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Industry is increasingly making an effort to utilize 

by-products in an effective manner. For instance, the 

construction industry currently consumes from five to seven 

million tons of the approximate 50 million tons of fly ash 

produced per year. The primary use is for addition to 

concrete. It has been found that fly ash additions can 

improve concrete performance as well as providing economic 

and environmental advantages; however, its use often 

necessitates a chemical set accelerating admixture. Many 

applications require non-chloride accelerators, of which 

calcium formate and calcium nitrate have been found to be 

two of the most effective. In general, the mechanisms of 

acceleration are not well understood. Interactions between 

these salts and fly ash have not previously been 

investigated. 

This research was designed to investigate the hydration 

reaction of fly ash when exposed to water. The effects that 

calcium nitrate and calcium formate have on the hydration 

reactions were also examined. Hydration kinetics were 

monitored and various analysis methods were used to 



characterize the hydration products and evaluate the effects 

of salt additions. Physical tests were performed to 

determine if salt additions changed performance 

characteristics. An in-situ method was developed to monitor 

anion concentration during hydration. Zeta potential 

analysis was used to provide insight to interactions between 

anions and hydrating particle surfaces. 

Results indicated that calcium nitrate and calcium 

formate accelerated the hydration of Class C fly ash. 

Higher dosages of calcium nitrate increased hydration more 

while higher dosages of formate had little effect. Set 

times were decreased, and compressive strengths at early 

stages were increased by increasing dosages of nitrate. 

Analyses of hydration products suggested that calcium 

aluminate silicates were responsible for the majority of 

hydration. Calcium nitrate modified the reaction products. 

Calcium formate did not interact as strongly. Solution 

analyses found that nitrate concentrations were reduced 

significantly for a brief period during the very early 

stages of Class C ash hydration, presumably as a result of 

temporary interactions. 
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CHAPTER I 

INTRODUCTION 

This study focused on the chemistry cind physical 

characteristics of the hydration of fly ash in the presence 

of several salts. This research was intended to provide 

insight into the mechanisms resulting in the hardening of 

fly ash pastes and to provide baseline data on how this 

phenomenon can be altered by the addition of several salts. 

This data could then be used as background information when 

considering fly ash for use as a construction material. 

Application of fly ash in this manner is important because 

of its large volume of production and relatively limited use 

to date. 

Definition . 

Fly ash is a by-product from the combustion of ground 

or pulverized coal which is transported from the combustion 

area through the boiler and out the stack by flue gases. 

This residue is typically collected by either mechanical 

means, or increasingly more common, by electrostatic 

precipitation (1). The largest contributors to the 

production of fly ash are the electric generating utilities. 

In 1990 these utilities consumed 772 million tons of coal 

and produced over 68 million tons of total ash in the U.S. 

alone (2). The production of fly ash in the U.S. has been 

1 
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relatively constant ranging roughly from 40 to 50 million 

tons per year since the mid 1970's. 

The physical and chemical nature of fly ash is a result 

of its formation in the combustion chamber. At flame 

temperatures often exceeding 1600°C in the fire box, most of 

the organic portion of coal is combusted. The 

noncombustible minerals found in coal are composed primarily 

of aluminosilicates, carbonates, sulfides/sulfates, 

chlorides and silica (3.) . At these high temperatures most 

of these minerals melt and a series of physicochemical 

changes occur. The aluminosilicate clays dehydrate and melt 

to form glassy metastable compounds. Carbonated compounds 

are calcined emitting C02. Sulfides are oxidized to form 

metallic oxides such as ferrite, magnetite and hematite and 

so2 is released. Chloride is converted to volatile HC1 or 

alkali chlorides. Silica in the form of quartz, is the only 

component which remains unaltered (4). In an attempt to 

minimize the surface free energy, the melted compounds 

acquire a spherical shape while free flowing in the 

combustion zone. These spheres are rapidly quenched as the 

particles are carried from the combustion zone to cooler 

regions of the boiler by the exiting flue gases. As a 

result, the particles are quenched to a glassy state, the 

extent of which depends on the size of the particle. 

Smaller particles quench rapidly to glassy structures while 

large particles appear to quench more slowly after forming a 



interior crystalline phase (5-6). According to Hemmings and 

Berry fly ash particles can be depicted as shown in 

Figure 1. 

Core: Hollow or Solid 
crystalline- low reactivity 

Crystalline/Amorphous Zone 
moderate reactivity 

Amorphous layer 

" high reactivity • 

Surface: Crystalline 

low reactivity 

Figure 1. Structure and Relative Reactivity of a Fly Ash 
Particle. 

The content of the three principle constituents of fly 

ash - Si, A1 and Fe can vary over quite a wide range. 

Depending on the type of coal combusted, these elements, 

reported typically as oxides, can vary as: Si02 (25 to 60 

percent), A1203 (10 to 30 percent) and Fe203 (5 to 25 

percent) (7). The differences in composition provides a 
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convenient method for classifying fly ash. The American 

Society of Testing and Materials Specification (ASTM 618) 

stipulates two classes of fly ash (8.) . Class F ash contains 

Si02, A1203 and Fe203 in percentages that sum to over 70 

percent. Class C ash is material where these components sum 

to less than 70 percent. Typically, Class F fly ash results 

from the burning of high grade coals such cis bituminous or 

anthracite coals. The combustion of low grade fuel such as 

sub-bituminous and lignite coals can lead to Class C ash. 

The lower levels of Si02, A1203 and sometimes Fe203 found in 

Class C ash is compensated for by higher CaO, MgO and often 

Na20 contents. This is due to higher calcium, magnesium and 

sodium mineral matter concentration in the lower grade 

fuels. 

X-ray diffraction studies by researchers have found the 

Class C material to contain small quantities of a variety of 

crystalline phases including CaO, Ca(OH)2, CaS04, Ca3Al206, 

Fe203, Al6si2013, MgO, Ca3Al206* CaS04« 12H20, Si02 and others. 

The major crystalline phases are often Ca(0H)2, Ca3Al206 and 

Si02 (9-10). Broad diffuse peaks in the XRD patterns have 

been interpreted to suggest the presences of high 

concentrations of glassy calcium aluminate silicates (11). 

Class F ash is typically composed of a high 

concentration of strongly interlinked silicate glass plus 

some crystalline quartz, and magnetite (12). The chemical 

composition of the Class F fly ash is very similar to a 
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number of naturally occurring glassy, siliceous rocks or 

tuffs often volcanic in origin. These minerals are loosely 

classified as pozzolans. This term originated from ancient 

Romans who mined a reddish, volcanic tuff in the 

neighborhood of Pozzoli near the Bay of Naples. Both the 

Greeks and Romans priced the material for building purposes. 

They discovered that when the pozzolan was ground with lime 

and sand a mortar was produced that not only exhibited 

superior strength, but was resistant to attack by water. 

The modified material was an enormous improvement over the 

lime/sand mortar commonly used at that time (13.) . 

Today the term pozzolan is formally defined as "a 

siliceous or siliceous aluminous material, which in itself 

possesses little or no cementitious value but which will, in 

finely divided form and in the presence of moisture, 

chemically react with calcium hydroxide at normal 

temperature to form compounds possessing cementitious 

properties" (14). Not surprisingly, Class F material has 

been found to meet the above definition and is considered to 

be a synthetic pozzolanic material. 

Class C ash tends to show cementitious properties, 

meaning it reacts to set and hardened upon the addition of 

water without the aid of any additive. The higher 

reactivity of the Class C material has been attributed to 

the fact that it often contains low concentrations of the 

same compounds which compose cement such as Ca3Al206, and 



CaS04. Furthermore, the calcium aluminate silicate glassy 

phase in Class C ash is considered to be more substituted 

and reactive than the silicate glass phase found in Class F 

ash (12). Even though Class C ash exhibits cementitious 

properties, its overall composition, like that of Class F 

ash, resemble that of natural occurring pozzolans. This 

statement is confirmed by Figure 2, which compares the 

composition of all fly ashes portland cement and natural 

pozzolan in the CaO - Si02 - A1203 system. 

Si02 
natural pozzalons 

Portland cement 

CaO 

fly ash 

A1203 

Figure 2. Comparison of Composition of Fly Ashes with 
Natural Pozzolan and Portland Cement 
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Utilization 

Because fly ash is so similar to the composition of 

natural pozzolan, it is natural to substitute the synthetic 

material for applications which originally required the 

natural pozzolan. The most common applications of fly ash, 

beside landfilling, are therefore through construction. 

Of the approximate 50 million tons of fly ash produced 

in the U.S. in 1990/ 1.5 million tons were used as a cement 

raw material, 5-7 million tons were used as a concrete 

ingredient and less than one million tons were used in 

backfill and road base applications. The majority of the 

remainder was simply landfilled (2.) . The potential for ash 

consumption by these practices could be as much as 2-3 times 

these amounts (15). 

The federal government has recognized the environmental 

advantage of using fly ash for construction practices rather 

than disposal. In 1983 the Environmental Protection Agency 

issued guidelines mandating that fly ash be used at the 

highest percentages technically practical for all cement and 

concrete applications which were using appropriated federal 

funds. In keeping with the philosophy of the Solid Waste 

Disposal Act which promotes the use of items composed of the 

highest percentages of recovered materials, the expressed 

intent of the guidelines was " ... to improve the 

marketability of fly ash and promote wider acceptance of it 

as a cement substitute and concrete additive" (16). 
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Incentive for maximizing the utilization of fly ash 

goes beyond environmental concerns. Economics has also 

become a major driving force. Large electricity generating 

plants are often faced with substantial disposal costs. The 

current average national ash disposal cost has been 

estimated by the Electric Power Research Institute (EPRI) to 

be approximately $10/ton. This cost is projected to triple 

within the next ten years (17). Thus, if a utility can 

transport ash to the construction industry even at a price 

which simply covers shipping and handling costs, significant 

savings can be realized by avoiding disposal fees. 

Furthermore, the utilities public image is often enhanced 

with respect to environmental concerns. 

From the viewpoint of ash generating facilities, the 

application of fly ash into the construction industry is 

obviously beneficial. However, it should be pointed out 

that if the use of ash was detrimental to the construction 

industry i.e. cement and concrete, there would be little 

application of ash in this manner. Fortunately, cement and 

concrete industries also benefit from fly ash use from both 

economic and performance perspectives. 

Cement and Flv Ash 

The manufacture of cement is a very energy intensive 

and therefore costly process. The production of one ton of 

Portland cement will require the consumption of 5 to 6 

million Btu's. The cost of production compared to the 
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market value of the cement is near 15 percent. This is 

almost twice as energy cost dependent as steel (18-19). It 

has been shown that by blending fly ash at 10 percent 

substitution for cement, a blended cement can be produced 

with the same hydraulic qualities at a savings of 9 percent 

of the energy of production (1). 

Fly ash is also used by the concrete redimix industry 

as a concrete additive or admixture in replacement of 

cement. Substitution of lower cost ash for cement results 

in cost savings. If proper mix designs are used these 

savings can be obtained without sacrificing performance. In 

fact it is becoming increasingly more evident that under 

many circumstances, the proper use of fly ash can lead to a 

product superior to mixes containing only cement. Some of 

the most important effects that fly ash has on fresh and 

hardened concrete are: 

1. Improved workability/less water demand of paste 

(20) 

2. Less bleeding of water (21) 

3. Slower setting (22) 

4. Slower strength gains (14.) 

5. Lower temperature rises (7) 

6. Higher ultimate strengths (14) 

7. Lower permeability (23) 

8. Improved resistance to sulfate attack (24.) 

9. Improved resistance to alkali-silica reactions(14) 
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Effects 1 and 2 can be attributed primarily to the 

physical nature of fly ash. The substitution of a spherical 

fly ash particle leads to a lower water demand for the same 

workability because of the ball bearing action of the 

material, and its lower surface area compared to the 

irregular shaped cement particle. This lower water content 

and the finer particle size of fly ash, produces obstruction 

of pore channels leading to the concrete's surface and thus 

reduces bleed water. 

The other effects of fly ash on concrete are largely 

due to chemistry between the ash and cement. Prior to a 

discussion of these interactions it is useful to first 

describe cement and fly ash chemistry in general terms. 

Cement Chemistry 

There are a wide variety of cements available for 

various applications. Probably the most widely used cement 

is portland Type I cement. This cement is the standard 

cement for normal use. 

It is manufactured by intergrinding material containing 

appropriate proportions of calcium oxide, silica, alumina, 

and iron oxide. This mixture is processed through a kiln at 

operating temperature from 1400°C to 1700°C. At these 

temperatures the partially melted oxides undergo complex 

physiochemical changes and sinter to small pellets known as 

clinker. The clinker is ground, often with the addition of 

gypsum, to a point where nearly all particles are less than 
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75im in size. This finely divided powder consists of a 

number of hydraulic calcium silicates and aluminates which 

together comprise portland cement (25-26). 

The primary species composing portland cement are C3S, 

C2S, CjA, and C4AF. Where cement chemistry shorthand has 

been used to label the constituents. Table 1 defines the 

standard abbreviation used in cement chemistry. These 

abbreviations will be used throughout the remainder of this 

work. 

Table I. Cement Chemistry Abbreviations 

CaO - C Ĥ O = H 
S1O2 = S SOj = s 
A1203 = A Na20 = N 
Fe203 = F K20 = K 

The general composition for a Portland type 1 cement 

would be as seen in Table II (22). 

Table II. General Composition of Portland Type I Cement 

— 50% 
C2s 24% 
C3A 11% 
C4AF 8% 

These silicates and aluminates react with water 

resulting in the formation of gel-like hydration products 

and heat. When cement is mixed with coarse and fine 
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aggregates and water the formation of the hydrate gel acts 

as a binder for the load bearing aggregates. The resulting 

hardened mass is known as concrete. 

Tricalcium silicate and dicalcium silicate are the 

major constituents and are considered responsible for most 

of the strength of hardened pastes. The final products 

resulting from hydration of these compounds is actually 

somewhat variable but is typically expressed as: 

2C3S + 6H20 > C3S2H3 + 3CH 

2C2S + 4H20 > C3S2H3 + CH 

Note that the hydration of these two species result in the 

same products - calcium silicate hydrate gel (CSH) and 

calcium hydroxide. 

The hydration of C3A at normal temperature is 

represented by: 

2C3A + XH2O > C2AH8 + C4AH13.19 

These hexagonal phase are metastable and eventually convert 

to the cubic C3AH6 as: 

C2AH8 + C4AH13 > 2C3AH6 + 9H 

The calcium aluminate ferrite phase (C4AF) is typically 
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considered to undergo hydration in an analogous manner to 

C3A although the reactions are much slower. This reaction 

will not be discussed further in this work (.28) . 

Kinetically speaking, the C3A component of fly ash 

reacts much faster with a larger production pf heat than the 

silicate phases. In fact, when C3A is mixed with H20, 

hydration and the evolution of heat occurs almost 

immediately. This rapid reaction can cause flash setting 

which eliminates the period when the paste is plastic and 

can be placed and finished. The setting of portland cement 

used for concrete is therefore controlled by adding gypsum 

to the clinker during grinding. Gypsum acts as a set 

controller through the following reactions. 

C3A + 3CSH2 + 26H > C6AS3H32 

The hexacalcium aluminate trisulfate hydrate closely 

represents the mineral ettringite and is usually referred to 

as such. This reaction occurs as long as there is an ample 

supply of gypsum. Some researchers believe that C3A 

hydration is controlled by the formation of an ettringite 

gel on the surface of the reacting grains which effectively 

slows the reaction. If the concentration of sulfate drops 

below a critical value while unhydrated C3A still exists, 

then ettringite transforms to a monosulfate calcium 

aluminate hydrate known as monosulfoaluminate. 
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C6ASH32 + 2C3A + 4H > 3C4ASH12 

Tricalcium silicate reacts slower than C3A and C2S reacts 

even more slowly than C3S (29.) . 

While the .exact hydration process is still in much 

dispute, it is generally accepted that the hydration of 

cement can be conveniently broken into a multistage process. 

Figure 3 pictures a common interpretation of the stages of 

hydration (30). 

Stage I is accepted as representing dissolution and the 

rapid reaction of C3A with gypsum to form ettringite. 

Calcium, hydroxide, alkali and small quantities of H2Si04
2' 

ions from the surface of the C3S grains all enter the 

solution. Tricalcium silicate (C3S) consists of 

orthosilicates bridged together by Ca as: 

=Si-0-Ca-0-Si= 

Initially, hydrolysis destroys these links and leaches lime 

from the grain surfaces. It has been proven that while Ca2+ 

and OH" concentrations in solutions rise significantly, very 

little soluble silicate can be detected. This fact suggests 

that the dissolved silicates remain attached to the grain 

surfaces (31). Other work analyzing the hydrated grains 

themselves has shown that the silicates probably exist on 

the surface as dimeric Si207
6" or hydrosilicate species (32.) . 
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Analysis by zeta potential measurements have produced 

negative potentials indicating positive surface charges. 

This fact has been taken to mean that Ca2+ is adsorbed onto 

the surface (33-34). Combining of the Ca2+ and silanol 

species at the surface is thought to be a mechanism for 

formation of CSH gel. The reaction can be represented as: 

0/OH HO. /Ov 

Si\0AoAo/ 
(35) 

Formation of this gel on the surface of the silicate grains 

leads to the induction phase of hydration. 

Stage II is known as the induction or dormant stage. 

Little heat is produced during this stage but dissolution of 

Ca2+ will continue. This is the stage prior to setting 

during which cement is plastic. The specific mechanisms for 

the occurrence and eventual termination of the induction 

phase are quite debatable. Some theories suggest that the 

dormant period is due to a delay in precipitation of nuclei 

center such as Ca(OH)2 or CSH gel until some critical 

saturation level is achieved (36). Another theory which 

currently appears to have more support states that hydration 

is retarded by the formation of a protective gel on the 

hydrating grains surface. This protective membrane is 
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thought to eventually break down allowing hydration to 

continue. 

