginning temperature 

rises rapidly, because the slaking water is preheated to 60 ºC. This is why reactiveness 

at the beginning is hard to notice. It is not possible to determine if a part of the 

temperature rise is due to the reaction in the first seconds of the reaction or simply due 

to the warm slaking water. Still, some heat evolution is possible to notice after the rapid 

temperature rise caused by the water adding. From the Figure 9 of where the 

temperature difference against time is displayed. The temperature rise during the adding 

of water is not shown, because that temperature rise is not due to the heat evolution of 

the reaction. 
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It is clear that the results with a water to quicklime stoichiometric ratio of 2.3:1 resulted 

in lower SSA. The results vary from 20 m2/g to 31 m2/g, which shows that these 

conditions result in unstable slaking, see Figure 10. Dry slaking with stoichiometric 

water to quicklime of 3.5:1 was therefore done to avoid risks of vapour slaking. This 

leaves 15-30% of moisture in the product. The results clearly speak for themselves, two 

samples with an SSA about 40 m2/g shows that the redundant water amount is 

necessary for producing a high specific surface product.  
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Figure 10 – Specific surface area compared to DEG/CaO. The water to quicklime ratio is 2.3:1 and 
3.5:1 
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4.3 SEM-pictures 
 

Microscopic pictures of the quicklime and the lime slaked in laboratory with a scanning 

electron microscope (SEM). In Figure 11 shows the sedimentary quicklime, with a 

particle size under 90 µm. The bigger round objects are a part of a porous larger 

particle. There is also small particle under 1 µm seen in the picture. These will cause a 

rapid start of the reaction, until they are fully hydrated.  

 

 

 
Figure 11 - SEM of the sedimentary quicklime used with a particle size of 0-90µm. 

 

 

Figure 12a shows a SEM-picture of a lime slaked with DEG as additive, and in Figure 

12b the SEM-picture is of a slaked lime when ethanol is used as additive. In the first 5% 

wt. DEG is used in a wet slaking with an initial temperature of 50 ºC. The second is 

from semi-dry slaking with 100g ethanol and 200g water used on 300g quicklime. The 

enthalpy equivalent water to quicklime ratio is 3.11.  
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In this case the DEG-coated slaked lime has an almost twice higher SSA than the 

ethanol-water slaked lime, 1.88 times higher to be exact. Still, in the SEM-pictures it is 

hard to notice any difference. It is typical for DEG-coating slaked lime that larger flat 

hydroxide crystals are visible on the SEM, whether the SSA is high or low. Smaller flat 

crystals are typical while slaking with ethanol-water solutions, and in successful water 

slaking. In numerous SEM-pictures it is hard to find any difference between higher and 

lower specific areas between 20 and 50 m2/g. Under 20 m2/g it is possible to find 

larger crystals with resulting in low SSA. Looking on SEM-pictures may not be a 

sufficient method of determining the quality of slaked lime.  

 

 
 
 
 

 

Figure 12a: SEM of a lime slaked with 5 wt. % DEG per sedimentary quicklime with an initial 
temperature of 50 ºC and a specific surface area of 52.2 𝐦𝟐/𝐠. 
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Figure 12b: SEM of a 300g quicklime slaked with solution with 100g ethanol and 200g water, 
initial temperature of 50 ºC, resulting in a specific surface area of 27,6 𝐦𝟐/𝐠. 
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4.4 Thermodynamics of the reaction 
 
The reaction rate can be calculated out of the temperature difference in intervals. The 

following equations describe the mole, mass and enthalpy balances in the reaction.  

 
Mole balances of the hydration of calcium oxide: 
 

 dnCaO
dt

 = r,  
dnH2O
dt

 = r,      
dnCa(OH)2

dt
 = -r, 

 
 

 
The mole balances converted into mass balances: 
 

        dmCaO
dt

=  r ∗ MCaO,  
dmH2O

dt
=  r ∗ MH2O,   

dmCa(OH)2
dt

 =  −r ∗  MCa(OH)2 ,     
 

The degree of conversion of calcium oxide and water, X, until water starts to evaporate 
(tvap): 
 

r =
dX
dt
∗

mCaO

MCaO
, X(t) = �

𝑑𝑑
𝑑𝑑

t

0
𝑑𝑑,        t < tvap 

 
 
Enthalpy balance of the reaction with heat loss in reactor, Qloss: 

 
dHr

dt
=

dHCaO

dt
+

dHH2O

dt
+  

dHCa(OH)2
dt

 +
Qloss

dt
 

 
 
Enthalpy balance of the slaking: 
  

Hr ∗ r = cp,CaO ∗ mCaO(t) ∗
dT
dt

+ 𝑐𝑝,𝐶𝐶𝐶 ∗ 𝑇 ∗
𝑑𝑚𝐶𝐶𝐶

𝑑𝑑
+ 

cp,Ca(OH)2 ∗ mCa(OH)2(t) ∗
dT
dt

+ 𝑐𝑝,Ca(OH)2 ∗ 𝑇 ∗
𝑑𝑚Ca(OH)2

𝑑𝑑
+ 

cp,H2O ∗ mH2O(t) ∗ dT
dt

+ 𝑐𝑝,H2O ∗ 𝑇 ∗
𝑑𝑚H2O

𝑑𝑑
 +Qloss

dt
 

 
Using the conversion this gives, with starting amounts nCaO,0 and mH2O,0: 
 

r ∗ �Hr − cp,CaO ∗ T ∗ MCaO − cp,H2𝐶 ∗ T ∗
MH2𝐶

MCaO
− cp,Ca(OH)2 ∗ T ∗

MCa(OH)2
MCaO

�  

= cp,CaO ∗ nCaO,0 ∗ (1 − X(t)) ∗ MCaO ∗
dT
dt

+ 

cp,H2O ∗ (mH2O,0 − nH2O ∗ X(t) ∗ MH2O ∗
dT
dt

) + 

cp,Ca(OH)2 ∗ nCaO,0 ∗ X(t) ∗ MCa(OH)2 ∗
dT
dt

 + Qloss
dt
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Heat loss in the Hobart, reactor used for dry slaking. This was determined with figures 
from a simple experiment:  
 

Qloss

dt
= 0,0035 ∗ e0,08 ∗ (T1 − Tsurround) 

     
While wet slaking in the thermos, the dQloss = 0 
 
 
The reaction rate, r, and the conversion, X, can be determined of the temperature data: 
 

r =  
dX
dt
∗ nCaO,0

=

�
cp,CaO ∗ nCaO,0 ∗ �1 − X(t)� ∗ MCaO ∗

dT
dt + cp,H2O ∗ �mH2O,0 − nH2O ∗ X(t) ∗ MH2O ∗

dT
dt� +

cp,Ca(OH)2 ∗ nCaO,0 ∗ X(t) ∗ MCa(OH)2 ∗
dT
dt + Qloss

dt

�

Hr − cp,CaO ∗ T ∗ MCaO − cp,H2𝐶 ∗ T ∗
MH2𝐶
MCaO

− cp,Ca(OH)2 ∗ T ∗
MCa(OH)2

MCaO

 

 
 

 
 
Figure 13a – The reaction rate per hydration time with varying amounts of DEG. 
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only impact of the heating is the exothermic reaction. Interestingly, for the reaction rate 

in the slaking without DEG, the rapid reaction of the first seconds is similar to the 

reactions where DEG is used. After the rapid start the reaction rate while using DEG is 

just a fraction of the reaction rate when only water is used. During the first 1 to 3 

minutes, depending on the amount of DEG, the reaction rate is about 3 to 5 times slower 

than the water slaked lime, allowing the heat to escape the particles. In Figure 13b, the 

conversion of calcium hydroxide is shown. Only a fraction of the reaction occurs before 

the slurry reaches its boiling point. The best SSA results reach also the highest 

conversion before the boiling point. Despite this, the conversion does not alone affect 

SSA result, because the second highest conversion was reached by the test with the 

lowest SSA. 

 

 
 
Figure 13b - The conversion, X, of the calcium oxide calculated before the slurry reaches the boiling 
point. 
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4.5 Varying results using quicklime from different batches 
 
 
In experiments labelled “S1”, the sedimentary quicklime was industrially grinded. 

These experiments gave fairly consistent results. An increasing amount of DEG-coating 

resulted in an increasing specific surface area. Before the slaking, “S2” and “S3” were 

grinded from lump lime with two different settings for the median particle size. “S2” 

was set for a particle size of 100µm and “S3” for 800µm. These two qualities were 

tested in the same conditions, but did not show any significant difference in SSA. The 

effect of heat trapped in the particles increases when the diameter is larger. It seems that 

the use of DEG coating reduces the impact of the particle size, thus it prevents the 

overheating in the particles. 