Researchers also do not agree on the composition and 

method of destruction of the protective gel. Tadro's 

detection of specifically adsorbed Ca2+ on C3S lead to the 

suggestion that the .protective coating might actually be due 

to an electrical double layer rather than CSH gel (32). In 

1968 Stein et al. proposed that the protective layer was a 

CSH gel which varied in composition over time so as to 

transform from an impenetrable to a permeable coating (32). 

A number of other researchers have suggested that the 

protective layer is in fact semipermeable. The permeability 

is such that it impedes access of H20 but allows the 

migration of anions. Migration of small ions such as Ca2+ 

and OH* would be possible but the larger silicate and 

silicate condensates would be trapped within the coating. 

Osmotic pressure would occur as a result of the difference 

in ionic concentration between the solutions on each side of 

the semipermeable membrane. This would eventually cause the 

membrane to rupture and allow hydration to continue (38-39^. 

Visual support for the mechanism is provided by the 

appearance of growing tubular CSH spines on the C3S grain 

once hydration recommences. This growth has been compared 

to the formation of silicate gardens where long tubular 

silicate structures grow from a solution saturated in a 

silicate and metal salt. The growth of this material has 
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been traced to a phenomenon in which osmotic pressure 

disrupts a colloidal gel, emitting extruded ions which act 

as nuclei center and lead to the growth of tubular silicate 

spinels (36). 

Stage III begins with the renewed growth of CSH. 

Calcium hydroxide also reaches critical saturation levels at 

this time so that precipitation can begin. New nuclei 

centers provided by disruption of the protective CSH layer 

and CH possibly both contribute to the acceleration of 

hydration during this time. Heat production is at its 

maximum. Interaction between the CSH spines leads to 

stiffening of the paste. 

Stage IV. by the end of Stage III a substantial layer 

of CSH gel has surrounded the cement grains. The larger 

volume occupied by CSH means that more of the pore space is 

now obstructed. Thus, the accessibility of water for 

continued hydration is lower. The rate of hydration and 

evolution of heat begins to decelerate correspondingly. The 

CSH growing from individual particles has now fused to a 

point that strength and hardness develops. 

Stage V. by this time the CSH gel occupies a majority 

of the space and the reaction has reached a more or less 

steady state. 

The hydration of C3A can be considered to undergo a 

process analogous to the one just described. As mentioned 

previously, the formation of ettringite on the C3A surface 
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is generally considered to form a protective coating which 

retards set. A number of reports have noted that the needle 

shaped crystals of ettringite would not seem very capable of 

forming in impervious coating. It has therefore been 

suggested that retardation may be due to the adsorption of a 

Ca2+ and S04
2" double layer (4j0) or by an amorphous coating of 

"ettringite-like" gel (41). 

Regardless of the nature of the coating, it is quite 

feasible that a semipermeable membrane exists which leads to 

a dormant stage followed by a period of activity. 
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Figure 3. Hydration Process of Cement 
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Flv Ash Chemistry 

The chemistry involved in the hydration of fly ash 

varies to some extent depending upon whether one is 

referring to Class C or Class F ashes. The Class C material 

is in itself cementitious. Its reactivity is due in part to 

the presence of small concentration of C3A, CS, C4ASH12 and 

other reactive aluminates and silicates. These compounds 

were discussed in the section on cement chemistry and can be 

expected to behave much the same when originating from fly 

ash. It was also mentioned that Class C ash's reactivity 

was related to the glassy portion of its composition. The 

theory being that the high concentration of CaO, MgO and 

alkali oxides in Class C ash leads to a highly substituted, 

and metastable glassy calcium aluminate silicate phase. The 

cementitious nature of Class C ash suggests that these 

network modifying impurities activate the glass phase to an 

extent that it undergoes hydrolysis rapidly when put in 

contact with water. The surface species which are subject 

to react with H20 are siloxene groups ((0)3-Si-0-Si-(0)3) and 

silaloxane groups ((0)3-Si-0-Al(0)3) (6). The hydrolysis 

reactions that occur depend on the nature of the silicate 

anion structure present in the fly ash. For instance, two 

silicates could be directly bonded together, or the two 

silicates could be linked through a metal cation bridge or 

the linkage could be a cation-oxygen-cation bridge. 
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Reactions based on these conditions would be: 

1. =Si-0-Si= + H20 > 2sSi-0H 

2. sSi-O-M-O-Sis + 2H20 > 2=Si-OH + M2+ + 2OH" 

3. =Si-0-M-0-M-0-Si= + 3H20 > 2sSiOH + 2M2+ + 4OH" 

Where M represents a bivalent cation. Alumina from the 

glassy phase will give rise to the same reactions producing 

alanol (=Al-OH) and soluble aluminate hydroxocomplexes 

(A1(0H)4-) (42). 

At the high pH's existing in a fly ash/HzO paste 

(pH > 10), the silicate species will exist as dimeric 

complexes. These complexes and the surface silanols and 

alanols can be expected to react with Ca2+ or Ca(OH)+ in an 

analogous manner as described for cement chemistry. 

Class F material has been differentiated from Class C 

ash by its higher quartz content, lower concentration of 

alkali and alkaline earth oxides and by a more siliceous and 

relatively organized glass network. Thus, even though Class 

F ash may have a higher concentration of glassy component, 

the reactivity is much lower. The "pozzolanic nature" of 

Class F ash can be thought of in terms of a reactant with an 

activation energy that must first be overcome before the 

reaction can occur. Reaction with high pH media have been 

shown to devitrify the glassy surface of Class F ash 

presumably resulting in the release of low molecular weight 
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silicate polymers and oligomers into the solution for 

hydration (4). The Ca(OH)2, required by definition for a 

pozzolanic reaction to proceed, can be thought of as an 

activator for the following reaction: 

CH + S (from fly ash) > CSH 

This reaction occurs very slowly taking weeks or longer 

to occur to a significant extent, but the end product is the 

same CSH that forms in cement hydration. It is also 

noteworthy that the species that activates the reaction is a 

by-product from the hydration of calcium silicates in 

cement. 

Reactions Between Flv Ash and Cement 

From the sections on cement and fly ash chemistry one 

begins to understand the mechanism behind many of the 

benefits realized when using the two materials together. 

The hydration of cement produces a binding CSH gel and a by-

product of CH. The calcium hydroxide provides no binding 

and little strength to the hardened paste. It is slightly 

soluble and susceptible to attack by sulfate or carbon 

dioxide. However, in the presence of fly ash this by-

product is consumed by a pozzolanic reaction which also 

produces strengthening CSH gel. This additional gel grows 

in open pores and channels in the pastes resulting in a 

stronger, less permeable, more durable concrete (43). 
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A few of the effects numerated earlier can be 

considered as drawbacks to the use of fly ash with cement. 

The major areas of concern are lower initial strengths and 

slower setting. These consequences of fly ash use are also 

related to the pozzolanic reaction. . If fly ash is 

substituted directly for cement, with no adjustments to the 

mix design, lower initial strength gains and slower sets 

will be realized. This is a direct consequence of removing 

the rapidly reacting cement and replacing it with a much 

slower reacting pozzolanic material. The early strengths 

may suffer, however the ultimate strengths are often better. 

One way to avoid this problem.is by adjusting the mix design 

so that adequate total cementitious material is available to 

insure that minimum strength requirements cire met at early 

ages. Properly designed mixes can incorporate substantial 

quantities of fly ash without sacrificing compressive 

strength gain (.44). Another option which is often used to 

increase early strength and improve the normally slower 

setting of cement/fly ash mixes is to use an accelerating 

chemical admixture. 

Chemical Admixtures 

Chemical admixtures are ingredients that are added to 

the concrete mix immediately before or during mixing with 

the intent of modifying the performance or behavior of the 

concrete in either the fresh or hardened state. The 

American Society for Testing and Materials classifies 
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chemical admixtures • into 7 basic types (45.) • The expected 

effects of the admixture can vary from water reduction, to 

set retardation, to set acceleration. Their contribution to 

the construction industry is supported by estimates that 

report- that 80% of concrete produced in North America makes 

use of one or more types of admixtures (46>) . If one 

compares the consumption of cement and chemical admixtures 

in 1971 (70 million tons and 200 thousand gal. respectively) 

to the consumption in 1981 (70 million tons and 250 thousand 

gal. respectively) the growing importance of admixtures 

becomes apparent (47). With respect to cement/fly ash 

mixes, a number of admixtures are typically used, however 

the class relevant to this work are the accelerators. 

Chemical Accelerators 

There are a variety of materials which have been shown 

to accelerate the hydration of cement including alkali 

hydroxides, silicates, calcium formate, calcium nitrate, 

calcium thiosulfate, potassium carbonates, and calcium 

chloride. The most widely used of these is without a doubt, 

calcium chloride. Calcium chloride's widespread 

application is due to a number of factors including superior 

performance, low cost, availability, and predictability of 

reaction (48). It has widely been used as an accelerator 

since 1885 (49) . Typically the admixture is applied at 

additions of one to two percent by weight. At these dosages 

setting times will be significantly reduced often as much as 
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a factor of two (50). Early compressive strengths are also 

usually much better. In fact, the specification ASTM C494 

requires an accelerator to reduce the initial set time of 

concrete by at least one hour and to increase the 

compressive strength at 3 days by 125 percent (45). 

Calcium chloride might be considered the ideal 

accelerator were it not for its potential to enhance 

corrosion of reinforcing rebar in concrete. Under normal 

conditions the pH surrounding rebar in concrete is well in 

excess of 10. At this pH a stable, protective oxide coating 

will cover steel members. This coating is a result of 

oxidation of iron in the presence of oxygen, moisture and 

ions. The process can be described by considering that iron 

will pass into solution at the anode as: 

2 Fe > 2 Fe2* + 4e" 

Reduction occurs at the cathode per: 

2 H20 + 02 + 4e* > 4 (OH') 

The mobile hydroxide anion will migrate to the positive 

anode depositing an oxide such as: 

Fe2+ + 2OH" > Fe (OH) 2 

Fe3+ + 3 OH" > Fe(OH)3 
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Accumulation of oxides of this nature will effectively 

passivate the surface of the steel and prevent further 

oxidation if left undisturbed. 

This protective oxide layer is disrupted by the 

presence of chloride ions. The exact cause remains unclear, 

but the common theory is that the CI" ions react with the 

iron oxide to form soluble ferric chlorides. In this manner 

the steel surface is exposed for further corrosion (48.) . 

The protective coating is usually adequate as long as 

chloride concentration is less than approximately 1.5 lbs 

per cubic foot of concrete at the rebar (51). Of course, 

the chloride concentration at the rebar depends on the 

quantity of chloride present and the permeability of the 

concrete. The reasonable approach to avoiding corrosion is 

to minimize the available chloride and to produce high 

quality concrete as protection. That these practices have 

not always been fully adhered to becomes very clear when one 

considers that the cost of repair to all structures damaged 

due to corrosion is.currently estimated at 258 billion 

dollars (52) . 

Although a large amount of the corrosions of structures 

is due to ingress of chloride from the environment, (such as 

road salts on bridges), it is often advisable to minimize 

chloride contents by avoiding CaCl2 accelerators. 

Unfortunately, many of the applications where chloride is 
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undesirable (paving, bridge decks, parking garages, etc.) 

are structures that would benefit from the use of fly ash. 

These situations require the use of nonchloride 

accelerators. 

Nonchloride Accelerators 

As mentioned earlier there are a number of compounds 

that have some accelerating effect on the hydration of 

cement. Kantro, et al. examined a large number of inorganic 

salts which displayed acceleration to a varying degree but 

none were as effective as CaCl2 (53-54) . Of the nonchloride 

accelerating compounds available, calcium formate and 

calcium nitrate appear to be two of the most promising 

(50.55). 

Calcium nitrate was found to accelerate setting times 

and strength gains for portland cement when used at higher 

dosages than typically required with CaCl2 acceleration. 

Results are found in Table IV (56). 



28 

Table III Effects of Calcium Chloride and Calcium Nitrate 
on Portland Cement Mortar 

Initial Day Day Day Day 

Admixture 
% 
(wt) 

Set 
fmin) 

1 
(psi) 

3 
(psi) 

7 
(psi) 

28 
(psi) 

None - 160 554 1703 3137 5379 

CaCl, 1% 78 * * * * 

2% * 1171 2441 3449 4996 

Ca(NO,)? 1% 95 * * * * 

2% * 265 1603 2739 4485 

3% 100 * * * * 

5% * 100 2455 3704 4981 

* Data not reported 

Work by Gebler showed that calcium formate was an 

effective accelerator for portland cement as long as the 

C3A/S03 ratio was greater than about four. This was related 

to findings by Bensted suggesting that formate accelerated 

the formation of ettringite but not CSH gel (57-58). 

Mechanisms of Acceleration 

Considering the controversy over the exact nature of 

cement hydration, it is not surprising that no definitive 

theory for the mechanism of hydration acceleration exists. 

The majority of research has, of course, been performed on 
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CaCl2 systems. Ramachandran lists over ten theories which 

have been proposed at one time or another to explain the 

accelerating phenomenon. These proposals range from, 

autocatalytic effects of adsorbed ions, to changes in 

morphology to diffusing of the mobil Cl" anion through the 

protective CSH membrane (48). The true overall mechanism is 

probably variable depending an the reaction conditions and 

likely incorporates many of the proposed theories. 

Compared to CaCl2 the nonchloride accelerators, such as 

Ca(N03)2 and Ca(HCOO)2, have received very little attention. 

Research concerning the reactions of C3A with Ca(HCOO)2 in 

the presence of gypsum has been performed (57-60). Singh, 

et al. indicated that the possible acceleration mechanism 

might be the disruption of a retarding membrane by the 

formate ion (61). 

Research on the hydration of C3A and C3S individually 

in the presence of Ca(N03)2 has been performed by Murakami 

et al. They reported that formation of the cubic C3AH6 was 

promoted over the hexagonal calcium aluminate hydrates when 

Ca(N03)2 was present during the hydration of C3A. The 

hydration of C3S was found to be accelerated (56) . 

Research Needed 

Concern for a failing infrastructure and growth of 

advanced technology has revived much scientific interest in 

cement-based materials. A large portion of repairs will 
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involve mans most used material - concrete (62). 

Information present herein has clearly demonstrated that 

modern applications will increasingly use fly ash in 

concrete for economical, environmental, and increasingly 

more importantly, performance considerations. 

Benefits available from using chemical admixtures will 

also be taken advantage of. Fly ash enhanced cement mixes 

will most certainly make use of chemical accelerators. Many 

of the applications involving these mixes will be for paving 

or bridgedeck projects where the corrosive potential of 

chloride should be avoided. In these situations a chloride 

free accelerator will be desirable. 

How nonchloride accelerators react with cement has been 

given relatively little attention and the addition of fly 

ash to the system complicates things further. Relatively 

few in depth studies have been performed on the interactions 

of Ca(N03)2/Ca(HC00)2 with cement and as far as this author 

knows, none have focused on the reactions of these chemicals 

with fly ash. 

Therefore, it was determined that a detailed analysis 

of the interactions between Ca(N03)2, Ca(HC00)2 and Class C 

and Class F fly ash would provide useful baseline 

information which could be applied to the more complex 

cement/fly ash system. 

This information would also have value in its own 

right. Fly ash is increasingly being used alone as a 
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flowable fill material and for waste remediation purposes 

(63-64). Knowledge of the effects these salts have on 

physical properties such as set time and strength gain for 

cementitious ashes could be very important for proper 

applications. It is also important to elucidate the 

interactions between these chemical admixtures and fly ash 

during the reaction process, as well as determining how 

hydration products may be altered. 

Information gained by studying fly ash and accelerator 

interactions can be expanded to fly ash and cement systems, 

providing useful insight to an important and widely used 

building material. 
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CHAPTER II 

EXPERIMENTAL 

Research Approach 

This research was designed to provide a general 

overview of the hydration processes occurring between 

typical fly ashes and H20. The effects (particularly 

reaction acceleration) that several salt additives would 

have on hydration reactions were also investigated. The 

following approach was used to systematically accomplish 

this task. 

1. Determine the rate of hydration 

A) examine fly ash control samples 

B) examine fly ash plus prospective accelerating 

salts 

2. Determine impact of anions on hydration 

A) monitor hydration products for anion effects 

B) monitor anion concentration in situ during 

reaction course 

3. Determine the extent of interaction of anions with 

hydration products 

It was believed that this approach would provide 

valuable information concerning the reaction between fly ash 

and water with or without the presence, of accelerating 

38 



39 

salts. Insight into ion interactions with the reaction 

process and products was also expected. 

Thermal analysis was used as the primary tool for 

following the reaction progress between fly ash and various 

salt solutions. Initially, a semi-adiabatic calorimeter was 

used to establish that exothermic hydration reactions did 

occur for the materials studied and that certain salts could 

affect the time at which the exotherm appeared. Compressive 

strength and setting time tests were performed on samples to 

insure that the calorimetric results related to physical 

measures of performance such as strength gains and rapid 

stiffening. 

Further analyses were performed using thermal 

gravimetric (TG) and differential scanning calorimetry (DSC) 

after hydration reactions had been stopped at prescribed 

times. These techniques were particularly useful for 

monitoring hydration reactions. Fourier transform infrared 

analyses (FTIR), and X-ray diffraction (XRD) were also used 

as supporting methods for determining what part the anions 

had in the formation and composition of the hydration 

products. 

Additional experiments were run with higher water/solid 

(w/s) ratios so that the role that accelerating anions play 

during the reaction course could be closely studied. Flow 

cells were used in conjunction with FTIR and 

ultraviolet/visible (UV/VIS) absorption spectrophotomers to 
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monitor reacting anions1 concentrations in situ, under close 

to real time conditions. Recognition of the importance that 

surface charge and surrounding double layers have on the 

behavior of slurries of this nature, lead to performing a 

limited number of zeta potential analysis, which provided 

additional information on the involvement of anions during 

the reactions. Finally, extractions of the hydration 

products using several solvents, followed by analysis of the 

the residue was used to suggest how anions might be 

incorporated into hydration products. 

Materials 

It was decided to first obtain two fly ash samples, one 

representing a typical cementitious Class C fly ash and the 

other a pozzolanic Class F material. The Class C material 

would provide the basis for monitoring the admixtures' 

effect on the cementitious hydration reactions. The Class F 

would provide control data for admixture interactions with a 

non-cementitious material. Monex Resources, centrally 

located in San Antonio, provided both types of fly ash. A 

30 pound representative sample was obtained for experimental 

purposes. The Class C ash originated from the Fayette Power 

Project in Lagrange, Texas. The Class F material came from 

Alcoa of Rockdale, Texas. 

It was felt that it would also be very useful to 

examine the interaction of accelerators with tricalcium 
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aluminate under conditions duplicating those used for fly 

ash experimentation. The effect that the anions had on the 

better characterized C3A could provide valuable clues as to 

what was actually occurring in the fly ash system. 

Tricalcium aluminate was purchased from Construction 

Technology Lab, Portland Cement Association, Skokie, 

Illinois. The 50 mesh material was ground to pass through a 

325 (45um) sieve prior to use. 

A review of the literature had pointed to calcium 

nitrate and calcium formate as two of the most promising 

nonchloride accelerators (1-1H. It had been shown that the 

order of effectiveness for cations accelerating portland 

cement hydration was Ca2+> Mg2+> Na+. The order for anion 

effectiveness was somewhat debatable with Murakami et al. 

reporting Cl"> S203
2"> S04

2'> N03"> Br"> I" (11) and Collepardi 

et al. indicating S04
2"> 0H"> Cl"> Br"> I"> NQ3"> CH3C00" (12). 

Stein had noted that since the surface charge of hydrated 

cement particles have a positive value, cations should be 

repelled and anions should be attracted to the surface. 

Consequently the character of the anions should have more 

effect on hydration reactions (13). 

With these facts in mind, it was decided to focus this 

study on the hydration effects exhibited by N03" and HC02* 

anions with a common Ca2+ counter ion. Reagent grade 

Ca (N03) 2 • 4H20 and Ca(HC02)2 obtained from Fisher Scientific 

and Kodak Chemicals, respectively, were used in all cases. 
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In order to ensure proper mixing the salts were mixed with 

the fly ash as a solution rather than intermixing as dry 

solids. Table I lists the ranges of concentrations used in 

this study. 

Table IV. Accelerator Solutions Used 

Salt Addition Water/Solids=0.5 
to Fly Ash [Ca2+] [anion] 

Water/Solids=5 
[Ca2+] [anion] 

Ca (N03) 2 
2.5% 

5% 

10% 

0.3048M 0.6095M 0.03048M 0.06095M 

0.6095 1.219 0.06095 0.1219 

1.219 2.438 0.1219 0.2438 

Ca(HC02)2 
2% 

4% 

8% 

0.3048M 0.6095M 0.03048M 0.06095M 

0.6095 1.219 0.06095 0.1219 

1.219 2.438 0.1219 0.2438 

This range of concentrations was chosen based on 

additions that had previously been shown to be the most 

effective for portland cement (10.11). Solutions were 

prepared so that equivalent concentrations of anions could 

be compared. Because both N03" and HC02" have a valence 

charge of negative one, equivalent concentrations of Ca2+ 

were also possible. It should be noted that depending on 

the analysis technique, solutions with a water/solid ratio 

of 0.5 or 5 were made. For comparison of these two 
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conditions it was decided that the total quantity of 

material available for reaction with fly ash should be 

constant, therefore molar concentration were adjusted 

accordingly. 

Semi-Adiabatic Calorimetrv 

Background 

Semi-adiabatic (10) and semi-isothermal (14-16) 

calorimetry have long been established as viable techniques 

for monitoring hydration processes. Semi-isothermal or 

conduction calorimetry is often used because reactions can 

be studied without considering effects that liberated heat 

has on curing temperature. Conduction calorimetry expresses 

the relationship between heat liberation and curing time 

according to: 

q = aAT + Heff df AT) 

dt 

where q is the heat flow per unit time dt, a is the 

coefficient of heat transfer, AT is the difference in 

temperature between.container and isothermal sample body and 

Heff is the effective heat capacity of the sample (17) . 

Semi-adiabatic methods provide a continuous measure of 

the change in temperature as a function of curing time. 

This method more closely represents real world applications 

where reaction rates of materials are often affected by 

liberation of heat from massive bodies. For instance, 
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higher curing temperatures are well known to accelerate 

hydration reactions of tricalcium silicate (18). 

Ideal thermal curves for the portland cement hydration 

process comparing the conduction and semi-adiabatic methods 

are presented in.Figure 4. 

dQ/dt 

Q or T 

stage I stage II stage III stage IV 

Conduction 

Adiabatic 

stage V 

Time 

Figure 4 Ideal Thermal Curves for Cement 
Hydration 

The hydration process is the first peak is a result of 

dissolution of soluble alkalis and the rapid hydration of 

the tricalcium aluminate phase. This peak is followed by a 

dormant period in Stage II. The peak at Stage III is 

associated with the hydration of tricalcium silicate. 
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Stage IV represents the slowing of C3S hydration process but 

occasionally, depending on C3A and gypsum content, a third 

peak is present as the ettringite phase converts to the 

monosulphate tricalcium aluminate phase. In Stage V 

reactions are controlled by diffusion (20). It was 

suspected that the hydration of fly ash would produce 

similar results. 

Although the semi-adiabatic method doesn't provide the 

quantitative data available from conduction calorimetry, its 

larger sample size and heat capacity allows it to more 

closely resemble reactions conditions expected in the field. 

A semi-adiabatic technique similar to the one used for 

this research has previously been shown to provide 

reproducible data on the hydration rates of cementitious 

material (19.) . A schematic of the apparatus is found in 

Figure 5. The sample containers were disposable, foamed 

polystyrene cups which were insulated by a silvered Dewar to 

provide semi-adiabatic conditions. A large sample size 

(75g) was used to help minimize heat lost from the core of 

the sample. Ambient conditions were kept consistent to 

within 2°C throughout testing. Duplicate runs were 

performed on all samples. As previously determined (19) 

it was found that results were quite consistent. Thus 

comparisons of semi-quantitative hydration rates could be 

made confidently. 
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Recorder 

Figure 5 Schematic of Semi-adiabatic 
Calorimeter 

Procedure 

The appropriate reactant (H20 or salt solution) was 

first added to the approximately 165mL styrofoam cup which 

was then encased in the Dewar. The volume added was either 

37.5mL for a w/s ratio of 0.5 or 75mL for a w/s ratio of 1. 

A T type thermocouple (0-150°C) was consistently positioned 

in the solution so that it would be in the center 

(approximately 20mm from top and bottom and 25mm from sides 

of cup) of the solidified sample once the fly ash had set. 

The cup was then covered with the styrofoam cap and a room 

temperature baseline was recorded. The fly ash sample (75g) 

was then poured into the solution over a 5 second time 

period. The material was immediately recapped and stirred 

manually for 60 seconds using the looped stirring paddle, at 

an approximate rate of 120 strokes per minute. An effort 
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was made to remain consistent throughout testing and 

especially during transfer and stirring. The thermocouple 

signal was recorded by a Mettler A model recorder formerly 

used for a TG/DTA instrument. The full scale was set at lmV 

and the chart speed was set at lOcm/hr. 

Compressive Strength 

Introduction 

Compressive strength of cementitious materials is a 

physical property, which is used as a measure of durability 

and structural strength. For concrete it is often the major 

consideration when making design calculations for buildings, 

bridges and other structures. It is also used to evaluate 

other materials such as mortars, clay bricks, and calcium 

silicates. Compressive strength is defined as the measure 

of maximum resistance of a specimen to axial loading. In 

the U.S. it is usually recorded in pounds per square inch 

(psi) (21-22). 

Sample Preparation 

The sample preparation was a modified method based on 

ASTM C305-82 Standard Test Method for Mechanical Mixing of 

Hydraulic Cement Pastes and Mortars of Plastic Consistency 

and ASTM C109-86 Standard Test Method for Compressive 

Strength of Hydraulic Cement Mortars i23-24) . 

A mix design was developed that would create a fly ash 

slurry representative of materials used in real life 
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applications such as flowable fill. No sand or aggregate 

was incorporated into the design because the strength 

potential of neat ash/solution mixes was the primary 

concern. 

The batch volume was chosen so that three cylinder 

molds could be filled from each batch. It was found that 

larger batches caused an excess loss of slurry due to 

splashing during mixing. 

Mix design: 

W/S = 0.5 

Batch Volume: 2.35 L (3.3 cylinders) 

Fly Ash = 2.72 Kg 

Solution = 1.36 L 

Mixing 

The solution was first added to the nominal 4.7L mixing 

bowl of the Hobart Model N-50 mixer. Fly ash was then added 

uniformly over a 30 second period. The material was allowed 

to wet for an additional 30 seconds then mixing was 

performed at 140+/- 5 rpm for 2 minutes. The mixing bowl 

was immediately removed and the material poured 

consecutively into 3 wax coated, paper cylinder molds with 

dimensions of 3 x 6 inches. The cylinders were gently 

tapped on opposite sides to remove air and to consolidate 

the material. Two of the cylinders from each batch were 
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covered with moist towels for 24 hours to allow adequate 

curing. They were then allowed to cure under ambient 

conditions until the proper time had elapsed for compressive 

strength determinations. The third cylinder was immediately 

placed in water and was kept submerged until the time of 

testing. The ambient storage conditions were 70° +/- 4°F 

with a R.H. > 50%. 

Determination of Compressive Strength 

Compressive strength was determined in accordance with 

ASTM C39-86 (25) by Raba Kistner Consultants in San Antonio, 

Texas. A Fourney Model LT 900 hydraulic compressive 

strength testing machine with a 10,000 load pound proving 

ring was used to provide adequate detection of the 

relatively low strength fly ash cylinders (concrete often 

requires much higher load pounds). The loads at failure for 

each cylinder was determined in pounds and converted to psi. 

The three specimens were compared, averaged and reported to 

the nearest psi. 

Setting Times 

Background 

Methods of measuring setting times were first developed 

to provide a means for comparing the setting properties of 

varied cement specimens. Typical methods are purely 

physical means of comparing relative resistances of samples 

to penetrations, applied under strictly controlled 
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conditions. In the cement and concrete industry initial set 

is associated with the first physical stiffening of pastes. 

Chemically speaking, it is known to occur at a time 

coinciding with the hydration of C3S (at the beginning of 

Stage III in Figure 4) (25). Two of the more common methods 

of determining setting times are Standard Test Methods: ASTM 

C266-86 Time of Setting of Hydraulic Cement Pastes by 

Gillmore Needles and ASTM C191-82 Time of Setting of 

Hydraulic Cement by.Vicat Needle (27-28). For testing of 

fly ash set times a method based on the Vicat technique 

seemed to work best. 

Procedure 

A batch of fly ash slurry was prepared as described for 

the compressive strength testing. Approximately three 

hundred milliliters of slurry was then poured into a stiff 

walled, plastic sample cup and a stop watch was started to 

record elapsed time. The 300 gram Vicat plunger (10mm 

plunger diameter) was lowered until it just touched the 

surface and the penetration scale was set to zero. When the 

material began to visibly show evidence of stiffening the 

set screw on the plunger was loosened and allowed to fall on 

its own accord. After 30 seconds the distance of surface 

penetration was recorded to the nearest millimeter using the 

penetration scale. The elapsed time at the start of 

penetration was also recorded to the nearest 0.5 minute. 

The plunger was then removed, cleaned, and again placed on 
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the surface at a point no closer than 10mm to an existing 

plunger hole. This process was continued until the 

penetration was 1mm or less. At least 5 penetrations versus 

time data points were obtained for all samples. A best fit 

curve was plotted from this data based on a least squares 

polynomial fitting. From interpolation of the plotted data, 

the time for 10mm penetration was recorded as the set time. 

It should be noted that this penetration was chosen because 

it was in the center of the measurement range and tended to 

be prior to the inflection point after which penetration was 

negligible. This set time might not relate to any chemical 

or physical phenomena in an analogous manner to cement but 

it does provide a consistent, relative comparison of 

stiffening of the fly ash pastes. 

Hydration of Sample for Analysis 

The flow chart in Figure 6 outlines the hydration 

procedure used for this study. Twenty grams of fly ash was 

first weighed into a 125mL polyethylene bottle. Next, lOmL 

or lOOmL of solution was added to the bottle depending on if 

the test was for a w/s = 0.5 or w/s = 5 mix. This mixture 

was hand stirred with a spatula for 60 seconds. The 

container was then tightly sealed and stored under ambient 

conditions. At specified elapsed time, (generally 10 min., 

30 min., 1 hr., 3 hrs., 6 hrs., 12 hrs., 1 day, and 3 days) 

the hydration bottle was unsealed and approximately 1 gram 

of sample was removed. This subsample was ground by mortar 
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and pestle with lOmL of acetone to halt hydration. It was 

then dried by vacuum filtration using a 90mm buckner funnel 

and number 42 Whatman filter paper. The sample was then 

dried for 5 minutes at 100°C to remove any residual acetone. 

After drying the sample was transferred to an llmL glass 

vial, sealed in a ziplock plastic bag and stored in a 

desiccator over anhydrite until analysis was performed. 

Weigh 2Og of f ly ash into b o t t l e 

Mix w i t h 10 or 100ml of so lu t i on for 60 sec . 

Per iod ica l l y remove a 1g sample and gr ind w i t h ace tone 

Vacuum f i l te r on 42 W h a t m a n f i l te r paper 

Heat for 5 min. at 100 degrees C 

Trans fe r to g lass v ia ls and s to re in des i cca to r 

Figure 6 Hydration Method for Fly Ash 
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Thermal Analysis of Hydration Products 

Background 

Generally speaking, thermal methods relate a 

measurement of the dynamic relationship between temperature 

change and some other property such as enthalpy, mass loss 

or volume change (29). These relationships have found 

application in a diverse field of applications such as 

ceramics, coal technology, environmental studies, polymer 

composition, metallurgy, and of particular relevance to this 

work, minerals, clays and cements (10). The three methods 

most commonly used in cement chemistry are thermal 

gravimetry, differential thermal analysis and differential 

scanning calorimetry. Thermal gravimetric (TG) analysis 

measures the weight loss of a sample which is undergoing a 

predetermined temperature change at a linear rate. The 

resulting mass loss curve provides useful information for 

reactions which lead to volatile gases, such as dehydration, 

decomposition, sublimations, etc. Weight gains involving 

solid samples and purge gases in controlled environments can 

also be monitored (33.). 

Differential thermal analysis (DTA) and differential 

scanning calorimetry (DSC) each provide basically the same 

information through different approaches. DTA measures the 

change in temperature of a sample with respect to an inert 

reference as a function of a linear temperature change 

(dq/dt AT*0). Differential Scanning Calorimetry (DSC) 
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maintains the sample and reference materials isothermal to 

each other as they undergo controlled temperature ramping. 

The phenomenon measured is actually heat flow (dq/dt AT=0) 

resulting from exothermic or endothermic transitions or 

reactions. The two techniques produce similar thermal 

curves with peak areas being directly proportional to 

enthalpy change. 

Area = KAH mass 

If the enthalpy for a given reaction is considered to be 

constant the peak area becomes representative of the mass or 

concentration of the responsible component. 

As a rule of thumb, phase transitions, dehydration and 

reduction produce endothermic effects (negative DSC peaks) 

whereas crystallization, oxidation, and decomposition 

produce exothermic effects. DTA has the advantage of a 

larger temperature heating range but the proportionality 

constant, K, is dependent on the temperature at which the 

measurement is performed. DSC has a lower dynamic 

temperature range available, but requires determination of K 

at only one temperature. Therefore, DSC is often used for 

quantitatively determining heats of reactions (32.). Often 

TG is coupled with DSC/DTA methods to establish whether 

given peaks are due to a reaction involving a weight change, 

such as hydration, or a transition such as crystallization. 

All three techniques have found wide spread use in the 

cement industry. Calcium silicate, calcium aluminate, 
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cement and fly ash hydration processes have all been 

analyzed by TG, DTA, and DSC, either alone or in combination 

(33-35). For the hydration of silicates, which produce 

Ca(OH)2 as a reaction by-product, the progress of the 

reaction is followed by analyzing the peak area associated 

with the decomposition of Ca(OH)2. Determination of degree 

of hydration by this method has been confirmed by other 

techniques such as XRD (36-37). Another author has shown 

that data obtained from the total energy of DSC peak areas 

due to dehydration and dehydroxylation of hydration products 

can also be effectively used to measure degree of hydration 

(38). A number of authors have used DSC/DTA methods to 

monitor the acceleration of portland cement hydration when 

admixtures including CaCl2, Ca(N03)2, and Ca(HCOO)2 are used. 

In these experiments, the thermal methods were used to 

assess anion/hydrate interactions by identifying individual 

peaks, in addition to providing kinetic data (6.38-40). 

This large precedent for use of thermal techniques made it a 

natural choice for the analysis of fly ash hydration. 

Instrumentation 

Analysis of all samples was performed with a TA Model 

2000 Thermal Analyzer interfaced with a Model 10 DSC cell. 

A TG 951 cell was also used on select samples to confirm 

that major DSC peaks were a result of dehydration rather 

than a transition such as a morphology change. The larger 

heating range of the TG was also used to prove that no 
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significant dehydration was occurring at temperatures beyond 

the DSC temperature ramping program. The sample and 

operating condition for each operating mode are listed in 

Table V. 

Table V. Thermal Analysis Sampling/Operating Conditions 

DSC 

sample size 

sample holder 

temperature range 

heating rate 

purge 

10+/- Irog 

Al 

30-615°C 

10°C/min. 