 

Figure 14 – SSA results from wet slaking with quicklime from different batches and varying amout 
of  DEG per quicklime.   

 

Interestingly with “S2” the test with different amounts from 3% to 8% DEG coating per 

mass quicklime gave inconsistent values of specific surface area. Practically, the results 

were disappointing; the SSA is within 20 to 35 m2/g. Considering that the ”S1” gave 

results from 34 to 56 m2/g, the test with the newer batches can be considered a failure. 
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According to Nordkalk Oy Ab the quality of the lime and quicklime are very stable. 

Test data of the limestone and the quicklime used showed few differences, and e.g. the 

BET-analysis of the quicklime gave the same result within 3 significant figures.  

 

As mentioned in 2.5 “drying of Ca(OH)2”, the drying of the slaked lime before BET 

analysis may have an impact on the specific surface. This was tested with different 

lengths of drying time, and reviewed in chapter [5.1] to explain these inconsistent 

results.  
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5 Second set of experiments 
 

5.1 The impact of drying on the slaked lime 
 
 
A series of unsatisfactory and illogical results was obtained, while trying to reproduce 

the good results using wet slaking and DEG-coating. According to Rodriquez-Navarro 

et al. the end of the drying process is the most critical, caused by agglomeration while 

the product is becoming completely dry. [17] In all our experiments the product of the 

reaction was dried in a 110 ºC oven, with normal air. After that the remaining moisture 

is dried out with nitrogen gas at 250 ºC in the BET-analyser. An experimental series 

was done to investigate how much the time of drying and the completeness of drying 

affect the BET-result. After the shorter drying sessions in the oven, it was noticeable 

during the nitrogen gas drying, that there was more remaining moisture compared to the 

samples with longer drying time.  

 

The drying time durations tested varied from a few hours to three days. In Figure 15, the 

results are displayed. It is clear that the drying time in an air-filled oven has a significant 

impact on the specific surface area. The results after 2-4 hours are ideal for a high 

specific surface, while already a day of drying will considerably lower the SSA. The 

decrease is much higher on the S4 sample compared to the metamorphic quicklime. 

This is possibly an explanation why the variation of the sedimentary slaked lime had 

such varying results. The decrease of SSA with the sedimentary quicklime used is very 

fast. Between 2 and 4 hours of drying the SSA decreases from 46.9 m2/g to 41.3 m2/g.  

After a day of drying the SSA is 28.6 m2/g, which is also easy to obtain in normal 

slaking without DEG. This fast decrease of SSA can be problematic in industrial 

processes, and sets requirements on a later granulation process. The use of the product 

in a flue gas dry scrubber may also be problematic due to the high temperature. If the 

products SSA decreases this fast, the adsorption for sulphur dioxide can possibly 

decrease after a few hours. The decrease of SSA of the slaked lime with the 

metamorphic quicklime used is much more favourable. The SSA change between 2 

hours and 4 hours was only from 45.1 m2/g to 43.2 m2/g, and the SSA after 24h drying 

was still 39.5 m2/g.  
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Figure 15 – The SSA with different drying time. 

 

5.1.1 Storing  
 
Storing the product of the reaction, dried or undried, did not affect the SSA. Samples 

dried for just a few hours with moisture up to 5% of the product did not decrease during 

one month of storing when sealed. Surprisingly the SSA increased using to different 

samples, but it is possible that the increase was caused by the variation of results in the 

BET-analysis. Also, during storing the product as slurry for a week, no changes did 

occur. The agglomeration mentioned in Chapter 2.1.2 was not noticed, at least not 

affecting the SSA. 

 
 

5.1.2 Drying in nitrogen gas atmosphere 
 

The results shown in Figure 15 clearly indicate that the air-filled oven may not be the 

best option for drying. When several test series were done with a two hour drying time, 

for comparable testing results, a few samples were also dried with nitrogen gas in the 

BET-analyser. As mentioned in chapter 2.2.3, the small amount of CO2in the air (0.04 

vol. %) can re-carbonize the slaked lime. A drying atmosphere without the CO2 gave 1-
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3 m2/g  better results. Using 7% mass DEG per sedimentary quicklime and dried it in 

nitrogen gas, the result was a high 47.6 m2/g.  The rest of the results are shown in 

Figure 16. This type of drying is also used by Moran et al., to maximize the SSA. [1] It 

would also be possible to dry the slaked lime with CO2-reduced air, to avoid the re-

carbonization and the costs of using pure nitrogen gas. In that case, the drying 

temperature would be limited. Considering that DEG has a flashpoint of 138 ºC at 

atmospheric pressure, presence of oxygen could lead to a fire hazard with higher drying 

temperatures. [15] This would lead to a similar problem with investment costs as with 

ethanol as additive. If the product is not required to be completely dry, the drying 

problem would not be an issue for dry slaked lime. The drying time of the slurry 

product from the wet slaked lime is not long if complete dryness is not necessary. The 

2h dried wet slaked lime in a 110 ºC oven resulted in a slightly moisture powder. Also, 

a pre-filtration could shorten the drying time. 

 

  

Figure 16 – The results of SSA from slaking with varying DEG amount. Same samples were dried 
for 2h in an oven of air or just dried with nitrogen gas.  Coating time was 10 minutes and the 
slaking was wet. 
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5.2 The impact of DEG with constant drying time 
 

Studying the results from Figure 15 in chapter 5.1, it is preferable to use a constant 

drying time that is as short as possible. With the existing laboratory equipment, the 

drying of the wet slaked lime with just nitrogen gas would take too long. For three 

samples without any drying in the air oven, it took up to 2 days before it was completely 

dry which is a requirement for BET-analysis. This would become a problem with 3-6 

samples slaked per day. That is why the following standard drying time in the air-filled 

oven is 2h, and the drying time with nitrogen is 1 to 2 hours.  

 

In Figure 17, the results of the impact of DEG on the SSA when drying time is recorded 

are shown. The results are poor when 1% or 2% mass DEG per metamorphic quicklime 

is used, but when 1% of DEG per sedimentary quicklime was enough for results over 

40 m2/g. With 3 wt. % DEG added, the SSA reaches a result of 37.24 m2/g.  This 

indicates that the metamorphic quicklime needs more DEG for a sufficient coating to 

result in a high specific surface.  

 

Noticeable is that after an amount of 3% DEG, SSA will not increase when slaking with 

4-8 wt. % amounts of DEG, except for one result with a considerably higher SSA of 

45 m2/g. Better results were also obtained with the experiments of different initial 

temperatures using the metamorphic quicklime. In Figure 21, chapter 5.5.1 the SSA 

varies from 39.9 m2/g to 44.0 m2/g with lower reaction temperatures.  These five 

results between 35 m2/g and 38 m2/g are slaked and dried within two days, it is 

possible that some conditions during those days were not preferable or possibly some 

systematic errors were made. 

 

Using the sedimentary quicklime, the SSA clearly increases when the amount of DEG is 

increased. It is possible that the amount of 1 wt. % DEG per CaO coats a large part of 

the surface of the CaO particles, considering the SSA increase is almost 10 m2/g.  The 

mixing may not distribute the DEG well enough over the CaO. When the amount 

increases the possibility to coat all of the particle surfaces increases, resulting in a 

slightly higher SSA. Also the slower reaction rate when the amount of DEG increases 

indicates that fewer particles remain uncoated. It can also mean that the coating is 
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thicker, which delays the contact between water and CaO, when more there is more 

DEG to mix in. This retards the reaction, benefiting the SSA through less rapid heating 

of the cores of the particles.  

 

 
Figure 17 - The specific surface area versus wt. % DEG per CaO of wet slaking and the coating 
time is 10 minutes 

 

5.2.1 Optimal DEG concentrations 

 

The metamorphic quicklime batch needs three times more DEG than the sedimentary 

quicklime to reach a SSA around 40 m2/g.  Considering that metamorphic quicklime 

has an almost three times higher SSA than the sedimentary quicklime, the larger areas 

may require more DEG to coat the surface efficiently enough. In the calculations below, 

the average thickness of the DEG assuming it would coat the whole surface:  

 

SurfaceCaO = BETCaO ∗ mCaO 
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Average thickness of DEG layer =
mDEG

(ρDEG ∗ SurfaceCaO)
 

 
Table 1 - Displaying the SSA of both quicklime and slaked lime, and amount of DEG and its 
average thickness 

Origin of the 

quicklime 
𝐁𝐁𝐓𝐂𝐂𝐂 (𝐦

𝟐

𝐠
)  Critical wt.% 

DEG 

Av. thickness of 

layer DEG (µm) 
𝐁𝐁𝐓𝐂𝐂(𝐂𝐎)𝟐(𝐦

𝟐

𝐠
) 

Sedimentary 1.02 1% 8,75 40,25 

Sedimentary 1.02 2% 17,5 34,4 

Sedimentary 1.02 5% 43,75 52,2; 47,3 

Metamorphic  2.8 2% 6,47 30,78 

Metamorphic  2.8 3% 9,57 37,24 

Metamorphic  2.8 4% 12,93 38,07 

 

Comparing the average thickness of the DEG coating and the SSA, it appears that a 

thickness of around 10 µm is required. The critical amounts of DEG on the quicklime of 

both origins result in almost similar values, being 8.75 µm with 1% on sedimentary and 

9.57µm with 3% on the metamorphic quicklime. With 5% DEG and sedimentary 

quicklime the average thickness of DEG is 43.75µm. The longer duration of the lower 

reaction rate is caused by the thicker layer which has to mix in the water before the 

reaction rate increases rapidly. The thicker layer results in a SSA of around 50  m2/g. 