N2 20ml/min. 

TG 

sample size 

sample holder 

temperature range 

heating rate 

purge 

30 +/- 2mg 

Pt 

30—1000°C 

10°C/min. 

N2 40ml/min. 

Procedure 

The DSC was routinely calibrated using indium and zinc 

calibration standards. Minor calibration corrections to 
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temperature, cell constant, and onset slope were made as 

needed. 

DSC analysis was performed on samples in open pans 

under a nitrogen purge. Usually sample pans are crimp 

sealed to provide uniform contact between the sample and the 

bottom surface of the pan for good heat conduction, however 

multiple runs of the ground, hydrated samples found that 

very reproducible results could be obtained without sealing. 

Collected thermal curves were analyzed using the TA 2000 

analyzer. DSC peaks ranging from 50°C to over 500°C were 

found. TG analysis showed that these peaks had an 

associated weight loss as expected for dehydration or 

decomposition. The peak area for each peak was integrated 

and recorded in Joules/gram. It was also found that nitrate 

entrapped by the hydration product produced an endotherm 

upon decomposition at a temperature ranging from 400-500°C. 

Because energies from these peaks were not truly a measure 

of the hydration, they were not considered. Instead the 

total energy required to dehydrate the sample over a 

temperature range of 30-400°C was used to mark the degree of 

hydration. 

Fourier Transform Infrared Spectroscopy - Solid Analysis 

Background 

Infrared (IR) absorption spectroscopy is based on 

absorption of energy by vibrating/rotating molecules which 
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have a change in dipole moment. When the frequency of 

radiation matches the natural vibrational/rotational 

frequency of the molecule a net transfer of energy occurs 

which results in an increase in the amplitude of the 

molecular vibration. Absorbance spectra are generally 

complex and change only slightly with different analyzing 

environments. These characteristics have made IR spectra 

very useful as fingerprints for qualitative identification 

of organic compounds (41) . Application of IR analysis to 

inorganic compounds, cement systems, and fly ash, although 

not as extensive, has also been long established (42-43). 

Some studies have attempted to use IR to specifically 

determine what effects various anions, such as N03', HC02", 

S04
2", and C03

2* have on portland cement hydration (44-45) . 

The peak positions of inorganic anions are affected by 

the cations to which they are attached due to a change in 

the reduced mass according to: 

u = l/(27rc) x V k / / i 

Crystallinity, or lack thereof, can also affect inorganic 

spectra. Infrared analysis thus provides information about 

the presence of anions and perhaps their environment (49). 

Fourier Transform Infrared Spectroscopy Background 

The advent of Fourier Transform Infrared Spectroscopy 

(FTIR) has enhanced IR's performance for materials that have 

proved difficult for dispersive IR. Some minerals exhibit 

high absorptions or high scattering potentials. The low 
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energy provided by dispersion instruments is inadequate for 

these materials, so special sample preparation such as 

dilution with a non-absorbing salt is necessary. FTIR has 

made analysis of these "difficult samples" much simpler. 

Theory 

In FTIR, rather than scanning individual frequencies 

using a monochromator and source slit, the entire IR 

spectrum is analyzed simultaneously. Because radiant energy 

consists of trains of electromagnetic waves of many 

superimposed frequencies, the instantaneous electrical field 

at any point is the resultant of the combining of many 

fields due to individual frequencies. 

In other words, an instantaneous, time domain spectra 

of a radiation beam, in principal, contains all the 

information carried by the beam. Unfortunately, no detector 

exists which can respond quickly enough to distinguish these 

high frequency alternating fields (frequency on the order of 

1014 Hz) . To circumvent this problem a Michelson 

interferometer is generally used to modulate the signal to a 

frequency that modern pyroelectric detectors can monitor. 

The Michelson interferometer consists of a beam spliter and 

a moving mirror as displayed in Figure 7 (4.7). As the 

moving mirror is displaced, alternatingly constructive and 

destructive interference occurs for a single frequency. 

This phenomena is a result of the pathlength difference in 

the two beams. The resulting interference pattern can be 
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represented by a cosine wave where the maximum occurs when 

the path lengths of the two reflection beams are equal 

[2(BD)=2(BC)] or an integer wavelength apart [2(BD)-2(BC) « 

2 x 1/2X]. A minimum occurs when the path lengths are 180° 

out of phase [2(BD) - 2(BC) = 2 x 1/4 A] which occurs when 

the difference is 1/4 of the wavelength being measured. The 

moving mirror modulates the frequency so it can easily be 

followed by modern pyroelectric detectors. 
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Figure 7. Typical Michelson Interferometer 
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Superpositioning of the detector response for 

individual frequencies after modulation is mathematically 

equivalent to a Fourier transform of the spectrum. Digital 

computer interfaces are used to perform an inverse Fourier 

transform of the multiplexed signal converting the time 

domain interferogram to the familiar frequency domain 

spectrum. 

FTIR design allows for short scan times and high energy 

throughputs (no slits). This leads to several advantages 

over dispersive IR. Rapid scans allow for analysis of fast 

processes that are of interest for kinetic studies. More 

importantly, it becomes worthwhile to run a large number of 

scans and co-add them for improvement of the signal to noise 

ratio. This is true, because the signal is proportional to 

the square root of the total number of scans and each signal 

takes a minimal amount of time for FTIR analysis. 

Greater optical throughput provides greater sensitivity 

and allows FTIR to be used for strongly absorbing or 

scattering materials. This advantage can also be important 

for techniques and accessories which limit optical 

throughput (46-471. 

Diffuse Reflectance FTIR - Solid 

Analysis by diffuse reflectance is a low energy 

technique that has been available to IR analysis since the 

development of FTIR instrumentation. Diffuse reflectance 

represents the summation of radiation from surface reflected 
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and bulk reemitted components emitted from an absorbing 

sample. Sample transmission, absorbance, scattering and 

reflection all influence diffuse reflectance. Furthermore, 

in the IR region particle size and wavelength are often very 

close so that absorption and reflection cannot be considered 

independently. 

The accepted theory for defining the relationship 

between diffuse reflectance and sample concentration was put 

forth by Kubelka and Munk as: 

f(RJ = (1 - RJ2/2 K = k/s 

The Kubelka-Munk function f(R0), relates the absolute 

reflectance R. of an "infinitely thick" sample to the molar 

absorption coefficient k and the scattering coefficient s. 

It has been shown for dilute samples in nonabsorbing 

matrices that: 

. k = 2.303 ec 

where e is the molar absorptivity and c is concentration. 

Thus, 

f(RJ = (1 - RJ2/2 R^ = c/k1 k1 = s/2.3036 

The diffuse reflectance spectrum should therefore closely 

resemble absorbance spectra (48-49). Diffuse reflectance is 

very useful for analysis of solids and powders because it 

performs well with little sample preparation. It's 

application to fly ash hydrate analysis was therefore quite 

appropriate. 
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Instrumentation 

The instrument used throughout this investigation was a 

Nicolet 60 SXB FTIR Spectrometer. The diffuse reflectance 

(DRIFTS) attachment was manufactured by Spectra Tech, Inc. 

An optical diagram of the DRIFTS apparatus is found in 

Figure 8. The collimated IR source is reflected from the 

right planar mirrors A and B and parabolic mirror C before 

impinging on the sample. The diffuse reflectance is then 

collimated by mirror C to the left planar mirror B where it 

is reflected to the left mirror A and finally the detector. 

(C) 

Detector 

Sample 

• Source 

Figure 8 
Attachment 

Optical Layout of DRIFTS 

The detector used for the analysis of the solid samples was 

a deuterated triglycine sulfate (DTGS) pyroelectric 

detector. The majority of samples were run by coadding 128 

scans. The operating parameters are given in Table VI. 
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Table VI. Operating'Parameters for DRIFTS analysis of 
solids 

IR source Globar 

Beam splitter KBr 

Purge gas N2 

Wavenumber range 4000-400 cm"1 

Resolution 4 cm"1 

Mirror velocity 65 cm/min 

Number of scans 64-128 

Gain 8-32 

Detector DTGS 

Procedure 

Samples were ground using a Perkin Elmer Wig "L" Bug 

for 60 seconds prior to analysis. Reducing sample size, so 

that it is less than the wavelength of the impinging 

radiation, is known to reduce specular reflectance 

(reststrahlen bands) which can cause sharp derivative shaped 

peaks (2:48). Excess grinding time however should be 

avoided because of the possibility of changing hydration or 

crystal morphology states within the sample. This grind 

time was found to be adequate to produce spectra free of 

reststrahlen bands. 

Each sample spectrum was ratioed against a background 

obtained using a focusing mirror. After analysis spectra 
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were baseline corrected and plotted using a 10-20 point 

smoothing program. 

X-Rav Diffraction 

Background 

X-ray diffraction is a powerful technique for 

identifying phases in crystalline materials. The technique 

has been used successfully to identify crystalline phases in 

cementitious materials and to monitor phase changes 

occurring during hydration (50-51). It has also been used 

for fly ash analysis, (53.) however, obtainment of useful 

data can depend on the material and instrumentation used. 

The glassy outer surface of some ashes, and the low 

crystallinity of calcium silicate hydrate gel type reaction 

products can limit XRD usefulness in fly ash hydration 

studies. Sometimes, determining the lack of crystallinity 

or loss of crystalline phase during reactions can be 

important, therefore, this method was used on select samples 

to investigate its potential. 

Theory 

XRD is based on detection of X-rays reflected 

constructively by a regular array of unit cells in a 

crystalline compound. The conditions for constructive 

interference are given by the Bragg equation: 

nA = 2dsin0 

Lambda represents the incident radiation (A== 1.5405 for 
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CuKa), d is the distance between reflecting planes within 

the crystal in angstroms, 0 represents the angle between 

incident X-rays and the reflecting plane and n is the 

integer representing the order of reflection (for XRD n is 

considered to be 1). For a given value of X and d, 

constructive interference (and signal detection) will only 

occur at an angle such that sin0 = nA/2d. This angle is 

known as the Bragg angle. 

In powder XRD, a X-ray beam source of known wavelength 

is collimated onto a powdered sample which is undergoing 

rotation so that the whole range of incident angles are 

exposed, and monitored by a tracking detector. When an 

angle is reached that allows constructive interference of 

the reflected X-rays, the X-ray detector converts the signal 

so it can be recorded. From the resulting XRD pattern and 

the Bragg equation the interplanar spacing for the sample 

can be calculated. Because no two crystalline compounds 

have exactly the same interplanar spacings in all 

directions, the XRD pattern is unique for each type of 

compound. Comparison of spectra to library files or 

standards can provide positive identification of 

unknowns (53). 

Instrumentation 

The XRD instrument used was a Phillips Model 112045 

unit with a Norelco goniometer. Operating parameters are 

listed in Table VII. 
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Table VII. XRD Operating Parameters 

X-ray source Cu Kat tube 

Filter 1mm Ni film 

Wavelength 1.5405 A° 

Voltage 30 kv 

Amperage 15 mA 

Detector Nal scintillator 

Entrance/Exit slit 1° 

Scanning range 6 - 6 6 ° 2 0 

Scanning rate 2°/min 

Gain VD 
H
 1 

00
 

Time constant 2 

Full range 500 cps 

Chart speed 0.5 inch/min. 

Procedure 

Prior to analysis samples were ground in an agate 

mortar. The sample was then sprinkled into an aluminum 

sample plate measuring 76mm x 25mm x 3mm with a 20mm x 15mm 

x 1mm milled groove for sample placement. Enough sample was 

added to overfill the groove. A razor blade was then used 

to lightly cut across the sample. Many cuts were made 

perpendicular to each other so that the sample surface had a 

light, cross hatched appearance. This technique, along with 
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grinding was used to avoid preferred orientation of sample 

which could alter XRD patterns (54). 

Solution Chemistry 

Introduction 

To this point, the described experimental techniques 

were designed to be performed on reaction products in hopes 

of finding keys to unlock the nature of the admixtures role 

in hydration. It was thought that changes in rate of 

product formation and composition could be used to interpret 

how the anions are involved with hydration. Obviously, a 

more direct examination of the accelerating anion's part in 

hydration was desirable. 

Ideally, an experiment would directly track the anion's 

movement and behavior during the hydration process. For 

this sample, anion monitoring of this form was not 

realistically possible. However, simple detection of changes 

in anion concentration during a reaction course could prove 

quite enlightening in itself. A lowering of concentration 

could be representative of some form of anion interaction 

with species responsible for, or resulting from hydration. 

If concentration changes are monitored in real time they 

might be correlated with other chemical/physical phenomena 

which are known to occur at specific times. Kinetic 

analysis and mechanism elucidation might also be possible. 
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Analysis of species concentration in a complex system 

such as a hydrating cement or fly ash slurry can be very 

difficult. Hydrating, cement has a complicated chemical 

matrix with many potential interferents. Furthermore, 

typical application is at a w/s ratio of less than 0.6, so 

one is dealing with a paste rather than a solution. Several 

investigations have attempted to deal with this difficulty 

by taking solid aliquots from a hydrating paste after 

specified times and then using pressure extrusion to 

separate a liquid aliquot for analysis (55-56^. 

The extract was then analyzed for a number of ions of 

interest including accelerating anions. Some results for 

these pore solution analyses marked changes in anion 

concentration which seemed significant, however no clear 

mechanisms were suggested (39). 

Double and Thomas (Ij6) used a different sampling 

approach. They examined cement slurries at much higher w/s 

ratios (w/s = 2). A separate slurry was prepared for each 

sample. Each sample was then transferred to a filter funnel 

for filtrate collection after the desired time of hydration. 

Again, after the sample preparation, the concentration of a 

variety of ions was.analyzed. 

Both of these techniques have some disadvantages. The 

pressure extrusion method allows one to look at cement paste 

at reasonable w/s ratios, however, the method requires one 

to greatly disrupt the sample matrix by first removing a 
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smaller subsample and then squeezing the pore solution free 

from the solid paste. There is no way of knowing if this 

method removes ions which in the natural state, might 

actually be "loosely" bound to a surface, and thus, not 

truly part of the solution. Also, extrusion of the sample 

solution takes time, so very early phases are difficult to 

monitor. Since a separate sample is analyzed for each 

elapsed time, the number of samples and the sample time 

interval is limited. Also, there is generally some sample 

preparation necessary before the extract can be analyzed. 

The filtration method is perhaps a slightly more rapid 

technique and provides a more representative sample 

solution, but necessitates the use of impractical w/s 

ratios. It also shares the time restriction and resulting 

discontinuous analysis found in the extrusion method. 

It was hoped that a more rapid, continuous method could 

be developed for fly ash slurries which would not require 

additional sample preparations. The old filtration method 

might have some merit for fly ash studies because normal 

applications such as flowable fill materials will have 

higher water/solid ratios (w/s = 1 or greater). This would 

not, however, solve the problems of speed and ease of 

analysis needed for a kinetic type analysis. It was 

concluded that the development of an in-situ, rapid analysis 

technique, which involved a reaction container, filter 

(optional), pump, flow cell,and an analyzer would provide a 
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new and valuable research method for this type of study. 

Figure 9 provides a diagram of the proposed system in 

general terms. 

DETECTOR 

REACTION VESSEL 

FILTER 

SOURCE 

Figure 9 General Layout of in Situ 
Sampling Scheme 

Unfortunately, in order to be successfully applied, 

this method required a minimum water/solid ratio of 5, which 

is probably 3 times as dilute as would be seen in any field 

application. It was felt that this was acceptable because 

the chemistries involved would still be representative of 

solution chemistries of the high w/s fly ash slurries 

typically used. This technique would provide a means of 

rapidly determining concentration data with little 

disturbance to the sample. The data could be used for 

kinetic evaluation and to estimate the degree of anion 

interaction with solids. Circle cell internal reflection 
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FTIR, and UV spectrometry analysis were the two methods 

investigated as potential anion monitors. 

FTIR Solution Analysis 

Introduction 

The FTIR was the first method chosen to determine anion 

concentration changes with time. Traditionally, dispersive 

IR has had little application to aqueous systems. This is 

because of the high absorbance of H20 in the mid infrared 

region. Analysis using standard liquid cells will produce 

absorbance bands of greater than 3 for aqueous systems 

(52). For all practical purposes these bands are infinitely 

absorbing and contain no useful spectral information. From 

Beer's Law we know that a possible solution would be to 

shorten the cells path length. The problem with this 

solution, is that very short path lengths are often hard to 

maintain and reproduce. Fortunately, just as FTIR's ability 

to provide high energy throughputs made DRIFT analysis 

possible, another low reflective technique is now possible. 

This method is known as Circle Cell Attenuated Total 

Reflectance or simply Cylindrical Internal Reflection (CIR). 

Cylindrical Internal Reflectance Theory 

The basis for this technique was pioneered by J. 

Fahrenfort, N.J. Harric and W.N. Hansen in the early 1960's 

(58). High energies from FTIR, and the spectral subtraction 

feature of computer interfaced instruments have made this IR 
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method practical for a variety of species in aqueous systems 

(59-60). Figure 10 presents an optical diagram of the type 

of unit used for this analysis (60). 

a 
R00 CRYSTAL 

T0R0I0 

% 

CONE 

Figure 10. Cylindrical internal reflectance apparatus 

Energy from the source is reflected from the cone onto 

the toroid mirror and then onto the 45° end of the ZnSe 

crystal. The body of the crystal is surrounded by the 

sample solution. The refractive index of ZnSe can be 

assumed to be 2.433 for the IR energy range (60). This 

fact, and the crystal's configuration combine to produce 

total internal reflection. This can be seen from Snells law 

where we see that when the energy's incident angle is 

greater than the critical angle the radiation is totally 

internally reflected within the crystal. 

Critical = s i n ( V n i s i n 90°) (61) 

Where 0 c r i t i ca l is the crystal angle, n, is the refractive 
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index of the denser medium (ZnSe crystal) and n2 is the 

refractive index of the less dense medium (solution). The 

internally reflected radiation will reflect within the 

crystal making contact with the crystal surface/sample 

solution interface a specific, repeatable number of times 

according to: 

N = [(L/d) cotan 0] (62) 

Where N equals the number of reflections, L is the crystal 

length, d is the crystal diameter and 0 is the angle of 

incidence. 

For this configuration it has been shown that the 

internally reflected waves do in fact penetrate the rarer 

medium solution to a small degree by establishing evanescent 

standing waves which result from superpositioning of the 

incoming and reflecting radiation. 

The decaying nature of the evanescent wave and the 

resulting displacement of the reflecting wave due to 

penetration are conceptualized in Figure 11. 

For CIR the effective thickness is a measure of the 

strength of coupling between the reflected radiation and the 

rarer medium (sample solution). It is defined as the 

thickness of a film of the same absorbing medium that would 

be required in a transmission experiment to produce the same 

absorbance as that obtained by a single reflection in an 

internal reflection experiment. It depends on the depth of 
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n2 

; N. \ n1 

0 

Figure 11 Penetration of Evanescent Wave 

penetration, the electric field strength, the sampling area, 

and the ratio (—) • 

If the penetrating evanescent wave contacts IR 

absorbing species in the rarer medium it loses energy and 

the internal reflected beam is attenuated. The attenuation 

of the reflected power at a particular wavelength can be 

related to Beers law in an analogous manner as used for 

absorption. The attenuation spectra however, can be 

affected by wavelength and refractive indexes (62). 

Practical application of CIR usually depends on a 

calibration curve of absorbance versus concentration based 

on Beers law given by: 

A = a beff c 

where A = absorbance, a = absorptivity coefficient, c is 

concentration and beff is the effective path length 
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considered to be represented as: 

b e f f = N d e 

where N is the number of reflections within the crystal. 

For a given sample (n21"constant) , with a set 

orientation (0 " constant), the number of reflections will 

be constant, therefore beff should be constant. This 

assumption can be checked by examining the linearity of the 

calibration plot (62.65). 

The design of the CIR produces extremely short path 

lengths in a very reproducible manner. It is also very 

amendable to continuous flow cell analysis and thus perfect 

for on-line IR analysis of aqueous solutions. 

This characteristic was put to use by R.L. White et al. 

when they used CIR to monitor the changes in a fermentation 

broth caused by the bacteria E. coli's digestion of pyruvic 

acid. They were able to detect variations in pyruvate 

absorbance band intensities as small as 0.001A with high 

precision. The system used a high flow rate (800ml/min) 

flow cell design with no filtering to monitor the reaction 

process in real time, for over 9 hours (66). It was hoped 

that CIR could be applied to the fly ash hydration slurry in 

a similar manner. 

Method Development 

The development of a suitable sampling and analysis 

scheme based on the CIR system was a long process based much 

on trial and error. A description of the problems 
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encountered and attempted remedies will provide an outline 

as to how the method evolved during the course of this 

study. 

Prior to performing any fly ash experiments a number of 

questions needed to be answered. First, it would be 

necessary to establish that the anions (for example [N0'3]) 

could be detected using the CIR over the concentration of 

interest. It was also important to establish that the salt 

solution would be stable during the period of the hydration 

study. No conclusions could be made from changes in anion 

concentration during fly ash hydration, if the standard 

solution itself was not proven to have a stable anion 

concentration. Changes could be a result of reactions or 

precipitations at high pH's are by migration and adsorption 

of anions onto the ZnSe crystal surface. 

Figure 12 compares the spectrum of an aqueous solution 

containing 0.1219M nitrate concentration and the same 

spectrum where a H20 reference spectrum has been subtracted. 

It is obvious from this spectrum that if the contribution of 

H20 was removed from the spectra the presence of N03" at 

1347cm*1 became readily detectable. 
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Figure 12. Nitrate Solution with and without H?0 Subtraction 
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The question of this methods ability to detect the 

N03" concentration over a suitable concentration range still 

remained. Figure 13 is a 4 point calibration curve of 

absorbance versus nitrate concentration using calcium 

nitrate standards. 

Peak Area 

y * 3 7 . 7 8 x - 0 . 0 4 9 
r = 0 . 9 9 9 9 
Sr - 0 . 0 0 9 4 

0 0 .02 0 .04 0 .06 0 .00 

Molarity 
0.1 0.12 0.14 

Figure 13 Calibration Curve of Four 
Standards - Average of 3 Experiments 

The standards range from 0.1219M to 0.01219M (5 times 

less than the lowest concentration to be tested from Table 

IV). The plotted values are averages of 3 separate tests, 

each run on a different day. Between runs the flow cell was 

removed from its base, flushed clean and reinserted into its 

standard position. As evidenced by the linear plot the data 
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obeys Beer's law. The standard deviation about regression 

indicates the method's precision is very good. 

The solutions stability was confirmed by running three 

separate tests on the same 0.06095M nitrate solution. Each 

test involved collecting an absorbance reading for nitrate 

based on peak area after 0, 22 minutes and 6 hours had 

elapsed. The resulting data are found in Table VIII. 

Table VIII. Relative Change in Nitrate Peak Area 

Sample 22 minutes 6 hours 

1 0.81% 1.7% 
2 0.085% 3.0% 
3 0.94% 2.3% 

mean 0.61% 2.3% 
std dev +/- 0.4 0.7 

The magnitude of relative change after 6 hours was of 

some concern, however the change at 22 minutes seemed 

reasonable for a flow through system. It was expected that 

the actual time of interest would probably be within 1 hour 

after the reaction started, thus the reproducibility results 

for the flow system design were deemed acceptable. The 

effect of pH on the absorbance was also investigated. It 

was found that the absorbance changed very little with pH 

changes, probably because peak areas were used and baseline 

effects were removed when subtracting the H20 reference 

spectrum. 
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After completion of these initial tests it was felt 

that the method showed potential and warranted further 

investigation. The methodology will be described in general 

terms at this point with the idea that the specific details 

will be presented when the technique finally used is 

described. The first attempts used a Perkin Elmer 

Peristaltic Pump and 1/4 inch teflon tubing to pump the 

slurry solution of fly ash and 0.06095M nitrate through the 

flow cell. The pumping rate was approximately 15ml/min, 

which was considerably slower than others had described. 

(2:66) Analysis was performed after specified hydration 

times and peak areas were integrated for the 1347cm"1 

nitrate peak after subtracting the H20 reference. A series 

of spectra that typify the results obtained from this method 

are shown in Figure 14. These spectra not only exhibit a 

peak at "1347cm"1 due to N03", but contain peaks at "1100cm"
1 

and 950cm"1 which are growing with time. The later two 

bands are in the region associated with silicate Si-O-Si 

bond stretching (42). The probable cause for their 

appearance was thought to be the accumulation of fly ash 

particulate on the ZnSe crystal due to the slow flow rate. 

A variety of filters, such as gas dispersion tubes, 

HPLC filters and cyclone type filters were tested in order 

to solve this problem. It was soon discovered that the very 

fine porosity filters either restricted flow too much, or 

generated a copious amount of bubbles in solution, which 
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produced so much noise that spectra were worthless. 

Slightly coarser filters appeared to the eye to effectively 

filter the slurry but examination of the spectra overlay in 

Figure 15 reveals that the silica peak at "1100cm"1 is still 

present albeit on a smaller scale. It is also interesting 

that the lower wavenumber, broad peak at "950cm"1 basically 

disappeared. 

The outside possibility that the 1100cm"1 represented a 

soluble silica species which was gradually going into 

solution was considered at this point. This possibility was 

checked by stopping a reaction immediately after a spectrum 

was collected which contained a substantial silica peak. 

The fly ash slurry was then immediately filtered through 

fine filter paper. The flow cell was flushed with clean H20 

until a background free of any indication of silica was 

obtained. The filtrate was pumped through the flow cell and 

analyzed. It was reasoned that if the silica peak was the 

result of a soluble silica species it should still be 

present. This analysis found no indication of a peak at 

1100cm"1. It was thus concluded that the peaks' presence 

was due to adsorbed particulate. 

The presence of a silica peak was not particularly 

important as far as analyzing the spectra for nitrate peak 

area was concerned. The effect the adsorbed silica had on 

the behavior of the nitrate anion, however, did appear to be 

critical. A graph of peak area versus time for the nitrate 



83 

and silica peaks is given by Figure 16. From this graph it 

can be seen that the silica peaks begin to become 

substantial after 20-30 minutes. This corresponds with a 

large gain in absorbance for the nitrate band. It is 

particularity concerning that at this point the nitrate 

solution undergoes an increase in concentration beyond its 

initial value. One might expect adsorption of fly ash 

particles on the crystal surface to lower the surface area 

available for N03* contact and lead to a reduction in 

observed N03" concentration. The opposite trend observed 

was felt to probably be a consequence of adsorbed fly ash 

particulate providing a trap for N03* in direct contact with 

the crystal surface which lead to an apparent increase in 

concentration. 
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Figure 14. Fly Ash/Nitrate Reaction Slurry - No Filter 
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Figure 16. Comparison of Nitrate and Silica Peak Growth 
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Referring to the work by White and coworkers it was 

interesting that they used a much faster flow rate with no 

attempt to filter solids from the fermentation broth, for 

their analysis. Their success with this procedure prompted 

the obtainment of a higher speed peristaltic pump. It was 

hoped that a faster flow rate ("500ml/min) would prevent any 

adsorption of fly ash on the ZnSe crystal. It was soon 

discovered that a filter could not be used for this method. 

The higher flow produced an excess of bubbles and also 

caused the filter to rapidly clog with a thick fly ash 

coating. Other attempts were made with high speed 

circulation without any filtering. These results are 

displayed in Figure 17. In this figure besides the nitrate 

peak ("1340cm"1), a band of constant size is seen at "980cm"1 

as well as the familiar growing peak at "1100cm*1. Numerous 

experiments showed the presence of the constant "980cm"1 

band as well as the growth of the silica 1100cm"1 band, even 

though the crystal appeared quite clean after the slurry 

analysis was completed. It was hard to imagine that fly ash 

could accumulate on the crystal at the flow rates used. In 

fact, it was thought that the abrasive action of the moving 

particulate would prevent any accumulation. One might 

imagine a relatively broad peak at 980cm"1 due to constant 

flowing contact of the slurry solution with the crystal 

during testing, but the growth of the sharp 1100cm"1 peak 

was puzzling. 
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Close examination of the crystal with a magnifying 

glass after slurry testing discovered the accumulation of 

minute quantities of fly ash in the end of the cell. The 

material found was lodged in the crack formed between the 

crystal and the teflon O-ring which sealed the crystal in 

place. This design apparently produced a dead space which 

trapped small quantities of fly ash and consequently nitrate 

as well. 

It was not feasible to redesign the flow cell 

configuration such that entrapment would be guaranteed not 

to occur. An alternative means of avoiding the problem was 

taken by shielding the crystal. A small band of teflon tape 

was wrapped around the ZnSe crystal prior to insertion into 

the teflon O-ring. The tape was placed so that it provided 

a protective sheath between the O-ring and crystal surface 

in the region of contact. The diagram in Figure 18 shows 

how the teflon shield was expected to prevent any 

accumulating fly ash in the O-ring/crystal crevice from 

actually contacting the crystal itself. 

Of course, the effective pathlength of the cell was 

slightly reduced by the teflon tape, but the reduction was 

easily held constant by using the same tape ring for a 

series of experiments. The only spectral interferences were 

associated with absorption by teflon and corrections for 

bands in this region were already being applied for the 



90 

background (teflon 0-rings) by ratioing the sample against 

the background. 

Tef!on,0-Rlng 

L 
d 

J 
I 
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Glass Flow Cell 

r t > 

Figure 18 CIR Flow Cell with Protective 
Teflon Tape Sheath 

Figure 19 displays a series of typical samples after 

various hydration times using the teflon tape method. The 

broad band at 980cm"1 is seen at a very early age and 

remains at a constant magnitude throughout testing. This 

was seen for all samples tested by this adaptation of the 

flow cell method. This band was found to occur immediately 

upon introduction of the sample and remained constant over 

ranges of less than 1 minute and up to 3 hours. It was 



91 

believed to have originated primarily from contact with 

flowing fly ash particles from the slurry solution. A 

steady flow of particulate material with a constant 

concentration would be expected to produce a signal that 

might vary slightly as individual particles contacted the 

crystal differently, but on average would provide an overall 

consistent result. The relatively broad absorption band, of 

constant magnitude found at 980cm"1 basically fits this 

description. 

The sharp peak at "1100cm*1 is not present even after 4 

hours. This was taken to indicate that the protective 

teflon tape had solved the problem of silica contact with 

crystal. 

It was believed that the method could now be 

successively used to monitor the changes in concentration of 

nitrate in a fly ash slurry mixture. 
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Instrumentation 

The same Nicolet 60 SXB FTIR used for solid analysis 

was used for the solution chemistry. Application of the CIR 

attachment for a semi-kinetic study required that the 

operating parameters be adjusted in some cases. These are 

listed in Table IX. 

TABLE IX. Operating parameters for CIR analysis of slurry 

IR Globar 

Bean splitter KBr 

Purge gas N2 

Wavenumber range 2800 - 800cm"1 

Resolution 4 cm"1 

Mirror velocity 70cm/min 

Number of scans 64 

Gain 2-4 

Detector MCT 

The wavenumber range analyzed was reduced to reflect 

the region containing the bands of interest. No spectral 

information was available from outside these limits. The 

number of scans was reduced so that the flowing slurry could 

intermittently be sampled on a time frame that was 

reasonable for this study. It took approximately 1 minute 
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for the FTIR to collect and process 64 scans. The signal to 

noise ratio remained good at this lower number of scans. 

The gain was adjusted to produce an acceptable signal. Good 

signal intensities were obtained for this study due to a 

combination of the CIR's energy throughput and the detector 

used. For this study a liquid nitrogen cooled mercury-

cadmium-teller ide photoconductive detector was used. This 

detector is known to provide considerably more sensitivity 

than the deuterated tryglycine sulfate detector and allowed 

faster recording of spectra (48,67). 

The CIR used was made by Spectra Tech, Inc. and 

conformed to the optical design presented in Figure 10. The 

pyrex flow cell measured 61mm in length and had an inner 

diameter of 9.5mm. The ZnSe crystal was 82mm long, 6mm in 

diameter, and beveled at a 45° angle on the ends. A 5mm 

band of teflon tape was wrapped around one end of the 

crystal as previously described. Approximately 60mm of the 

crystal was in contact with the flowing sample. The sample 

was pumped from a 500mL plastic beaker through tygon tubing 

with an inner diameter of 3mm. A variable speed 115v/2amp 

Cole-Palmer peristaltic pump was used to establish a flow 

rate of 500mL +/-10%. The total sample loop measured less 

than 1 meter in length. A flow chart of the preparation and 

sampling method is presented in Figure 20. 
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Align Cell Holder 

Purge with N2 

Collect H20 Reference 

Collect 3 Point Calibration Curve 

Add 150ml of Solution to Reaction Vessel 

Obtain Time=0 Spectrum 

Add 3Dg of'Fly Ash and Collect Subsequent Spectra 

Analyze Spectra 

Figure 20 CIR Sampling Method 

Procedure 

The CIR unit was first aligned to produce the maximum 

signal output. The base was then locked at this position. 

The module surrounding the CIR was then purged with N2 for 

at least 30 minutes. The purge was obtained throughout the 

experiment to insure that the collected spectrum of the 

aqueous sample was not influenced by the presence of 

atmospheric moisture. The instrument was calibrated before 

each slurry analysis was performed with calcium nitrate 

solutions of suitable concentrations. The flow cell was 
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then flushed with deionized water and rinsed with the salt 

solution to be analyzed. One hundred and fifty milliliters 

of solution was added to the plastic beaker and the flow was 

adjusted to give a flow rate of 500mL/minute. An IR 

measurement was then made to record a time = 0 reading. 

After obtaining this reading a 30g sample of fly ash was 

poured in one motion into the flowing reaction vessel. 

Mixing and flow to the CIR occurred almost immediately. 

After the appropriate elapsed times (as determined by a stop 

watch), additional spectra were collected and saved for 

interpretation. Testing times ranged from 0.5 to 150 

minutes with early samples collected every 1 to 2 minutes. 

In order to accurately detect what might be relatively 

minor changes in anion concentration, it was desirable to 

develop an analysis procedure that promoted high precision. 

Measures were taken to insure that the reference 

subtraction, and peak analysis processes were performed in a 

very consistent manner. The steps taken for sample analysis 

are enumerated in Table X as follows. 
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TABLE X. CIR spectra analysis procedure 

1. Correct baseline of H20 reference spectra until 

visually flat 

2. Perform 20 point boxcar smoothing program on reference 

spectra 

3. Obtain height of flat area of reference baseline 

(height at 1880cm"1) 

4. Obtain height of maximum H20 absorption band (height at 

1637cm"1 

5. Subtract height of baseline at 1880cm"1 from height of 

H20 maximum absorption (1637cm*
1) for H20 and save as 

"Baseline Corrected (BLC) Reference Height" 

6. Perform steps 1 through 5 on the sample spectrum to be 

analyzed except label the baseline corrected height as 

"BLC Sample Height" 

7. Determine the reference multiplication correction 

factor (FCR) by dividing the BLC sample height by the 

BLC reference height and label this as the "FCR" 

8. Use the FCR to exactly subtract the HzO contribution 

from the aqueous sample spectra by subtracting the 

reference multiplied by the FCR from the sample 

[Sample - (FCR) * Reference]. Save this as "Final 

Sample Spectra" 

9. Baseline correct the Final Sample Spectra if necessary 

10. Integrate the peak area of the peak of interest (for 

nitrate integrate from 1465 to 1265cm"1) 
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The method described above was developed because 

analyte peak areas were found to be somewhat affected by 

subtraction of the overlaying H20 spectrum. Subtraction of 

a reference which was multiplied by a ratio of the sample 

water peak to the reference water peak guaranteed that just 

the proper amount of H20 reference spectrum was subtracted 

from the final spectrum. Variations in the H20 peak heights 

were due to background shifts. This variation was taken 

into account by measuring heights in reference to a common 

flat area of the baseline at 1880cm"1. Beside the assurance 

of proper subtraction magnitude, this method guaranteed 

consistency. Any slight over or under subtractions 

performed on one spectrum was also performed on all other 

spectra, thus trends in peak area changes could confidently 

be accredited to concentration changes and not analysis 

fluctuations. 