As mentioned in Chapter (4.2.1) a slower reaction does not automatically result in an 

increase of the SSA. 
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5.3 The effect of slaking water ratio on the specific surface area 
 

The amount of water in dry slaking can be critical; it is possible that the water runs out 

in some spots of the reaction at the end of the reaction. As mentioned, water is both 

reacting with the lime and absorbing the energy released by the reaction. A lack of 

water can locally result in high temperatures because the lack of water to vaporize. With 

too small amounts of slaking water, the SSA results were found to be around 20 m2/g. 

The content of moisture in the product was about 2-5%. When the water to active 

calcium oxide ratio reached 2.7, the excess water appeared to be enough, given that the 

SSA exceeded 40 m2/g.  In this case the product moisture content was 12%, allowing 

the excess water amount to be enough. Additional excess water does hardly affect the 

SSA, but a trend of lower SSA for water to quicklime molar ratios between 2.9 and 3.4 

can be seen.  

When the ratio is about 4, the SSA increases to 44 m2/g. With such a high active CaO 

to water ratio for dry slaking, the moisture content in the product is about 40-50%. 

Considering that the SSA is almost as high as wet slaking, this is a very good result 

using relatively small amounts of slaking water. The lower contents of water that have 

to be dried from the product can possibly compensate for the slightly lower SSA, if the 

drying is considered complicating or expensive. 
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Figure 20a - Specific surface area against the water to quicklime molar ratio with dry and semi-dry 
slaking. 5% DEG used and metamorphic quicklime. 

     

In drier slaking, with water to quicklime molar ratio up to about 2.7, the product is 

powder-like after most of the water is vaporized due to the heat from the exothermic 

reaction. When the same ratio is more than about 3 the product is more lumpy and needs 

more powerful stirring than usual. The mixing effect of the reactants is reduced, because 

the inside of the lumps are isolated until they are as mashed. The powder-like material 

is mixed more efficiently than the lumpy product with a simple stirrer used in the 

Hobart. It is possible that the isolated areas experience a lack of contact with water and 

therefore heat up to much because of the lack of stirring effect. Similarly as the too dry 

slaking this will negatively affect the SSA, caused by too high temperature. The SSA 

still increases when the water to quicklime ratio increases further. The more moisturized 

the lumps become, the greater the amount of water is left in the cores. This reduces the 

possibility of the isolated areas to dry out and overheat, when there is an average 

content of moisture in the successful results is 40 %.  

 

The starting temperature affects these ratios, considering a lower starting temperature 

will absorb more heat from the reaction before vaporizing. In this case the starting 
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temperature of the slaking water was 60 ºC. A lower starting temperature for the slaking 

water will leave slightly more moisture in the product, or a lower water to quicklime 

ratio is needed.  

 

 
Figure 20b - The content of moisture in the product of the reaction compared to the amout of water 
used in the reaction. 

 

It is critical to have sufficient stirring and water amount allowing the reactants to react 

and still have enough liquid water to vaporize. This will prevent the heat evolution, 

resulting in decreasing the SSA. The problem caused by the lumps in the slaking could 

possibly be resolved with a high shear mixer. 
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5.4 Other parameters 
 

5.4.1 Initial temperatures 
 
As mentioned in chapter (2.4.4), the initial temperature has a considerable impact on 

BET when slaking lime without additives. [8] The effect of the initial temperature on 

the DEG-coated lime slaking was tested to confirm the theory using additives. The 

temperatures tested were from room temperature, 20 ºC to 50 ºC, which was used 

mainly in the earlier wet slaked experiments. The 20 ºC initial temperature is used in 

standard slaking, for identifying the reactiveness of a batch of quicklime. It is also 

widely used in the industry, where the water just has the same temperature as the inner 

air in the building. The results are shown in Figure 21.   

 

 
Figure 21 – Wet slaking with different initial slaking temperatures, with  
metamorphic quicklime and 5% of DEG per CaO. 

 

The results show that the SSA increases with 5 m2/g if temperature increases from 20 

ºC to 50 ºC and preheating to 40 ºC increases the SSA 4 m2/g. Wangs experiments 

showed that the SSA increases rapidly until 50 ºC, in that work the considerable 

increase of SSA seems to end at 40 ºC. [8]   
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   This improvement can be achieved with relatively small measures. As mentioned, the 

chemical reaction is exothermic, which means there is an overflow of energy. This can 

be used for warming up the slaking water. Pre-heating would not be expensive 

considering that the energy can be captured. Only the investments of heat recovering 

applications would be needed and the power to drive recovering water pumps. The 

energy needed for the pre-heating of the slaking water is just a fraction of the energy 

released of the reaction. This means the heat recovery applications does not have to be 

efficient either, assuming that the reaction heat is not used to other sources.  

 

Another problem that occurs without pre-heating the slaking water is that the delay of 

the reaction rate using DEG coating was considerably longer. It took about 15 minutes 

before the reaction took off rapidly when the initial temperature was 20 ºC. With a 

continuous process, the more time the material is in the reactor, the bigger the reactor 

has to be. With 15 minutes instead of 2 minutes delay before the rapid end of the 

reaction, the reactor should be 4-6 times bigger to obtain the same production rate. 

Therefore, the pre-heated slaking water would result in a more efficient use of the 

production unit when the DEG-coating is used, considering that the energy used also 

could be recovered from the process.   

 

5.4.2 Coating time of quicklime with DEG 
 

Varying coating times were also tested, to determine its effect on SSA, morphology and 

reactivity. The reactivity is measured by heat evolution, as earlier. In the first round of 

results, without documenting the drying time, the SSA did not differ between 5 and 60 

minutes coating times.  

 

However the varying coating time had a strong impact on the reaction kinetics. The 

delay caused by the DEG blocking the water and calcium oxide increased with longer 

coating times. With a coating time of 60 minutes the delay was about 120 seconds, 

which is considerably longer than the 70 seconds delay with a 5 minute mixing time. 

While mixing 20 and 40 minutes, the delay was about 85-90 seconds. This difference is 

very significant considering the amounts of substances are exactly the same in the entire 

test series. 
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Therefore, the length of the delay is not only caused by varying amounts of DEG used 

as coating. Knowing both the amount of DEG and the time of mixing DEG with the 

quicklime, means that a more even distributed DEG on the quicklime results in a longer 

delay of the reaction. These variations of the time duration before the more rapid part of 

the reaction start can be problematic in a continues process, if the rapid reaction starts at 

the wrong moment. The expansion of the lime or the rapid steam generation during the 

rapid reaction is problematic in a transport screw or an isolated application.  This 

information can also be helpful when trying optimize the reaction rate to get the in the 

rapid reaction in the right section of the process systems. 

 

 
 
Figure 8 – The heat evolution against hydration time, with 3wt. % DEG and varying coating time. 

 
Due to the lack of information of the drying time in the first round of experiments a new 

test series concerning the coating times impact on SSA was done. The results are shown 

in Table 2. A short coating time as 2 minutes gave the best results of 42.3 m2/g.  When 

the coating time was doubled, a SSA of 41.8 m2/g was almost the same. With a coating 

time 7 minutes, the SSA dropped to 39.0 m2/g.  The difference of SSA between the 

coating times are small, and can possibly be a normal variation between the results. 

Nonetheless this indicates that a high SSA is possible to obtain with shorter coating 
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times, if not a higher SSA. This avoids the problem of long coating times, which would 

require massive silos or mixing vessels in continues processes with high capacities.  

 
 
Table 2 – The impact of the coating time of DEG on the  
specific surface area. 

Wet slaking: Varying coating time, 5% DEG, 
metamorphic quicklime, 2h drying time  
Time (minutes) Specific Surface Area (m2 g⁄ ) 

2 42.3 
4 41.8 
7 39.0 

 

5.4.3 Coating temperatures 
 

When DEG is heated up from 25 ºC to 60 ºC its viscosity decreases from 35.7 mPa∙s to 

7.3 mPa∙s. [22] This enhances the mixing of DEG with the quicklime, and results in a 

more even distribution of the DEG on the quicklime. An experiment series was done for 

testing whether the better mixing would affect the SSA. Wet slaking type was used and 

with 5 wt. % DEG coated on metamorphic quicklime. The tests did not show any 

significant changes in the SSA. The lower viscosity of the DEG may however shorten 

the need of coating time. This would be beneficial if the DEG is injected in a transport 

screw close to the slaking.  

 

More testing could be done if the higher mixing temperature would increase the SSA 

when lower DEG amounts are used. The better mixing resulting in a coating on 

otherwise uncoated spots could affect the SSA. 
 

Table 3 – The impact of the coating temperature on the  
specific surface area. 

Wet slaking: Varying coating temperature, 5% 
DEG, metamorphic quicklime, 2h drying time  
Coating temperature 
(ºC)  

Specific Surface Area 
(m2 g⁄ ) 

20 
40 

ø 41.4 
41.0 

50 42.0 
60 40.8 
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5.4.4 The impact of particle size using DEG-coating 
 
According to Li et al. a smaller particle size results in higher SSA [9] The effect of 

overheating in the particles, mentioned in chapter 2.6.2, is probably less problematic. 

When the particles are smaller the distance from where the heat is generated to where 

the heat can be absorbed by a liquid or by vaporisation less sintering and crystallization 

will occur. This will increase the SSA. 

 

Experiments were done to test the impact of particle size when DEG-coating is used. 

The same lump lime was grinded into two different particle sizes with the median of 

100µm and 800 µm. Slaking were done in the same conditions and no significant effect 

on the SSA occurred, despite the 8 times larger particles in “S3”. This means that 

inhibiting of the effect of overheating with DEG, also inhibits the effect of varying 

particle size while using grinded quicklime.   

 

5.5 Amount of DEG in the product 
 
 
Considering the high boiling point of DEG at 244 ºC it is possible that the DEG remains 

in the product after slaking and drying. Two samples of dried slaked lime were tested in 

a thermo gravimetric analysis (TGA) to test in which temperatures the water and the 

DEG is vaporized. The temperature was at first increased to 110 ºC to vaporize the 

water, and then to 260 ºC to vaporize any remaining DEG. The first sample contained 

about 20 % of moisture and 7 wt. % DEG per quicklime was used before the analysis. 

The second sample contained about 50% of moisture and 5 wt. % DEG was used. The 

results in a thermo gravimetric analysis showed that only 0.15-0.31% of the weight was 

lost when raising the temperature from 110 ºC to 260 ºC. This means that very small 

amounts of substance were vaporized in the higher temperature. After normal drying 

and slaking, a very small amount of DEG remains in the product according to this test.  

 

According to the phase diagram in Figure 23, in a DEG-water solution only water 

vaporizes until the temperature of 130 ºC. For the boiling point of the solution to be 130 

ºC, 88 wt. % of the solution has to be DEG. This means only water vapour is produced 
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from the solution until the DEG wt. % exceeds 88. In the tests with the TGA, the visible 

and significant vaporisation occurs between 190 ºC and 230 ºC. When the boiling point 

is over 190 ºC at least 98% of the solution contains DEG. Still, at 190 º C only 40% of 

the vapour is DEG. This rapidly decreases the water amount in the solution and when 

the most of the DEG is vaporized, almost all water has already vaporized. When the 

vaporisation ends at 110 ºC in the TGA test, the remaining solution contains about 65% 

DEG. 

  

 
Figure 23 - Boiling point and Condensation Temperatures vs. Composition of Water - DEG 
Solutions, modified after (atmospheric conditions = 760 mmHg) [15] 

 
 
Calculating the remaining mass of DEG. xremain is the mass vaporized between 110 and 
260 ºC: 
 
 

mDEG =  
0.65 ∗ xremain ∗ mCa(OH)2

MCa(OH)2
MCaO

∗ �mCa(OH)2 −
xH2O

mCa(OH)2
�
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Table 4 – The figures used for calculating the mass of remaining DEG. The remaining DEG is 
presented in % per quicklime and % of DEG left. 

Sample Mass of 
DEG 
coated 
(%) 

Initial 
weight, 
mCa(OH)2 
(g) 

Moisture 
(%) 
𝑥𝐻2𝐶 

Mass 
vaporized 
at 110 – 
260 ºC (%) 

Mass of 
remaining 
DEG/CaO 
(%) 

Percentage 
of inserted 
DEG left 
(%) 

126a 7 0.62 21.06 0.309 0.34 4.9 
126b 7 0.38 18.99 0.162 0.25 3.6 
136a 5 1.155 49.74 0.207 0.16 3.2 
136b 5 0.7997 48.66 0.146 0.33 6.6 

 
 

The results of the tests in the TGA indicate that an average of only 4.6% ± 1.3% is left 

of the DEG used to coat the quicklime, after slaking and drying. It is possible that a part 

the DEG is trapped in the product, when the substance is expanding during the 

hydration. However a DEG mass of over 6 wt. % of the quicklime is unlikely to be 

trapped. 

 

 

5.6 Upscaling 
 

A series of experiments were done to test the impact of scaling up the already tested 

reactions. In most of the previous experiments, 300 g quicklime was used. The reactor 

chosen for these experiments was a concrete mixer, due to the need of efficient stirring 

for dry and semi-dry slaking. Sedimentary quicklime was used, and it had a particle size 

between 0 and 90µm with 88% of active calcium oxide, similar to the “S4” sample used 

in the second round of tests. In the first test with a stoichiometric water to quicklime 

ratio of 3.8:1 was used based on the results in chapter 5.4, which was the optimal molar 

ratio for semi-dry slaking. The stirring jammed when the water evaporated and the 

product became the same type of lumpy moisturized consistence as in the laboratory 

scale with 300g quicklime. The product was dried only half an hour for obtaining the 

best possible SSA. Despite the jamming the result was a high SSA of 44 m2/g. The 

result was similar to the SSA produced in small scale with the Hobart as reactor. The 

shorter drying time that improves the SSA 1-2 m2/g in the upscaling test. Considering 

the quite similar results, the first upscaling test was a success.  
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A second test was done with just 10kg quicklime and the water to quicklime ratio of 

1:2.5, the optimal molar ratio for dry slaking. The aim was to get a more powder like 

product, which would not jam the mixer. Also, the smaller amount of quicklime would 

decrease the stress on the mixer. In this test the mixer jammed when the reaction 

practically was over. This gave a result of 41.5 m2/g, which was almost identical to the 

results of 41.4 m2/g when the slaking was done in the Hobart. Also in this test the 

drying time is just half an hour on the up scaled test, still, the results are very similar. 

The more powder like product is also very easy to process and transport. These 

parameters can be used in a conventional dry slaker, because the systems will not jam 

up as they would with the lumpy semi-dry product.  

 
Table 5 - Results and parameters from the scaled up slakings. 

Slaking type Stoichiometric 
ratio water to 
quicklime 

Mass of 
quicklime 
(kg) 

Specific 
Surface 
Area �m

2

g
� 

DEG + 
quicklime 
coating 
temperature (ºC) 

Drying 
time in 
air-oven 
(h) 

Semi-dry 3.8 30 44.0 33 0,5h 
Dry 2.5 10 41.5 32 0,5h 
Wet 12.5 8.8 41.2 33 2h 
 
 

A scaled-up test with wet slaking was also done considering the wet slaking in 

laboratory scale gave the best results up to 52.2 m2/g. The water to quicklime ratio was 

13:1, and due to the concrete mixers maximum capacity of 50 litres, only 9.5 kg 

quicklime was used considering its water needs to be about 36 litres. No problems 

occurred during this test. Disappointingly, the SSA of this test was only 41.2 m2/g. 