Routine use of the CIR for real-time sample monitoring 

proved to be somewhat difficult. In order to obtain the 

most reproducible spectra it was necessary to run a constant 

N2 purge starting approximately 1 hour before introducing 

the sample. During the course of the kinetic study if the 

need arose to break the purge in order to adjust the flow 

cell, the whole process had to be repeated. There was also 

occasional problems with air bubbles becoming trapped in the 

cell. The only way to remove the more persistent bubbles 

was to lightly tap or adjust the flow cell, thus breaking 
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the nitrogen purge. When testing was performed on a non-

filtered slurry the moving particulate prevented bubble 

formation but lead to a more serious problem of beam 

attenuation. 

When the fly ash slurry was pumped through the flow 

cell the transmitted radiation was reduced as a result of 

the particulate obstructing and scattering the beam. Keep 

in mind that the calibration curve was generated using a 

particle free, transparent solution, it would obviously not 

be possible to use a standard curve to quantitatively 

monitor the change in anion concentration. Figure 21 

displays the results of an experiment where a calcium 

nitrate solution was first allowed to react with fly ash for 

over 24 hours. Presumably, the system would reach 

equilibrium conditions within this time. The filtrate from 

this material was then poured into the flow cell reaction 

vessel and a series of spectrum were collected. The reacted 

fly ash residue was then added to the reaction vessel and 

allowed to mix thoroughly before it to was analyzed. The 

particulate attenuation is apparent from these results. The 

consistency of the absorbance readings prior to and after 

adding the residue convincingly prove that the increased 

absorbance was caused by attenuation. 



100 

oo y? 

CO 
o> 
u 
(0 

03 © 

a 

<D 
m 

h-
~T~ 

<* 

~I 

I 

CM 

~T~ 

I* I* 
iO CO 

CO 

i 6 

i 
a> 
> > 
CO O 

CD 
CM 

CVl 

CM 
CM 

O 
CM 

CO 

to CO co M-

CO 
<D 
4-» 
D 
c 

<D 

£ 

TD 
<D 

g CO 
a 

i 2 
o 

CM 

< 
U_ 
+ 

c 
o 

J2 
o 
CO 

+ 
c 
O *-» 

J2 
o 
O) 

T3 0 
+-* 

O 
CO 
CD 

I 

CM 

Figure 21. CIR Signal Attenuation by Particulate 



101 

Making use of the H20 absorption band at 1637cm'
1 as an 

internal standard correlating attenuation effects between 

the transparent standards and attenuated sample was 

considered as a solution to this problem, but attempts to 

apply this method were unsuccessful. The possibility of 

making standard solutions containing fly ash and the anion 

was not considered because of the reactive nature of the 

ash. Obtaining a series of reference H20 slurries was an 

idea with merit, but there was some concern as to how well 

the reference spectra would represent the background in a 

sample slurry, especially since nitrate peak shape (and thus 

absorbance) was linked closely to the subtraction process. 

These difficulties prompted the examination of techniques 

which have traditionally been more commonly used with 

aqueous studies. 

Ultraviolet Absorption Solution Analysis 

Introduction 

Analysis based on absorption of ultraviolet/visible 

(UV/VIS) radiation by analytes is a well established 

technique, with broad applications. The applicability to 

many organic and inorganic systems, good sensitivity, 

precision and ease of use of this method are factors that 

have lead to its popularity. 

Unlike IR analysis, UV/VIS radiation is routinely used 

for analysis of aqueous solutions. Water begins absorbing 
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UV radiation appreciably at wavelengths below 190nm, which 

happens to correspond well with the lower wavelength limit 

for normal UV/VIS analysis (68). Anions such as nitrate 

have been successively analyzed in a variety of aqueous 

environments, using UV/VIS absorption techniques (69-71), 

Analyses using rapid response detection, computer 

interfaces, and flow cells have been performed to monitor 

reactions in real time for chromatography, and kinetic 

studies (72-73). 

Molecular UV/VIS Absorption Theory 

According to quantum theory, absorption by a molecule 

occurs when a molecule comes in close contact with photons 

from radiation that.have energy exactly matching the 

difference in energy between the molecule and one of its 

excited states. The electronic transitions associated with 

molecular excitation correspond with radiation having an 

energy that falls in the UV/VIS region of the spectrum. The 

excitation process is usually depicted as 

M + hu > M* 

The excited species M* relaxes quickly back to the 

ground state (10"6 to 10"9 sec) . The relaxation step can 

release energy in the form of heat, fluorescence, 

phosphorescence or photodecomposition, with thermal emission 

being the most common means. The lifetime of the excited 

state (M*) is so short that its concentration at any time is 

negligible as is the quantity of heat released by its 
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relaxation. In molecular absorption, each of the absorption 

bands are actually composed of many unresolved absorptions 

due to excitation of the ground state to one of the many 

closely spaced vibrational and rotational energy levels that 

are associated with each electronic state. 

The electronic transitions which are pertinent to this 

work involve excitation of electrons from pi bonding 

orbitals to pi antibonding orbitals (ir->ir*) and nonbonding 

electrons to pi antibonding orbitals (n->7r*) . The (n->jr*) 

transitions have a lower probability of occurring than the 

(3r->7r*) transitions. This fact is reflected in their 

respective molar absorbtivities (e) . The (n->7r*) 

transition usually have an e of 100cm'1 M"1 while the (ir->7r*) 

transitions have e in the 1000 to 10,000 cm"1 M"1 range (74-

75) . 

Because many of these transitions involve electrons 

which are involved in bonding, the wavelength of absorption 

peaks can sometimes be used to identify functional groups. 

The effects that different solvents have on the absorption 

peaks position is also helpful for identification. Positive 

identification can be difficult however, because UV/VIS 

spectra typically consists of a limited number of broad 

peaks. Molecular absorption spectrocopy's true strength 

lies in its application as a quantitative technique. 
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UV/VIS Analysis Method Development 

Experience gained through CIR experimentation greatly 

simplified the methodology development for the UV analysis. 

Based on previous methods it was determined that the best 

approach would involve pumping the solution through a filter 

and into a low volume flow cell. Clogging of the filter and 

bubbles would be avoided by using a low speed peristaltic 

pump (15 mL/min). This pumping speed was adequate for this 

technique because of the low volume UV/VIS flow cell and the 

instrument configuration. The spectrophotometer's design 

allowed one to place the reaction vessel very close to the 

cell thus reducing the amount of tubing required. The 

combination of these conditions resulted in an acceptable 

time lag between the reaction chamber and the analysis cell. 

The first steps of method development again 

concentrated on establishing the stability and behavior of 

the proposed salt solutions. The stability of a 0.06m 

calcium nitrate solution was tested by first allowing the 

nitrate solution to completely react in a fly ash slurry 

(w/s = 5). After approximately 24 hours the solution was 

filtered from the particulate using the same type of filter 

that would be used for later testing. The filtrate was then 

monitored for nitrate concentration for 30 minutes at 15 

second intervals. Figure 22 is a single spectrum clearly 

showing the presence of nitrate by a peak at 301nm. 
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Every 15 seconds a 5 second analysis was performed 

resulting in 10 scans which were averaged. The overall 

average peak height for the 30 minute test was 0.5857 a.u. 

with a coefficient of variance +/-0.02%. The stability of 

the solution as well as the precision of the method appeared 

to be much better than the CIR method. The effect that pH 

and particulate had on the spectra is seen in Figure 23 

which compares an aqueous nitrate solution with a nitrate 

solution with a pH near 10 and some fly particulate present. 

The high pH material has undergone a baseline shift. This 

type of shift was critical to proper concentration 

determination for this method, because peak integration was 

not possible. The instrument used was limited to detecting 

peak height, therefore, a reproducible baseline correction 

method was necessary. 

As previously discussed, it was thought best to avoid 

corrections based on subtractions of a blank composed of fly 

ash and water only, because of the difficulty associated 

with exactly matching a blank to the sample matrix for a 

reacting system. The technique could probably be used if 

absolutely necessary but an attempt to develop an easier, 

more reproducible method was thought to be justified. 

One possibility would be to assume a constant baseline 

shift throughout the wavelength region of interest. If this 

were the case a correction could be made by comparing the 

absorbance at a wavelength in the flat part of the baseline 
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for both the original, and the reacting samples. The 

difference between these two values could be subtracted from 

the reacting spectrum for every wavelength thus baseline 

correcting it. This technique assumed that the change in 

absorbance for the adjusted spectrum is uniform throughout 

the spectral range which was not totally correct for this 

work. 

Perhaps the most accurate correction would involve 

performing a baseline correction at the wavelength 

corresponding exactly to the peak maximum. The method used 

to perform this form of correction can be explained by 

referring to Figure 24. 

\ T=X 

259 301 

Wavelenth (mrO 

Figure 24. UV Absorbtion Baseline Correction 
Method 



109 

The absorbance of the unshifted original solution 

(T = O) was determined by assuming a straight baseline 

existed between 259nm and 340nm wavelengths. The absorbance 

and wavelength values for these two points were used to 

calculate the slope of this straight line per: 

m = (A 340 - A 259) 
AX 

where A A = A340 - A259 

This slope and the known values of absorbance and 

wavelength were used to calculate the baseline absorbance 

value at 301nm for T = 0: 

®A301(0) = + (̂ 359) 

where BA301(0) = baseline absorbance at 301nm and T = 0, 

and AA' = 3̂01 "̂259 

The same procedure was applied to the baseline shifted 

reacting spectrum to obtain the baseline value at 301nm for 

T = X (BA301(x)) . The peak value was then corrected for 

baseline shifts by subtracting the difference in baseline 

absorbance values at 301nm for T = X and T = 0 according to: 

^k^OKcorr.) = ^^301 (x) ~ tBA301(x> ~ BA301(0)] 

After this correction, all peak heights are measured 

with respect to the same baseline and should therefore be 

comparable. In reality some error was introduced by 

assuming that the increase in peak shift at lower 

wavelengths was linear. Actually, the shift was more 

sigmoidal in nature, which resulted in a correction that was 

not totally complete as seen in Figure 25. 
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This figure compares corrected spectra of a reacting fly ash 

solution after 10 minutes to the original spectra. The 10 

minute sample represents the point where the baseline 

absorbance had shifted the most. Flat portions of the 

baseline" at 259nm and 340nm were chosen as correction points 

as well as the calculated correction at 301nm. It is 

apparent that corrections based on 259nm over subtracted and 

corrections at 340nm under subtracted. The correction at 

301nm is a much better fit introducing an error less than 

one half in magnitude of what was seen by the other two 

methods. It was felt that the baseline correction at 301nm 

would provide the most accurate data and more importantly 

for this comparative study, would also provide the best 

repeatab i1ity. 

Upon completion of this initial testing and 

development, it was concluded that the UV absorption 

spectrophotometric technique would be suitable for analysis 

of the fly ash slurry solution. 

Instrumentation 

The UV/VIS absorption spectrophotometric unit used 

throughout this work was a Hewlett Packard Model 8450 diode 

array analyzer. A schematic of the optical design of this 

spectrophotometer is depicted in Figure 26 (76). 

There are a number of features unique to this 

multichannel instrument. For instance, the visible and 
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ultraviolet sources are arranged so that the full spectrum 

of energy (200 - 800nm) is continuously produced for 

simultaneous detection. Radiation is reflected from the 

source by elliptical mirrors onto the vertically mounted 

beam director. The beam director is electronically 

controlled to use the upper mirror to alternately focus the 

source radiation on the sample and the reference. The 

infracted beams are then directed to a holographic grating 

by the lower mirror of the beam director and another 

elliptical mirror. The holographic grating disperses the 

incoming signal into two independent spectra that are 

focused onto the visible and ultraviolet detector arrays. 

/ * 

Reference * 
cell Cub* comer 

mirrors 

Source 
ellipse 

Lamp 

Cube comer 

tffipie 

Hoio<gf»phit 
ar*i.« 9 Upper 

beam 
director 

•no dctecior arrays 

Lower beam 
director mirror 

Figure 26. Optical Design of HP 8450 Spectrophotometer 
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Each of these detectors consists of an array of 211 diodes. 

Four hundred and one of these are used to detect the full 

wavelength range of 200 to 800nm. The range from 200 to 

400nm has one diode per nanometer and the range for 400 to 

800nm has one diode per two nanometers. The diodes are 

basically p-n junction semiconductors which are each put 

under a reverse bias and connected to a charged capacitor. 

When a signal impinges on the diode photon generated charge 

carriers are produced which allow the capacitor to 

discharge. The amount of current required to recharge each 

diode is recorded by a computer and is directly proportional 

to the signal. The entire spectrum is analyzed in this 

manner in much less than a second (26). 

The very rapid data collection offered by this energy 

dispersive design has added a whole new dimension to 

analysis by UV/VIS absorption techniques. This technique is 

easily applied to resolve overlapping peaks in 

chromatography and to study kinetics which are of the 

appropriate time scale (77). 

Another feature of the multichannel instrument which 

has made it useful for real time analysis is the reverse 

optics, where the samples are found between the source and 

the monochromator. This design eliminates the need to lock 

the samples in a light tight box. Thus, the sample holders 

are open and easily accessible for adaptation to 

continuously monitoring flow cells. 
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The operating conditions for the HP 8450 are presented 

in Table XI. 

TABLE XI. HP 8450 Spectrophotometer Operation Parameters 

Source Deuterium 

Wavelength 200 - 400nm 

Resolution lnm 

Detector Photo diode array 

Sample interval 60 sec 

Sample analysis time 10 sec 

Number of scans of each sample 20 scans 

UV Solution Analysis Procedure 

The general description of the experimental designs for 

the UV absorption analysis is similar to that previously 

described for the CIR - FTIR procedure. In this case, the 

flow cell was a 1 cm quartz cuvette with openings at the top 

and bottom designed to provide a free flow. The cell was 

connected to the Perkin Elmer peristaltic pump with 3mm 

inner diameter tygon tubing. The flow rate was 15mL/min +/-

5%. The total sample loop measured less than 50cm. The 

solution was filtered prior to the flow cell by a 2/m HPLC 

prefilter. The reaction container was a 500mL plastic 
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beaker. All fly ash hydration was studied at a w/s ratio of 

5. The procedure used is enumerated in Table XII. 

TABLE XII. UV absorption analysis procedure 

1. Balance flow cell against H-,0 reference 

2. Perform 4 point calibration (including H20 blank) and 

save spectrum 

3. Rinse cell with sample solution 

4. Add 150ml of sample solution to reaction chamber and 

obtain T = O spectra 

5. Add 30g of fly ash and immediately begin kinetic study 

6. Analyze data 

Prior to each experiment a balance was run to correct 

for background and differences in the sample and reference 

cells. A four point calibration was then analyzed using 

appropriate concentrations of standard solution. These 

spectra were saved and later a least square calculation was 

performed to determine the best straightline fit. This 

equation was eventually used to calculate the concentration 

of ion in question. The calibration curves were linear with 

typical correlation coefficients >0.9990. After rinsing the 

cell with sample, 150mL of sample was poured into the 

beakers. A spectrum was collected and stored as the time 

equals zero spectrum. The spectrophotometer's 
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microprocessor was then programmed to collect samples every 

60 seconds for a 10 second duration, resulting in a spectrum 

consisting of an average of 20 analysis at each wavelength. 

The resultant spectrum would then be stored in the 

microprocessor memory. Thirty grams of fly ash was then 

added to the reaction vessel and the kinetic program was 

started immediately. The fly ash slurry was stirred 

vigorously with a magnetic stir bar at a constant setting 

for 1 minute and was then allowed to settle. Upon 

completion of the analysis (typically 45 minutes to 1 hour), 

the spectrum for each sampling time was retrieved to the CRT 

screen for analysis. The average absorbance for a five 

wavelength range for three separate regions was recorded. 

For example, the regions used for averaging for a nitrate 

analysis were: 259 to 263nm, 299 to 303nm, and 338 to 342nm. 

Any inconsistency due to diode fluctuation or peak shifts 

tended to be averaged out by this method. This technique, 

coupled with the fact that each reading was actually the 

average of 20 analyses, was used to provide better 

precision. Data for the three regions for each time 

spectrum were recorded in a spreadsheet. The spreadsheet 

performed the baseline corrections previously described for 

each sample, and used the calibration equation for a 

straight line to present the data as anion concentration 

versus elapsed time.-



117 

Zeta Potential Analysis 

Introduction 

When a solid particle is suspended in an aqueous 

solution an interface exists between the two phases. The 

separation of these two unequally charged phases results in 

an electrical potential. The structure of this interface 

can be better visualized in terms of an electrical double 

layer model. The Gouy-Chapman-Stern-Graham model is 

presented in Figure 27. 

Stern Layer Shear Plane 

Surface 

Diffuse Layer 

Surface Pot. 

Stern Pot. 

Zeta Pot. 