This result was poor compared to the results with similar parameters giving 52.2 m2/g 

and 42.0 m2/g when the slaking was done in the thermos in laboratory scale. 
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5.7 Benefits using DEG 
 

A common additive to use increase the SSA is ethanol. Using dry slaking this gave 

some adequate results with SSA up to about 33.3 m2/g. According to Schwarzkopf in 

the Wuelfrasorp® process 40 m2/g is achievable. [4] Ethanol slaking is still difficult to 

implement without changes to a conventional slaking process, where quicklime is 

slaked only with water. Due to the large amount of energy released from the process, 

the vaporisation of ethanol is abundant. [1] The system has to be completely closed and 

operate under reduced pressure, because of the explosion hazard if air contains > 3.5%-

vol. ethanol. [27] To avoid emitting most of the ethanol via the chimney, the ethanol is 

recycled in the Wuelfrasorp® process. The vaporized water and ethanol is collected and 

the ethanol is distilled and used again. [4] Using ethanol means higher cost either way, 

due to large amounts of ethanol or invest in ethanol recycling. As mentioned in chapter 

(2.6.4), slaking with ethanol or methanol has been tested earlier at Nordkalk Oy Ab 

resulting in a considerable increase of the SSA. [20]  

 

Methanol was excluded because it is highly toxic and since other additives are capable 

of increasing the SSA similarly. According to Walker et al. both di-ethylene glycol and 

triethanolamine increase the SSA. [3] Compared to ethanol, just a few percent of 

additive is needed. The smaller amount of additive is an advantage as long as the high 

amounts of additives is a hazard or expensive. Also, an implementation of DEG or TEA 

in the process would probably be less costly. The viscosity of DEG is 35.7 mPa•s which 

is significantly lower than the viscosity of TEA at 590 mPa•s. [25, 26] Tests on small 

mammals shows that the LD50 of DEG is between 11.9 and 12.6 g/kg, which is 

comparable to ethanol, LD50 of 10.6 g/kg which is already used in lime slaking.  [23] 

The LD50 of TEA is 2.2 – 5.8 g/kg. DEG was chosen instead of TEA considering the 

much lower viscosity allowing it to mix easier and faster with the quicklime.  
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5.7.1 Comparing DEG results with earlier triethanolamine results 
 
Experiments have been done using TEA as coating on the quicklime by Nordkalk in 

2004. The results of the slakings are shown in Figure 24 below together with the earlier 

showed results from the slaking with DEG. The SSA increases about 20  m2/g when 2 

wt. % of TEA is used. An already small amount of about 0.5 wt. % TEA strongly 

increases the SSA, but the critical amount is 1.5% of TEA. This is the point where the 

steep increase of SSA ends. According to the results, adding even more TEA does not 

increase the SSA. Using DEG, the SSA still increases after reaching the critical point 

when multiple times the additive are added. Already doubling the amount of TEA 

compared to the critical amount lowers the SSA. The SSA using small amounts of both 

additives around 2 wt. % are around 35-40 m2/g, if some bad outcomes are neglected. 

DEG has an advantage when higher amounts is used, the SSA still increases about 10  

m2/g, resulting in a favorable hydrate product of high specific surface. 

 

 
 
Figure 24 - The results from using DEG- and TEA-coating on the quicklime while slaking. 
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5.8 Reproducibility with the optimal parameters 
 
Additional testing was made with the optimal parameters for maximal SSA. A starting 

temperature of 50 ºC was used, and both 5 wt. % and 7 wt. % of DEG per quicklime 

was added. The drying time was two hours, as the most of the tests in the second set of 

experiments. Due to the practical problem of very long drying time duration in nitrogen 

gas, shorter time in air oven was not possible. These results will also confirm the SSA 

that is possible to achieve.  

 

With both quicklime types, the higher amount of DEG had a lower SSA, which shows 

that 5% of DEG is the more optimal amount. It can now be determined that also by 

using the metamorphic quicklime; a SSA over 40 m2/g is achievable. The standard 

derivations differ from 1.3 m2/g to 4.2 m2/g, which is 3-10% compared to the average. 

It shows that the high SSA with these parameters is possible to reproduce.  Using 5 

wt. % of DEG per sedimentary quicklime, the average SSA reaches 47.3 m2/g. The 

sedimentary quicklime and parameters used are the most optimal for making high 

specific surface slaked lime.  Using nitrogen gas for drying, an average of almost 

50 m2/g would be possible.  With the standard derivation of 3.3 m2/g, most likely, 

SSA over 45 m2/g can be produced with these parameters without drying in air.  

 
Table 6 – The results in SSA of the reproduced slakings with the optimal parameters. 

Dryingtime 2h, wet slaking  Specific Surface Area (m2/g)       
Quicklime wt. % DEG/CaO M1   Duplications (M1) Average St. Dev 
Metamorphic 5 % 37.6 45.1 41.1 44.6 42.12 3.0 
Metamorphic 7 % 35.3   45.2 42.9 41.17 4.2 

         Dryingtime 2h, wet slaking  Specific Surface Area (m2/g)       
Quicklime wt. % DEG/CaO S1 S4 Duplications (S4) Average St. Dev 
Sedimentary 5 % 52.2 43.2 48.3 45.4 47.3 3.3 
Sedimentary 7 %   44.4 46.5 43.3 44.7 1.3 
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6. Regression model 
 
A regression analysis was setup to study the significance of each parameter. The aim 

was to achieve a model expression for prediction of result for other limestones and 

process parameters. The first parameter was established to get the relative impact of the 

quicklime type. The second one is the earlier widely discussed amount of mass DEG per 

quicklime. The third term is the water to quicklime molar ratio, which complexness was 

discussed in chapter 5.4. Drying time discussed in chapter 5.1, is treated in term four, 

which is compared to a 24 hour drying time. The fifth term concerns the initial 

temperature, divided by room temperature 𝑇0. 

 
Linear model: 
 

BETCa(OH)2 = a1 �
1

BETCaO 
� + a2 �

mDEG

mCaO
� + a3 �  

mH2O

mCaO
� +a4 � 

t24
tdrying

�

+ a5 �
Tstart

T0
�  

 
Y = (a1 ∗ X1 + a2 ∗ X2 + a3 ∗ X3 + a4 ∗ X4 + a5 ∗ X5) 
 
 
Y = Xa 
 
a is solved with least sum of  squares: 
 
a = (𝐗T𝐗)−1(𝐗T𝐘) 
 
 

The linear model was not flexible enough to match against the very non-linear results 

from the experiments.  

 

Nonlinear model:  

 

A more non-linear model was tested which improved the R2. In term 3 the natural 

logarithm was added because the logarithmic relation between drying time and SSA 

had been proved earlier. Also the natural logarithm was fitted to the water to 
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quicklime ratio considering its fast increase from 2.2 to 2.7 that is almost level from 

3.7 to 13. 

 

 
BETCa(OH)2 =

(a1 �
1

𝐵𝐵𝑇𝐶𝐶𝐶 + 𝑏1
�
𝑗1

+ a2 �
𝑚𝐷𝐷𝐷

𝑚𝐶𝐶𝐶+ 𝑏2
�
𝑗2

+a3 �  ln (𝑚𝐻2𝐶+ 𝑏3)
𝑚𝐶𝐶𝐶

�
𝑗3

 +a4 � 𝑑24
ln (𝑑𝑑𝑑𝑑𝑑𝑑𝑑+ 𝑏4)

�
𝑗4

+

a5 �
𝑇𝑠𝑠𝐶𝑑𝑠
𝑇0

�
𝑗5

  

 
 
 
A problem was identified when the best R2 values obtained was 0.32, with the second 

model. The several optimizers used had problems maximizing the value for R2. The 

BET analyzer did not provide exact enough results while at the same time the ranges of 

variation of the input parameters was quite small. A test with 3 analysis of the same 

sample showed a standard deviation of 2.87 m2/g. Considering the difference occurred 

by varying parameters is not much higher, it can be difficult to match the results into an 

equation without decreasing the accuracy. Also, the varying water amount using dry and 

semi-dry slaking have results of SSA that is hard to match to an equation, resulting in 

itself decreasing the R2 value. This type of modelling would require a more in-depth 

study, for the data as produced and reported here. Despite the problem to solve each 

terms importance while producing high specific surface, the importance of the each 

term is analysed earlier in the text separately.  
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7. Process proposal 
 
Changes to be made for a conventional dry slaker for producing high specific surface 

slaked lime would simple and only a few changes would have to be made. Mainly, DEG 

has to be coated on the quicklime before slaking. This can be mixed with the quicklime 

during its transportation to the reactor. For example a long transport screw with DEG 

injection would be a simple solution. Alternatively, some kind of mixing vessel can be 

used. A mixing time of two minutes is enough, probably shorter.  

 

As mentioned in chapter 5.5.1, by warming up the initial water from 20 ºC to 50 ºC, the 

SSA increases by about 5 m2/g, making it an important parameter. The energy released 

as steam in the reactor can be used to warm up the slaking water in a heat exchanger. 

Using steam as an energy source makes the heat exchanger more efficient and smaller 

than when using hot water derived from a cooling system elsewhere in the plant.  

 

Any kind of drying or contact with air should be avoided, due to the risk of re-

carbonation. If the more stable metamorphic quicklime is used, a short duration of 

drying can be used. The SSA decreases rapidly if sedimentary quicklime is used. If the 

product has to be completely dry, the drying should be done using nitrogen gas. 
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8. Conclusion 
 
Using diethylene glycol coating (DEG) for producing high specific surface slaked lime 

is cheaper and simpler than using ethanol, and the resulting SSA are even higher 

according to both Shin et al. and the here reported experiments for the two types of 

quicklime. The advantage of DEG-coating is the avoidance of overheating in the 

particles by delaying the rapid phase of the exothermic reaction resulting in higher SSA. 

This also reduces the impact of the particle size on the quicklime, which in conventional 

water slaking strongly increases the SSA when smaller particles are used.  

The SSA is about 13-34 m2/g with conventional slaking methods, without any 

additives. After reaching 40 m2/g, a high specific surface when coating the quicklime 

with the minimum amount of DEG, adding more DEG still results in an increase of the 

SSA from about 40 m2/g to 44-50 m2/g. This increase is not that rapid as when the first 

small amounts are added. The minimum amount of DEG needed for a significant 

increase on the SSA of the slaked lime depends on the type of quicklime. A higher SSA 

on the quicklime requires more DEG to be added to reach the minimum amount of 

DEG. 

The initial temperature of the slaking water has a strong impact of the SSA. Slaking 

with room temperature water the SSA nearly reaches 40 m2/g when 5% wt. of DEG per 

kg quicklime is used. This is a less favourable result considering that the SSA reaches 

45  m2/g when the initial temperature of the slaking water is 50 ºC. 

The product can be very sensitive of drying with air in higher temperature. The SSA of 

the product slaked with sedimentary quicklime did decrease very quickly. Within just a 

few hours it did decrease several square meters per gramme, and a day of drying 

resulted in a decrease more than 15 m2/g. Then again, the metamorphic quicklime was 

more stable. 

Water to quicklime ratio is critical in dry slaking with DEG coating. When there is not 

enough water for absorbing the reaction heat by increasing temperature and vaporize, 

the reaction becomes too hot. This will result in crystallization lowering the SSA and 

the effect of DEG coating is compromised.  Also when slaking with slightly more 

water, a problem may occur if the stirring is not sufficient enough. The product will 
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form lumps in which the water distribution is compromised resulting in a too hot 

reaction. This problem can be avoided by adding even more water, but the problem of 

jamming the stirring with lumps will remain. 

Results have shown that a upscaling of the process 30 or 100 times does not affect the 

SSA with dry slaking. Upscaling the wet slaking 30 times resulted in a slight decrease 

of the SSA, but this is not that exact considering only one test was done.   

Further experiments should be done concerning some problematic aspects. For the 

benefit of using conventional existing industrial dry slakers while adding DEG coating, 

the optimum water to quicklime molar ratio between 2.2 and 2.5 should be used. A dry 

and powder like product which will not clog up the reactors  is a condition for using a 

conventional slaker, as also the SSA being over 40 m2/g. A slightly dryer product with 

higher SSA may be possible to achieve. In laboratory and upscale pilot tests results up 

to 42 m2/g was obationed, indicating that higher SSA may still be possible. Only small 

remains of DEG were found in the product using a thermo gravimetric analysis. More 

testing should be done investigating in what phase of the process and in what form the 

DEG leaves the product. 
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Appendix 1 - Test results and parameters used in the experiments 
 
All the parameters and information of the experiments done are displayed in the table. 
Sample numbers with M(x), are results from Mats Fagerholms slakings experiments. 
 

Sam
ple 
Nr. 

Origin 
of 
CaO Reactor 

Quickl
ime 
(g) 

Water 
(ml) 

Start 
Temp 
(ºC) 

Commen
t Additive 

Coating 
time 
(DEG) 

BET / 
SSA 
�𝑚

2

𝑔
� 

Found in 
chapter: 

M1 S1 termos 300 1200 20       22,8  
M2 S1 termos 300 1200 30          
M3 S1 termos 300 1200 10          
M4 S1 termos 300 1200 50       31,8 4.2.1 
M5 S1 termos 300 1200 0       19,5  
M6 S1 termos 600 1200 20          
M7 S1 termos 400 1200 20          
M8 S1 termos 500 1200 20       26,2  
M9 S1 termos 200 1200 20          
M10 S1 termos 300 1200 20          
M11 S1 termos 300 1200 40          
M12 S1 termos 300 1200 60       32,1  
M13 S1 termos 400 1200 20          
M14 S1 termos 500 1200 20          
M15 S1 termos 600 1200 20          
M16 S1 termos 300 1200 80       32,1  
           
M17 S1 termos 300 1200 90       34,8  
M18 S1 hobart 200 200 20          
M19 S1 hobart 300 300 20          
M20 S1 hobart 400 300 20          
M21 S1 hobart 450 300 20       21,5  
1 S1 hobart 450 150 20   EtOH:   12,4 4.1 
2 S1 hobart 300 192 50  19,3   15,8 4.1 
3 S1 hobart 300 170 50  28,9   17,8  
4 S1 hobart 300 162 50  38,5   17,4  
5 S1                 
6 S1 hobart 300 170 60  60   21,36 4.1 
7 S1 hobart 300 170 50  60   20,97  
8 S1 hobart 300 200 60   DEG 2% 60 30,86 4.2.2 
9 S1 termos 300 1200 50   DEG 2% 60 34,4 4.2.1 
10 S1 termos 300 1200 50   DEG 1% 60 40,25 4.2.1 
11 S1 termos 300 1200 50   DEG 3% 60 43,7 4.2.1 
12 S1 termos 300 1200 50   DEG 4% 60 44,2 4.2.1 
13 S1 hobart 300 200 60   DEG 1% 60 22,4 4.2.2 
14 S1 hobart 300 200 60   DEG 3% 60 22,9 4.2.2 
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15 S1 hobart 300 200 60   DEG 4% 60 23,8 4.2.2 

16 S1 Hobart 300 200 55 
 

100ml 
EtOH    27,6 4.1 

17 S1 Hobart 300 200 55 
 

100ml 
EtOH + 
DEG 3% 
(60min) 60 39,8 4.1 

18 S1 Mortel 300 1200 50   
DEG 3% 
(60min) 60 28,5  

19 S1 Hobart 300 200 55 Type equat   

100ml 
EtOH+D
EG 3% 
(10min) 10 24,2  

20 S1 termos 300 1200 50   
DEG 3% 
(10min) 10 41,0 4.2.2 

21 S1 Hobart 300 600 80 
 

    33,4  

22 S1 Hobart 300 300 60   

DEG 
3%(10mi
n) 10 40,7 4.2.2 

23 S1 termos 300 1200 50   
DEG 5% 
(60min) 60 52,2 4.2.1 

26 S1 termos 300 1200 50   DEG 2% 60 
26,73
18 4.5 

27 S1 Hobart 300 200 60   DEG 1% 10 
19,98
89  

28 S1 Hobart 300 200 60   DEG 2% 10 
20,67
13  

29 S1 Hobart 300 200 60   DEG 3% 10 
19,95
70  

30 S1 Hobart 300 200 60   DEG 4% 10 
22,84
66  

31 S1 Hobart 300 300 60   DEG 3% 5 38,6 5.4.2 

32 S1 Hobart 300 300 60   DEG 3% 20 
24,45
93 5.4.2 

33 S1 Hobart 300 300 60   DEG 3% 40 38,8 5.4.2 
34 S1 Hobart 300 300 60   DEG 3% 60 39,8 5.4.2 
35 S2 Hobart 300 300 60   DEG 3% 10 22,8  
36 S2 Hobart 300 1200 50   DEG 3% 60 27,28 4.5 
37 S2 Hobart 300 1200 50   - - 26,4  

38 S2 Hobart 300 1200 50 
𝑇𝐷𝐵𝐷=  
45C DEG 4% 2 34,32  

39 S2 Hobart 300 300 50 
𝑇𝐷𝐵𝐷=  
45C DEG 4% 10 23,62  

41 S2 Hobart 300 300 60   DEG 1% 10 21,27  
42 S2 Hobart 300 300 60   DEG 2% 10 17,39  
43 S2 Hobart 300 300 60   DEG 4% 10 24,76  
44 S2 Hobart 300 300 60   DEG 5% 10 39,06  
45 S2 Hobart 300 300 60   DEG 6% 10 25,03  
46 S2 termos 300 1200 50   6 % 60 29,08 4.5 
47 S2 termos 300 1200 50   7 % 60 31,46 4.5 
48 S2 termos 300 1200 50   8 % 60 22,61  

50 
S- 
kruka termos 300 1200 50   5 % 60    
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1 

51 

Got-
kruka
1 termos 300 1200 50   3 % 60    

52 M1 Hobart 300 300 50 
Tcoating: 
40C 5 % 10    

53 M1 Hobart 300 300 45 
Tcoating: 
60C 5 % 10    

54 S3 Hobart 300 300 60   DEG 4% 80 31,18 4.5 

55 M1 Verner 500 500 50 
Tcoating: 
45C DEG 5% 2 37,75  

56 S4 termos 300 1200 50   DEG 5% 60 33  

57 M1 hobart 300 300 50 
Tcoating: 
60C DEG 5% 2 38,31  

58 M1 hobart 300 300 50 
Tcoating: 
40C DEG 5% 2 39,06  

59 M1 hobart 300 300 50 
Tcoating: 
23C DEG 5% 2 36,80  

60 M1 hobart 300 300 50 
Tcoating: 
50C DEG 5% 2 39,14  

61 M1 hobart 300 300 50 
TTcoating: 
23C DEG 5% 10 40,84  

64 M1 termos 300 1200 50   1 % 60 27,70 4.5 
65 M1 termos 300 1200 50   2 % 60 32,68 4.5 
66 M1 termos 300 1200 50   3 % 60 34,61 4.5 
67 M1 termos 300 1200 50   4 % 60 33,33 4.5 
73 M1 termos 300 1200 50   5 % 60 36,55 4.5 