Distance 

Figure 27 Electrical Double Layer on a Particle 
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The surface is immediately surrounded by a layer of 

specifically, chemisorbed co-ions while the Stern layer 

consists of tightly bound solvated counter ions of an 

opposite charge. The surface charge plus the excess of 

counter ions over co-ions constitute the electrical double 

layer. The shear plane is an imaginary sphere lying just 

outside the Stern plane. It represents the volume of ionic 

and solvent species which remain associated with the 

particle. Species inside the shear plane will move as the 

particle moves in solution while those outside this sphere 

will remain randomly oriented in the bulk. The electrical 

potential which is present at the distance of the shear 

planes diameter is known as the zeta potential. The 

magnitude of this potential depends on the surface charge, 

the concentration and valencies of the co and counter-ions, 

and the dielectric constant of the solution. The zeta 

potential also provides insight on the relative thickness 

and density of the double layer (78-79^. 

These properties are important to colloidal chemistry 

where mutual repulsion or attraction by suspended particles 

can greatly effect the colloid's behavior and reactivity. 

The zeta potential also provides a measure of changes in 

charge at or near the surface of a suspended solid, and can 

be used to monitor reactions occurring at the solid/liquid 

interface. 
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The zeta potential is actually a calculated parameter 

derived from relationships relating the zeta potential to 

the electrophoretic mobility (80). Electrophoretic mobility 

(U) refers to the mobility of a particle in an electric 

field and is usually measured by determining the velocity of 

a particle in a known electric field, by the equation: 

U = V/E 

where V = the particle velocity and E = the applied electric 

field. Its direct relationship to the charge of a particle 

is represented by the equation: 

U = S/nK 

where U = electrophoretic mobility, S = surface charge 

density of the particle, n = viscosity of the solution, and 

K = the Debye Huckel parameter. (2:78) 

Originally, the electrophoretic mobility was determined 

by observing the movement of a single particle in a known 

applied field with a microscope and timing the migration 

rate for a known distance. A series of particles were 

analyzed in this manner for calculation of an average zeta 

potential. This was a very tedious method and suffered from 

a number of disadvantages. For instance, the particle by 

particle, time consuming nature of this method, precluded an 

analysis of sufficient numbers of particles to determine 

mobility distributions or to distinguish between multimodal 

distributions. It also prevented monitoring changes that 

occurred over fairly short time frames. The low number of 
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particles analyzed, and the inherent bias to monitor 

particles easily seen lead to statistically unsound results. 

A number of investigators have made use of the 

traditional electrophoresis mobility analyzers to 

investigate the hydration process and kinetics of 

cementitious materials. For instance, in 1976, Skalny 

et al. used this method to determine that the outer surface 

of hydrating C3S consisted of a positive charge due to 

adsorption of dissoluting Ca2+ ions onto the negative 

surface (81). Later Nagele examined the zeta potential of 

cement, blast furnace slag and fly ash using the microscopic 

method (82-85). Others have determined the effects of 

admixtures (40, 86-88). These experiments have all provided 

valuable information concerning the early hydration 

reactions of cement. However, because of the techniques 

used they all suffered from the disadvantages discussed 

earlier. There now exist a new generation of instruments 

for electrophoretic mobility analysis that have overcome 

many of the difficulties previously experienced. 

Electrophoretic Light Scattering 

Electrophoretic light scattering (ELS) employs a 

combination of electrophoresis and laser doppler shifted 

signals. The velocity of charged particles moving in an 

applied field is monitored by determining the frequency 

shift of radiation resulting from a scattered laser beam. 

The scattered radiation is compared to a reference beam from 
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the same laser that doesn't pass through the sample 

solution. The frequency shift between the two can be 

related to the velocity of the moving particle by: 

AD = 2nVsin( (6/2)/A.0) (78) 

where Au = doppler shift, n = refractive index of solution, 

V = velocity of particle, 0 = the scattering angle and A.0 = 

wavelength of light in a vacuum. 

The electrophoresis mobility can be shown to equal the 

following: 

U = Aui0/(2nE sin(0/2)) (78-89) 

where E is the applied field. 

Electrophoresis mobilities based on ELS are obtained 

from a large number of particles over a short period of time 

(less than 1 minute). This leads to statistically sound 

data and results based on mobility distributions. 

Multimodal mobility distributions are easily detected and 

the short analysis time allows close monitoring of dynamic 

systems. Another advantage offered by this technique is 

based on a fundamental property of light scattering itself. 

Smaller particles will scatter light at larger angles. In 

modern ELS electrokinetic analyzers, detectors are placed at 

a number of different angles. This arrangement can provide 

reliable information by indicating how mobilities, and thus 

zeta potentials, are related to relative particle size 

distributions existing within a suspension. Simultaneous 

results of mobility for different angles can also be 
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compared to validate the presence of mobility distribution 

modes. 

It was felt that this technique could provide 

information concerning the interaction of suspended fly ash 

particles and admixture anions that would compliment data 

obtained for solution chemistry by other means. The rapid 

response and multimodal detection abilities of the newer 

technique would possibly monitor the reaction more closely 

than previously achieved. 

Instrumentation 

The instrument used was a Coulter Delsa 440 ELS 

analyzer. A conceptualized schematic of the optical design 

is found in Figure 28. 
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Figure 28. Conceptualized Diagram of DELSA 440 Optics 
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The He-Ne laser source is first split into a broader 

beam. This beam is collimated and focused so that part of 

the beam impinges on the suspended sample while the 

reference portion reaches its detector unobstructed. The 

sample has a constant electric field applied during the 

experiment. Photodynode detectors are arrange at four 

angles (7.5°, 15.0°, 22.5°, 30.0°) beyond the sample to 

collect the scattered laser beam signal. These signals are 

heterodyned with the reference signal to determine doppler 

shifts and thus mobilities and zeta potentials. The lower 

angle detectors (7.5° and 15°) detect larger particles more 

efficiently, and contain less noise than the higher angle 

detector. The higher angle detectors (22.5° and 30°) are 

more sensitive to smaller particles and have higher 

resolution than the other detectors. 

Procedure 

The applications laboratory of Coulter Scientific 

Instrument in Hialeah, Florida was contracted to perform 

zeta potential analysis on several fly ash solution samples. 

The number of analyses run was limited by the high cost of 

each sample analysis. Therefore, only samples of the most 

interest were analyzed. 

The fly ash was screened through a 325 mesh sieve prior 

to analysis to remove inordinately large material. Analysis 

was performed by transferring 5.7mg of solid sample to a 

20mL cuvete containing 15mL of the appropriate diluent. The 
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samples were then immediately injected into the Delsa 440 

analysis cell. The cell was allowed to stabilize for two 

minutes before analysis was begun. The samples were then 

analyzed continuously at 60 second intervals for a total 

time of approximately one hour. Pertinent data including 

pH, temperature, viscosity, and dielectric constants, in 

additional to zeta potentials, were recorded. 

Extraction Analysis of Hvdrated Material 

Introduction 

That ion adsorption will occur in an aqueous solution 

consisting of reacting and charged species such as fly ash 

is a foregone conclusion. Even if electokinetic analysis 

provided data indicating that the particle surfaces were 

unchanged, it is likely that there would still be ions 

adsorbed or desorbed if only to an extent that the total 

contribution from cations and anions was exactly 

balanced (90). Ion adsorption and the double layer 

structure are obviously closely related phenomena, however 

electrokinetic analysis provides no indication of how the 

ion is adsorbed. Ions can be physisorbed or chemisorbed to 

the surface of a particle. Chemisorbed ions will involve 

electron forming bonds whereas physisorbed species are bound 

by weaker bonds such as Van der Waals forces. According to 

the Stern model the standard molal free energy of adsorption 
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consist of both the chemical potential and the electrostatic 

terms: 

<5° - 0"d» + Z F 6 

where G° = the free energy of adsorption, G°chefl) = the 

chemical free energy, Z = the valence, F = Faraday's 

constant and 0 = the electrical potential. By this 

definition, chemisorbed species are those whose free energy 

cannot totally be accounted for by electrostatic forces 

(91) • 

It has been proposed that the chloride anion, 

originating from CaCl2 accelerator, might exist in as many 

as four or five different states during the hydration of 

cement. Besides the presence of free chloride, evidence has 

been produced that suggest that CI" might be chemisorbed on 

C3S and CSH grains as well as later being incorporated in 

interlayer and lattice positions (6). Ramachandran et al. 

pursued this theory by examining a series of CaCl2 

accelerated cement samples by extraction with selective 

solvents (92-93). By thermal analysis of certain extraction 

residues they were able to detect what were considered to be 

chemisorbed oxychlorides. An analogous study of the effect 

of various extractions on fly ash hydrates was considered to 

be valuable. 
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Procedure 

Ions adsorbed on the fly ash hydrates were considered 

to possibly exist in a number of states such as: 

(1) physisorbed to the hydrate surface 

(2) chemisorbed to the hydrate surface 

(3) trapped in interlayers or pores of hydrate 

(4) included in the hydrate lattice 

An extraction study was devised to investigate these 

possibilities. It was hoped that extractions with a strong 

eluent would be capable of removing the majority of species 

enumerated above. Extractions with a weaker solvent would 

be limited to removing only the less strongly bound anions. 

A comparison of results from the two methods could lead to 

additional insight to the anion's bound state. Water was 

chosen for the strong eluent. The nitrate and formate 

anions are both relatively soluble in H20 and the small size 

of the H20 molecule would be able to penetrate the hydrates 

pore structure readily. Ethanol was chosen as the weaker 

eluent because of its less polar nature and its larger size. 

The residues of each extraction were examined using DRIFT 

and DSC analysis as previously described. The hydration and 

extraction procedures were as follows in Table XIII. 
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TABLE XIII. Hydration/Extraction Procedure 

1. Add lg of fly ash to 5 ml of solution in 10ml test 

tube. 

2. Rotary agitate sample for 5 minutes at 30rpm. 

3. Centrifuge sample for 3 minutes at 3000rpm. 

4. Decant filtrate. 

5. Remove residue to filter funnel with 5(5ml) rinses of 

solvent. 

6. Wash residue with 2(5ml) aliquots of acetone. 

7. Dry residue at 105°C for 5 minutes and desiccate until 

analysis. 
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CHAPTER III 

RESULTS AND DISCUSSION 

Analysis of Flv Ash Used 

The two fly ashes used for this study were originally 

characterized by Raba Kistner Consultants laboratory of San 

Antonio, Texas per standard quality control procedures (1). 

Elemental analysis by X-ray fluorescence as well as other 

testing results are reproduced in Table XIV. 

Table XIV. Characteristics of Fly Ash Samples 

Test LaGrange (Class C) Rockdale (Class F) 

SiO, % 34.5 56.7 

A1,Q, % 20.6 23.3 

Fe,0, % 5.4 3.5 

CaO % 26.2 9.8 

MgO % 5.8 2.1 

SO, % 1.9 0.3 

Moisture % 0.0 0.5 

Loss on Ignition % 0.3 0.1 

Retained #325 Sieve % 11.9 20.8 

Specific Gravity 2.75 2.22 

Si02 + A1203 + Fe203% 60.5 83.5 

136 
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Because of the lower silicon dioxide content of the LaGrange 

material the percentages of Si02, A1203 and Fe203 summed to a 

value less than 70% .thus classifying it as a Class C 

material. These three oxides sum to 83.5% for the Rockdale 

material which is defined as a Class F ash (2.) . The lower 

percentage of Si02 in the LaGrange material is 

characteristically offset by a higher concentration of CaO 

and MgO. The Class C material also contains higher 

concentrations of Fe203 and S03. These two oxides are 

thought to be primarily representative of magnetite and 

gypsum content respectively (2). The variation in chemical 

composition can for the most part be attributed to 

difference in coal sources for the two materials. 

Besides elemental analysis the ashes were examined by 

FTIR and thermal means to provide further baseline 

characterization. In Figure 29 the FTIR spectra for the two 

ashes are found to be quite comparable. Both have major 

peaks between 1300 and 1200cm"1 typically associated with 

sulfate or sulfonate species (4). The peak at approximately 

820cm"1 is due to the u2 vibration of carbonate while the 

barely discernable shoulder at "1430cm*1 represents the i>3 

vibration of carbonate which probably exist as calcite (8.). 

The broad band at 3200-3500cm"1 and sharper peak near 

1600cm"1 represent the symmetric and asymmetric stretching 

and bending of O-H and H-O-H bonds respectively. 

The sharp spike at "3600cm"1 for the Rockdale material is 
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due to the 0-H stretch of Ca(OH)2 (5). Characteristics 

peaks for silica and alumina found between 1000 and 450cm"1 

are not detectable due to the high background in this region 

and because the amorphous nature of these compounds in fly 

ash leads to diffuse, ill-defined peaks. 

Differential scanning calorimetry analysis results are 

presented in Figure 30. The Class C ash produces no thermal 

peaks over a range of 30 to 620°C. The Class F fly ash 

contains several small peaks below 100°C which represent the 

higher moisture content of this ash noted in Table XIV. The 

large endothermic peak at 415°C was investigated in some 

detail in order to determine its origin. Cooling cycles 

were used to prove that the peak was not due to a reversible 

process such as a crystal phase change, and an oxygen 

atmosphere was used to prove that no exotherm occurred due 

to combustion of organic material. Infrared analysis had 

detected the presence of Ca(OH)2 in the Class F material and 

it is well established that Ca(OH)2 produces a strong 

endotherm in the region of 400 to 500°C upon dehydration (6-

7). These facts coupled with the moisture content of the 

Class F ash suggested that the endotherm originated from the 

decomposition of Ca(OH)2 which was probably originally 

formed by the hydration of free lime. 
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Figure 29. FTIR Analysis of Base Fly Ash Samples 
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Referring to Table XIV, one also notes some differences 

in physical characteristics between the samples. The Class 

C ash appears to be a denser, finer material. The smaller 

quantity of ash retained on the 325 mesh (45jxm) sieve for 

the Class'C material was of particular interest because of 

particle size's effect on surface area and reactivity. 

Therefore, further testing was performed to better 

characterize the materials with respect to these two 

parameters. Surface areas were first determined based on 

permeability measurement using a Blaines air permeability 

apparatus. 

The apparatus functions based on drawing a specified 

quantity of air through a bed of material of definite 

porosity. The rate of airflow is a function of the number 

and size of pores in the specified bed and can be related to 

the size of the particles based on Stokes law (8). The 

calculations assume that the particles are solid spheres 

which while not totally valid, has been shown to be quite 

effective for measuring relative, if not absolute fineness 

of fly ash for comparative purposes (9). In addition, each 

ash sample was analyzed by laser diffraction particle size 

analysis to provide a distribution of particle sizes. A 

Coulter LS100 particle size analyzer was used per standard 

procedure (10) to produce the distributions found in Figure 

31. 
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Figure 31. Particle Size Distribution of Fly Ash Samples 

Comparing the LaGrange and Rockdale material one sees 

that both contain multimodal particle distributions with the 

majority of the particles ranging in size from 0.6 to 100 

microns. The general shape of the distribution curve is the 

same for both materials but the Rockdale material has a 
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larger volume percent of material at 10/xm and greater and 

consequently a lower specific surface area. 

Table XV compares specific surface areas obtained by 

the two methods and presents the median particle size 

determined by laser diffraction. 

Table XV. Surface Area and Particle Size of Fly Ash Samples 

Analysis LaGrange Rockdale 
(Class C) (Class F) 

Blaine's Spec. Surface Area (cm2/g) 4319 2609 

Coulter Spec. Surface Area (cm2/g) 8021 5118 

Coulter Median Particle Size (/m) 6.2 8.6 

Since the two methods employed are based on different 

principles it is not surprising that the absolute values are 

different. It is encouraging that the relative increase of 

Class C ash surface area versus the Class F material is 

approximately the same for both techniques. It should be 

kept in mind that neither method allows for increases in 

surface area based on individual particle porosity which 

could have dramatic effects. Even so the results strongly 

suggest that the Class C material has a higher specific 
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surface area possibly providing more reactive sites for 

topochemical type reactions. 

Calorimetrv Study of Hydration 

Results for the semi-adiabatic calorimetry analysis of 

the Class C ash reactions with water were similar to the 

ideal adiabatic curve illustrated in Figure 4 of chapter 

two. The reaction produced a small, steep temperature rise 

due to dissolution within the first 15 minutes coincident 

with Stage I of Figure 4, Chapter II. This was followed by 

a long dormant period (Stage II) and then a more gradual 

temperature rise as seen in Stage III. At this point the 

temperature tended to plateau with no indication of other 

exothermic reactions. Additions of calcium nitrate and 

calcium formate had a dramatic affect upon the thermal 

curve. Data found in Table XVI compares the time to peak 

and peak temperature for the hydration reactions in the 

presence of the salts tested for the Class C material. In 

this case the water/solids ratio was one. The reported 

results were all duplicated and it was found that peak 

temperatures were generally reproducible to within 0.2°C and 

peak times to within 0.5 minutes. 

The control reaction reached an initial peak (2°C) 

within 15 minutes followed by an approximate 50 minute 

dormant period and then an additional temperature rise of 

1 • 2°C to a peak temperature of 3.2°C. Reactions with the 
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salt solutions produced much higher peak temperatures at 

greatly accelerated rates. The dormant stage was 

effectively by-passed with the major peak overlapping the 

dissolution peak to a point where resolution was not 

possible. From Table XVI it can be seen that nitrate 

appeared to provide more acceleration with increasing 

concentration, whereas the formate salt, while providing 

initial acceleration, did not perform better at higher 

concentrations. 

Hydration studies were also performed at a lower water 

to solid ratio of 0.5 as seen in Table XVII. Reaction peaks 

produced in this environment tended to follow the same 

trends but occurred faster and were larger in magnitude, 

possibly as a consequence of higher ionic concentrations and 

lower amounts of H20 available for heat absorption. The 

highest concentration of formate (1.238M) tested was an 

exception. It appeared to be retarded with respect to time 

to peak temperature but still produced a substantial 

temperature rise. 

Identical testing was performed for the Class F ash as 

found in Tables XVIII and XIX. The small, immediate 

temperature rise seen for the Class F ash material is due to 

dissolution. No indication of further reactions was seen 

upon the addition of the salt solutions. These results were 

to be expected for Class F ash which slowly undergoes 
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pozzolanic reactions but exhibits very little cementitious 

character when reacted with H20. 