74 M1 termos 300 1200 50 
Drying 
time (h): 6 % 60 40,17 4.5 

78 M1 hobart 300 240 60 ca 2h 5 % 10 41,37 5.3 
79 M1 hobart 300 260 60 ca 2h 5 % 10 38,92 5.3 
80 M1 hobart 300 280 60 ca 2h 5 % 10 34,99 5.3 
81 M1 hobart 300 300 60 ca 2h 5 % 10 39,51 5.3 
82 M1 hobart 300 320 60 ca 2h 5 % 10 41,71 5.3 
83 M1 hobart 300 340 60 ca 2h 5 % 10 44,12 5.3 
84 M1 hobart 300 360 60 ca 2h 5 % 10 44,13 5.3 
85                    
86 M1 termos 300 1200 50 2 5 % 60 45,11  
87 M1 termos 300 1200 50 3 5 % 60 43,85  
88 M1 termos 300 1200 50 4 5 % 60 43,18  
89 M1 termos 300 1200 50 22 5 % 60 39,46  
90 M1 termos 300 1200 50 46 5 % 60 36,00  
91 M1 termos 300 1200 50 70 5 % 60 37,74  
92 S4 termos 300 1200 50 2 5 % 60 46,87  
93 S4 termos 300 1200 50 3 5 % 60 44,55  
94 S4 termos 300 1200 50 4 5 % 60 41,27  
95 S4 termos 300 1200 50 22 5 % 60 28,58  
96 S4 termos 300 1200 50 46 5 % 60 23,07  
97 S4 termos 300 1200 50 70 5 % 60 26,63  
98 M1 termos 300 1200 50 2 0 % 60 13,33  
103 M1  termos 300 1200 50   - - 13,33  
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104 M1 termos 300 1200 50   

5% DEG 
+ 0,5% 
NCT 10 35,40  

105 M1 Mantle 150 2000 50 Glenium:     
13,87
54  

106 M1 Mantle 150 2000 50 2g     16,05  
107 M1 Mantle 150 2000 50   5 % 10 32,94  
108 M1 Mantle 150 2000 50 2g 5 % 10 32,33  
109 M1 Mantle 150 2000 50       31,23  
110 M1 Mantle 150 2000 50 2g 

 
  18,72  

111 M1 Mantle 150 2000 50 2g 5%   33,26  
112 M1 Blender 150 1600 50       13,63  

113 S1 Blender 150 1600 50 
Drying 
time: 

With 
ethanol   33,33  

114 M1 termos 300 1200 50 2 1 % 10 23,52 5.2 
115 M1 termos 300 1200 50 2 2 % 10 30,78 5.2 
116 M1 termos 300 1200 50 2 3 % 10 37,24 5.2 
117 M1 termos 300 1200 50 2 4 % 10 38,07 5.2 
118 M1 termos 300 1200 50 2 5 % 10 37,6 5.2 
119 M1 termos 300 1200 50 2 6 % 10   5.2 
120 M1 termos 300 1200 50 2 7 % 10 35,38 5.2 
121 M1 termos 300 1200 50 2 8 % 10 36,08 5.2 
122 S4 termos 300 1200 50 2 3 % 10 38,96 5.1.2 
123 S4 termos 300 1200 50 2 5 % 10 42,01 5.1.2 
124 S4 termos 300 1200 50 2 7 % 10 44,48 5.1.2 
125 S4 termos 300 1200 50 0 3 % 10 41,3 5.1.2 
126 S4 termos 300 1200 50 0 5 % 10 43,28 5.1.2 
127 S4 termos 300 1200 50 0 7 % 10 47,6 5.1.2 
131 M1 termos 300 1200  20  2  5 % 10  39,98 5.4.1 
132 M1 termos 300 1200  30  2  5 % 10  41,19 5.4.1 
133 M1 termos 300 1200  40 2  5 % 10  44,00 5.4.1 
137   termos 300 1200    2  5 %  2  42,3 5.4.2 
138  termos 300 1200  2  5 % 4 41,8 5.4.2 

139  termos 300 1200  

Mix 
temp: 
Cao+ 
DEG  5 % 7 39,0 5.4.2 

140 M1 termos 300 1200 50 40 5 % 10 41,03 5.4.3 
141 M1 termos 300 1200 50 50 5 % 10 41,95 5.4.3 
142 M1 termos 300 1200 50 60 5 % 10 40,82 5.4.3 
143           
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Material Safety Data Sheet
Diethylene glycol MSDS

Section 1: Chemical Product and Company Identification

Product Name: Diethylene glycol

Catalog Codes: SLD3151

CAS#: 111-46-6

RTECS: ID5950000

TSCA: TSCA 8(b) inventory: Diethylene glycol

CI#: Not applicable.

Synonym:   Carbitol

Chemical Name: 2,2'-Oxydiethanol

Chemical Formula: C4H10O3

Contact Information:

Sciencelab.com, Inc.
14025 Smith Rd.
Houston, Texas 77396

US Sales: 1-800-901-7247
International Sales: 1-281-441-4400

Order Online: ScienceLab.com

CHEMTREC (24HR Emergency Telephone), call:
1-800-424-9300

International CHEMTREC, call: 1-703-527-3887

For non-emergency assistance, call: 1-281-441-4400

Section 2: Composition and Information on Ingredients

Composition:

Name CAS # % by Weight

Diethylene glycol 111-46-6 100

Toxicological Data on Ingredients: Diethylene glycol: ORAL (LD50): Acute: 12565 mg/kg [Hamster.]. DERMAL (LD50):
Acute: 11890 mg/kg [Hamster.].

Section 3: Hazards Identification

Potential Acute Health Effects: Hazardous in case of skin contact (irritant, permeator), of eye contact (irritant), of ingestion,
of inhalation.

Potential Chronic Health Effects:
Hazardous in case of skin contact (irritant, permeator), of ingestion. Slightly hazardous in case of eye contact (irritant).
CARCINOGENIC EFFECTS: Not available. MUTAGENIC EFFECTS: Not available. TERATOGENIC EFFECTS: Not available.
DEVELOPMENTAL TOXICITY: Not available. The substance is toxic to blood, kidneys, the nervous system, liver. Repeated or
prolonged exposure to the substance can produce target organs damage.

Section 4: First Aid Measures

Eye Contact:

http://www.sciencelab.com/
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Check for and remove any contact lenses. Immediately flush eyes with running water for at least 15 minutes, keeping eyelids
open. Cold water may be used. Do not use an eye ointment. Seek medical attention.

Skin Contact:
After contact with skin, wash immediately with plenty of water. Gently and thoroughly wash the contaminated skin with running
water and non-abrasive soap. Be particularly careful to clean folds, crevices, creases and groin. Cold water may be used.
Cover the irritated skin with an emollient. If irritation persists, seek medical attention. Wash contaminated clothing before
reusing.

Serious Skin Contact:
Wash with a disinfectant soap and cover the contaminated skin with an anti-bacterial cream. Seek medical attention.

Inhalation: Allow the victim to rest in a well ventilated area. Seek immediate medical attention.

Serious Inhalation: Not available.

Ingestion:
Do not induce vomiting. Loosen tight clothing such as a collar, tie, belt or waistband. If the victim is not breathing, perform
mouth-to-mouth resuscitation. Seek immediate medical attention.

Serious Ingestion: Not available.

Section 5: Fire and Explosion Data

Flammability of the Product: May be combustible at high temperature.

Auto-Ignition Temperature: 227.78°C (442°F)

Flash Points: CLOSED CUP: 138°C (280.4°F). OPEN CUP: 143°C (289.4°F) (Cleveland).

Flammable Limits: LOWER: 2% UPPER: 12.3%

Products of Combustion: These products are carbon oxides (CO, CO2).

Fire Hazards in Presence of Various Substances: Slightly flammable to flammable in presence of open flames and sparks,
of heat.

Explosion Hazards in Presence of Various Substances:
Risks of explosion of the product in presence of mechanical impact: Not available. Risks of explosion of the product in
presence of static discharge: Not available.

Fire Fighting Media and Instructions:
SMALL FIRE: Use DRY chemical powder. LARGE FIRE: Use water spray, fog or foam. Do not use water jet.

Special Remarks on Fire Hazards: When heated to decomposition, it emits acrid smoke and irritating fumes.

Special Remarks on Explosion Hazards: Not available.

Section 6: Accidental Release Measures

Small Spill:
Dilute with water and mop up, or absorb with an inert dry material and place in an appropriate waste disposal container.
Finish cleaning by spreading water on the contaminated surface and dispose of according to local and regional authority
requirements.

Large Spill:
Absorb with an inert material and put the spilled material in an appropriate waste disposal. Finish cleaning by spreading water
on the contaminated surface and allow to evacuate through the sanitary system.

Section 7: Handling and Storage

Precautions:
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Keep away from heat. Keep away from sources of ignition. Empty containers pose a fire risk, evaporate the residue under a
fume hood. Ground all equipment containing material. Do not ingest. Do not breathe gas/fumes/ vapour/spray. Wear suitable
protective clothing In case of insufficient ventilation, wear suitable respiratory equipment If ingested, seek medical advice
immediately and show the container or the label. Avoid contact with skin and eyes

Storage:
Keep container dry. Keep in a cool place. Ground all equipment containing material. Keep container tightly closed. Keep in a
cool, well-ventilated place. Combustible materials should be stored away from extreme heat and away from strong oxidizing
agents.

Section 8: Exposure Controls/Personal Protection

Engineering Controls:
Provide exhaust ventilation or other engineering controls to keep the airborne concentrations of vapors below their respective
threshold limit value. Ensure that eyewash stations and safety showers are proximal to the work-station location.

Personal Protection:
Splash goggles. Lab coat. Vapor respirator. Be sure to use an approved/certified respirator or equivalent. Gloves.

Personal Protection in Case of a Large Spill:
Splash goggles. Full suit. Vapor respirator. Boots. Gloves. A self contained breathing apparatus should be used to avoid
inhalation of the product. Suggested protective clothing might not be sufficient; consult a specialist BEFORE handling this
product.

Exposure Limits: Not available.

Section 9: Physical and Chemical Properties

Physical state and appearance: Liquid. (Clear viscous liquid.)

Odor: Odorless.

Taste: Sweet.

Molecular Weight: 106.12 g/mole

Color: Colorless.

pH (1% soln/water): 7 [Neutral.]

Boiling Point: 245.8°C (474.4°F)

Melting Point: -8°C (17.6°F)

Critical Temperature: Not available.

Specific Gravity: 1.12 (Water = 1)

Vapor Pressure: 0.01 mm of Hg (@ 20°C)

Vapor Density: 3.66 (Air = 1)

Volatility: Not available.

Odor Threshold: Not available.

Water/Oil Dist. Coeff.: Not available.

Ionicity (in Water): Not available.

Dispersion Properties: See solubility in water, methanol, diethyl ether.

Solubility: Easily soluble in cold water, hot water, methanol, diethyl ether.

Section 10: Stability and Reactivity Data
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Stability: The product is stable.

Instability Temperature: Not available.

Conditions of Instability: Not available.

Incompatibility with various substances: Slightly reactive to reactive with oxidizing agents.

Corrosivity: Not considered to be corrosive for metals and glass.

Special Remarks on Reactivity: Hygroscopic; keep container tightly closed.

Special Remarks on Corrosivity: Not available.

Polymerization: No.

Section 11: Toxicological Information

Routes of Entry: Dermal contact. Eye contact. Inhalation. Ingestion.

Toxicity to Animals:
Acute oral toxicity (LD50): 12565 mg/kg [Hamster.]. Acute dermal toxicity (LD50): 11890 mg/kg [Hamster.].

Chronic Effects on Humans: The substance is toxic to blood, kidneys, the nervous system, liver.

Other Toxic Effects on Humans: Hazardous in case of skin contact (irritant, permeator), of ingestion, of inhalation.

Special Remarks on Toxicity to Animals: Not available.

Special Remarks on Chronic Effects on Humans: Not available.

Special Remarks on other Toxic Effects on Humans: Experimentally tumorigen by inhalation. Exposure can cause nausea,
headache and vomiting.

Section 12: Ecological Information

Ecotoxicity: Not available.

BOD5 and COD: Not available.

Products of Biodegradation:
Possibly hazardous short term degradation products are not likely. However, long term degradation products may arise.

Toxicity of the Products of Biodegradation: The products of degradation are more toxic.

Special Remarks on the Products of Biodegradation: Not available.

Section 13: Disposal Considerations

Waste Disposal:

Section 14: Transport Information

DOT Classification: Not a DOT controlled material (United States).

Identification: Not applicable.

Special Provisions for Transport: Not applicable.

Section 15: Other Regulatory Information
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Federal and State Regulations:
Pennsylvania RTK: Diethylene glycol TSCA 8(b) inventory: Diethylene glycol

Other Regulations: OSHA: Hazardous by definition of Hazard Communication Standard (29 CFR 1910.1200).

Other Classifications:

WHMIS (Canada): Not controlled under WHMIS (Canada).

DSCL (EEC): R36/38- Irritating to eyes and skin.

HMIS (U.S.A.):

Health Hazard: 1

Fire Hazard: 1

Reactivity: 0

Personal Protection: h

National Fire Protection Association (U.S.A.):

Health: 1

Flammability: 1

Reactivity: 0

Specific hazard:

Protective Equipment:
Gloves. Lab coat. Vapor respirator. Be sure to use an approved/certified respirator or equivalent. Splash goggles.

Section 16: Other Information

References:
-SAX, N.I. Dangerous Properties of Indutrial Materials. Toronto, Van Nostrand Reinold, 6e ed. 1984. -Hawley, G.G.. The
Condensed Chemical Dictionary, 11e ed., New York N.Y., Van Nostrand Reinold, 1987.

Other Special Considerations: Not available.

Created: 10/11/2005 11:48 AM

Last Updated: 05/21/2013 12:00 PM

The information above is believed to be accurate and represents the best information currently available to us. However, we
make no warranty of merchantability or any other warranty, express or implied, with respect to such information, and we assume
no liability resulting from its use. Users should make their own investigations to determine the suitability of the information for
their particular purposes. In no event shall ScienceLab.com be liable for any claims, losses, or damages of any third party or for
lost profits or any special, indirect, incidental, consequential or exemplary damages, howsoever arising, even if ScienceLab.com
has been advised of the possibility of such damages.


	Binder1
	Diplomarbete, Rickard Erlund, final 31.10.2014
	hssh2
	Preface
	Abstract
	Referat
	Svensk resumé
	Content
	1. Introduction
	2. Theory
	2.1 Lime slaking
	2.1.1 Dry slaking
	2.1.2 Wet slaking

	2.1 Limestone
	2.3 Quicklime
	2.3.1 Effect of calcinations on specific surface area on slaked lime
	2.3.3. Effects of quicklime storing on the slaking process

	2.4 Kinetics
	2.4.1 Temperature affecting kinetics and Arrhenius
	2.4.2 Other substances affecting kinetics

	2.4.4 Slaking temperatures
	2.5 Drying calcium hydroxide
	2.6. Additives increasing the specific surface area
	2.6.1 Ethanol – Water
	2.6.2 Diethylene glycol (DEG) – coating the quicklime
	2.6.3 Methods and results using diethylene glycol
	2.6.4 N-Cetyl-N,N,N-trimethylammonium bromide (NCT)
	2.6.6 Trietanolamine (TEA)


	3 Overview of the experimented work
	3.1 Laboratory equipment
	3.2 Quicklime used

	4 First set of experiments
	4.1 Slaking with ethanol as additive
	4.2 Di-ethylene glycol impact on specific surface area
	4.2.1 Wet slaking
	4.2.2 Dry slaking

	4.3 SEM-pictures
	4.4 Thermodynamics of the reaction
	4.5 Varying results using quicklime from different batches

	5 Second set of experiments
	5.1 The impact of drying on the slaked lime
	5.1.1 Storing
	5.1.2 Drying in nitrogen gas atmosphere

	5.2 The impact of DEG with constant drying time
	5.2.1 Optimal DEG concentrations

	5.3 The effect of slaking water ratio on the specific surface area
	5.4 Other parameters
	5.4.1 Initial temperatures
	5.4.2 Coating time of quicklime with DEG
	5.4.3 Coating temperatures
	5.4.4 The impact of particle size using DEG-coating

	5.5 Amount of DEG in the product
	5.6 Upscaling
	5.7 Benefits using DEG
	5.7.1 Comparing DEG results with earlier triethanolamine results

	5.8 Reproducibility with the optimal parameters

	6. Regression model
	7. Process proposal
	8. Conclusion
	References
	Appendix 1 - Test results and parameters used in the experiments


	msds.php-5