Heats of hydration results for the Class C ash/salt 

mixes were encouraging, but determining whether these 

results represented reactions responsible for setting and 

strength required physical testing. 

Table XVI. Semi-adiabatic Calorimetry Analysis of Class C 
Ash with Various Salts: W/S = 1 

Admixture Time to Peak 
(min.) 

Peak Temp 
(°C) 

Control peak 1 13.8 2.0 

Control peak 2 60.0 3.2 

0.3048M NO,' 12.6 5.3 

0.6095M NO," 9.6 5.7 

1.219M NO," 7.2 7.0 

0.3048M HCOO" 10.2 5.2 

0.6095M HCOO" 10.0 5.8 

1.219M HCOO" 10.3 5.8 
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Table XVII. Semi-adiabatic Calorimetry Analysis of Class C 
Ash with Various Salts: W/S = 0.5 

Admixture Time to Peak 
(min.) 

Peak Temp 
(°C) 

Control peak 1 9.8 1.9 

Control peak 2 41.2 3.4 

0.6095M NO,. 10.3 7.6 

1.219M NO," 8.0 8.3 

2.438M NO,' 7.5 10.6 

0.6095M HCOO" 

C
O
 • 

o
 

r
H
 7.1 

1.219M HCOO" 13.2 9.1 

Table XVIII. Semi-adiabatic Calorimetry Analysis of Class F 
Ash with Various Salts: W/S = 1 

Admixture Time to Peak 
(min.) 

Peak Temp 
(°C) 

Control 0.7 0.4 

0.3048M NO," 0.8 0.4 

0.6095M NO," 0.6 0.4 

1.2191M NO," 1.2 0.8 

0.3048M HCOO* 0.9 0.4 

0.6095M HCOO" 1.0 0.4 

1.219M HCOO* 0.7 0.4 
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Table XIX. Semi-adiabatic Calorimetry Analysis of Class F 
Ash with Various Salts: W/S = 0.5 

Admixture Time to Peak 
(min.) 

Peak Temp 
(°C) 

Control o
 

• <J
1 0.6 

0.6095M NO," 0.6 0.4 

1.219M NO,* 0.5 0.6 

2.438M NO," 0.6 0.6 

0.6095M HCOO" 0.6 0.4 

1.219M HCOO" 1.0 0.4 

Physical Testing 

Setting Time 

The lack of hydration exhibited by the Class F 

material, prompted the decision not to perform any physical 

testing on the Rockdale material, and to instead concentrate 

strictly on the more promising Class C, LaGrange ash. 

While preparing cylinders at a water/solids of 0.5 for 

set time testing, it was apparent that the calcium nitrate 

solutions had a definite accelerating effect on the setting 

of the material. Calculated setting times interpolated from 

Figure 32 are presented in Table XX. 
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Figure 32. Penetration Testing for Set Time of Class C Ash 
with Various Salts: W/S = 0.5 

Table XX. Setting Times of Class C Ash with Various Salts: 
W/S = 0 . 5 

Admixture Setting 
Time (min) 

Control 13.4 

0.6095M N03" 
1.219M N03" 
2.348M N03" 

4.9 
3.8 
3.2 

0.6095M HCOO* 
1.219M HCOO" 

10.5 
13.8 
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The data marks a definite decrease in setting times 

with the use of the 0.6095M nitrate solution. Increasing 

the concentration of the nitrate solution further reduces 

the setting time but with decreasing effectiveness. The use 

of calcium formate is much less effective and in fact 

appears to retard set at the highest dosage tested. This 

behavior reflects results produced by calorimetry testing of 

calcium formate found in Table XVII where the highest 

concentration of formate also appeared to cause slower 

setting. The almost identical times of setting and time to 

peak temperature rise of hydration which occur for the 

formate, reactions are more fortuitous than any real 

correlation. This becomes apparent when comparing the 

control's setting time (13.4 minutes) with the time to peak 

temperature (41.2 minutes). It is worth reiterating that 

while standard setting procedure used for cement analysis 

have been shown to correspond with initial cement hydration 

(11), this is not necessarily the case for the testing of 

fly ash hydration which produces a weaker hydrated product. 

It is believed that this method does provide a semi-

quantitative measure of how the reacting fly ashes is 

stiffening and setting as a result of hydration. 

Examination of Figure 32 can loosely be interpreted to 

depict hydration reactions which begin earlier for nitrate 

solutions than for others tested. The data also suggests 
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that these reactions proceed at a faster rate as evidenced 

by more rapid hardening once stiffening began. 

Compressive Strength 

While accelerators, by definition, reduce setting time 

and increase early strengths, ultimate strengths may be 

affected little or even reduced (12). For instance one 

report found calcium nitrate and calcium thiosulfate to 

effectively reduce setting times of portland cement but 

resulting strengths were reduced in comparison to the 

control (13). Increased hydration rate does not necessarily 

lead to higher strength even for the same accelerator. 

Colleppardi and coworkers performed studies suggesting that 

3.5% CaCl2 resulted in increased early hydration compared to 

1 and 2% additions. However, no corresponding increase in 

concrete strength was detected. In fact the 3.5% CaCl2 mix 

was shown to produce the lowest strength gains (14). These 

experiments are testimony to physical strength's 

relationship to various physicochemical properties such as 

microstructure, pore density and distribution as well as 

degree of hydration for cementitious materials. 

Cylinders of class c ash at a w/s of 0.5 were tested 

for compressive strength at one and 28 days. The lower 

water to solid ratio was chosen to represent conditions 

likely to be used in field applications. The times for 
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testing were selected to provide information on early and 

later strength gains. Results are summarized in Table XXI 

and Figure 33. At one day the addition of calcium nitrate 

appears to increase the early strength with increasing 

concentration, following the same general trend as- seen for 

setting times, however, only the highest dosage showed any 

significant strength gains. After 28 days the strength for 

nitrate accelerated mixes were considerably less than the 

control. The highest nitrate dosage again appeared to be 

the best performer. 

Calcium formate strength after one day also appeared 

to follow the trend,set by setting time and calorimetry 

results. The 0.6095M formate solution actually appeared to 

have a greater strengthening effect than both the 0.6095M 

and 1.219M nitrate solutions. The higher formate dosage 

followed the trend set by calorimetry and setting time data 

showing a decrease in strength with respect to the control. 

Twenty eight day strengths found the relationship between 

0.6095M and 1.219M formate solutions reversed. The highest 

dosage of formate produced the greatest strength at this 

elapsed time. This behavior can be explained by considering 

the effect that typical set retarding chemicals have. 

Retarders, behaving oppositely of accelerators, will greatly 

reduce the early strength of cementitious materials, but 

eventually produce equal or better 28 day strengths and 

often lead to much improved ultimate strengths (15). This 
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phenomenon can again be understood by realizing that the 

strength of cementitiously bound material is not only 

dependent on the degree of hydration, but also on how the 

hydration products are oriented with respect to each other. 

Slower hydration, within limits, can allow for better 

crystallization and morphology of hydration products as well 

as improved microstructure and thus higher strengths. 

Table XXI. Compressive Strength of Class C Ash Reacted 
with Various Salt Solutions = 0.5 

Admixture 1 Day (psi) 28 Day (psi) 

Control 38 151 

0.6095M N03* 36 66 

1.219M N03" 41 59 

2.438M NOj" 62 104 

0.6095M HCOO* 40 88 

1.219M HCOO" 31 104 
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ADMIXTURE 

F = For ERA Le ; N = Nitrate 

Figure 33. Compressive Strength of Class C Ash Reacted with 
Various Salts: W/S = 0.5 

Practical Implications 

Based on physical testing results it is evident that 

calcium nitrate can be used to accelerate the setting time 

and improve the early strength of the hydrated Class C fly 

ash. The compressive strengths achieved at one day after 
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calcium nitrate addition were comparable to minimum 

strengths (45psi at one day) required by the Texas 

Department of Highway & Public Transportation for Grade 1 

flexible base material (2j5) . It should also be noted that 

the 45 psi compressive strength required by this standard-

are tested in a different (and less demanding) fashion than 

the way the fly ash cylinders were tested. 

Based on this information, one could well imagine how a 

fly ash slurry could be used as flowable fill. The 

introduction of calcium nitrate during pumping could result 

in extremely rapid setting which could facilitate timely 

completion of projects. The final strengths of calcium 

nitrate accelerated mixtures, while lower than the control 

are still acceptable. 

The lower level of acceleration and early strength 

exhibited by calcium formate additions might also be 

acceptable especially for application where higher ultimate 

strength is necessary. 

Determination of Hydration bv Thermal Analysis 

Calcium Nitrate Reactions 

Results for hydration kinetics occurring at the 

conditions tested are summarized in Figures 34 through 36. 

Degree of hydration is represented by total peak area of 

endothermic DSC peaks (all less than 400°C) versus various 

times ranging from 10 minutes to 3 days. Figure 34 presents 
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results for testing of calcium nitrate solutions with Class 

C ash at a w/s of 0.5. This condition reflects the most 

probable mix for field application and also duplicates 

testing parameters performed for calorimetry and physical 

testing. The nitrate solution appears to markedly increase 

the extent of hydration as well as the rate. Addition of 

2.5% (0.6095M) and 5% (1.219M) nitrate have approximately 

the same effect, roughly doubly the degree of hydration of 

the control at 3 days. The 10% (2.438M) nitrate solution 

has an even greater effect more than tripling the control's 

peak area at 3 days. The data loosely corresponds with one 

day compressive strength results where the two lower dosages 

produced about the same effect and the higher dosage 

performed significantly better. All mixtures tested begin 

to show slower reaction rates after 3 hours. After 10 hours 

the control begins to reach equilibrium conditions, with 

hydration occurring at a much slower rate, while the 2.5 and 

5% nitrate mixtures continue to exhibit significant 

acceleration as they approach the level achieved by the 10% 

nitrate mixture. The much greater degree of hydration found 

in the 10% nitrate mixture also levels off by 10 hours. 

Results in Figure 35 are for nitrate solutions tested 

at the much higher w/s of 5.0. This test was performed to 

relate to the conditions that were necessary for analysis of 

anion concentration in solution during reaction monitoring 

by UV/VIS analysis. In order to keep the weight percent of 
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added admixture at these much higher w/s ratios the same, 

solutions used were diluted by a factor of 10. Thus at a 

w/s of 5 the 2.5% by weight calcium nitrate mixture required 

a 0.06095M solution compared to the 0.6095M solution used 

for the w/s 0.5 testing. Results indicate that hydration 

rates were affected by these adjustments. The early 

accelerating effects of the nitrate solution became more 

evident under these conditions with successive additions of 

nitrate having an increasing accelerating effect at times 

less than 10 hours. After 10 hours all mixtures again 

showed slower hydration rates. At these higher 

concentrations the lowest nitrate dosage does not increase 

the degree of hydration at 3 days and in fact lowers it 

somewhat compared to the control. The 5 and 10% nitrate 

solutions have reached the same equilibrium hydration level 

by 3 days. 

Comparing the two test conditions, the degree of 

hydration as well as the rate are lower for the w/s of 5 

nitrate solutions relative to the w/s of 0.5 solutions. The 

control hydrates more slowly at a w/s of 5.0 but eventually 

reaches approximately the same equilibrium value as the w/s 

of 0.5 mix. 

The higher rate of hydration seen for the w/s = 0.5 

nitrate mixes is reasonable considering that the 

concentration of ions in this mixture is much higher. This 

factor is critical to modern hydration mechanism theories 
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many of which assume that hydration occurs as a result of 

dissolution of surface ions followed by precipitation of 

hydrates at nuclei centers. Ion concentrations have been 

suggested to affect hydration through a complex combination 

of alterations to ion saturation levels, grain surfaces and 

charges and morphology of precipitants (17-20). Therefore 

the more concentrated nitrate solutions logically have more 

influence on hydration mechanisms. 

Calcium Formate Reactions 

Thermal analysis of total hydration of Class C ash 

reacted with calcium formate presented some difficulties not 

found for nitrate testing. Calcium formate, which was 

physically trapped by the growth of hydrate products, 

produced a large exothermic peak between 300 and 420°C 

attributable to the decomposition of formate (21.) . In the 

case of testing the w/s of 0.5 mixtures, this peak was broad 

enough to greatly overlap with several other peaks making 

comparison of hydration for formate and nitrate mixtures 

impractical. Samples at a w/s of 5 did not contain as large 

of amounts of physically bound calcium formate. Figure 36 

provides results for those tests. The results show that 

increasing dosages of formate increase the early rate of 

hydration but the total degree of hydration is less than the 

control in all cases. The total degree of hydration does, 

however, approach that of the control at the highest dosage 
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used. This data cannot be realistically compared to 

calorimetry and physical testing results which were run 

under much more concentrated conditions. It does, however, 

continue to indicate that at early stages calcium nitrate 

appears to increase the hydration process better than 

calcium formate. 

Calcium nitrate and Class F ash mixtures produced such 

little hydration over the times studied, that detailed 

graphs of the hydration process were deemed unnecessary. 

Figure 37 presents a graph comparing hydration at 3 days for 

Lagrange Class C ash to the Rockdale Class F ash with 

various admixtures. 

Summary of Hydration Kinetics 

Overall, the calcium nitrate solution appears to 

accelerate the early hydration rate of the Class C ashes at 

both w/s of 0.5 and w/s of 5. The more concentrated 

solutions for the w/s of 0.5 mixes have the greatest effect, 

increasing the rate of hydration and the extent seen at 

three days. 

Calcium formate at a w/s of 5 accelerates the rate of 

hydration, however the total hydration eventually achieved 

is less than the control. Rockdale Class F ash does not 

hydrate to an appreciable amount in the presence of either 

salt in the time frame tested. 
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The increased hydration seen for calcium nitrate could 

be a result of the admixture catalyzing existing reactions 

to produce more hydrate products faster, or it could be due 

to admixture/ash interactions that lead to new or modified 

products that provide for additional hydration. The 

increased heats of reaction, coupled with reduced setting 

times and increasing strengths seen after calcium nitrate 

additions indicate that regardless of which mechanism is 

responsible, the increased hydration does result in 

accelerated setting and improved early strength performance. 

Results for calcium formate were not conclusive because 

peak overlap made determination of degree of hydration 

difficult. Results at a w/s of 5.0 showed calcium formate 

to lead to early acceleration and slightly reduced total 

hydration. Physical testing at w/s = 0.5 showed some early 

acceleration for the most dilute dosage and retardation for 

the 4% addition. Deciphering how hydration products were 

modified by the use of the admixtures required a more 

extensive analysis. 
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Analysis of Hydration Products 

Calcium Nitrate Reactions 

We begin a more thorough analysis of hydration by 

examining the thermal curves of hydrated Class C ash found 

in Figures 38-41. Thermal gravimetric analysis proved that 

each DSC peak present for all dosages corresponded with a 

weight loss and was thus probably associated with hydration 

or free moisture. 

The appearance of two endotherms roughly at 50 and 70°C 

was very interesting. The temperatures are very low for 

dehydration. The possibility that these peaks were due to 

residual acetone used for sample washing was investigated by 

testing samples that were not acetone washed. These samples 

also produced low temperature peaks indicating that left 

over acetone was not responsible. The growth of these peaks 

suggested they were a result of some form of hydration. 

Furthermore, Seaverson and co-workers had previously 

reported the consistent presence of a small doublet 

endotherm near 50°C for a number of unhydrated fly ash 

samples. They identified the doublet to be due to 

desorption of weakly bound H20 by thermal desorption 

analysis (22.) . 

Referring to the control in Figure 38, one sees that 

after 30 minutes the only evidence of hydration is a very 

small exothermic peak at 131°C. This peak remained constant 

in size until 3 hours when a considerable growth is detected 
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and the peak temperature shifts to over 140°C. New peaks at 

50°C, 80°C and 280°C have also grown to a significant size at 

this time. These peaks continue to grow at 10 hours and 1 

day with the 50°C and 145°C peak dominating. (The 50°C peak 

at 1 day appears lower however this was traced to leaving 

this particular sample in the drying oven too long prior to 

analysis.) 

Figure 39 presents the hydration with the addition of 

2.5% calcium nitrate. The accelerating effect of the salt 

is evident from the larger size of the endotherms at 30 

minutes. The presence of a new peak at "135°C just below 

the "148°C peak forming a doublet and the fact that the 

higher temperature peak has now dropped to ~260°C is 

noteworthy. All peaks continue to grow with time with the 

lower temperature doublets remaining larger than the higher 

temperature peaks. The growth of the low temperature side 

of the 140°C doublet is faster than the high side and 

becomes larger by 10 hours. The peak at 280°C originally 

seen for hydration with H20 also slowly becomes apparent as 

a shoulder on the 260°C peak.. 

The addition of 5% calcium nitrate found in Figure 40 

continues to accelerate peak growth. The lower temperature 

side of the 140°C doublet now completely overshadows the 

high side and appears to go through a maximum at 10 hours 

and then begins receding. Under these conditions the 250°C 

endotherm becomes larger than the 135°C peak. The presence 



165 

of the 280°C peak is barely discernible as a shoulder on the 

250°C endotherm. A new peak near 490°C now appears and 

grows with time. 

Ten percent calcium nitrate seen in Figure 41 

accelerates the existing growth even more. The 135°C peak 

now basically disappears by 10 hours. The 250°C is much 

larger with no indication of a higher temperature shoulder. 

The highest temperature peak at "500°C is now larger and 

continues growing. 

Identification of the source of these peaks was 

attempted through a combination of literature review and 

subsequent experiments. The major peaks found between 120-

150°C for the hydration reaction with H20 are in a region 

typically assigned to a variety of hydration products such 

as C6AS3H32, CgAHg, and CSH2 (6,7,22) • Peaks in the region of 

250 to 280°C are likewise associated with a number of 

hydrates including C4AH19, C4ASH12, AH, and K2SCSH (24-25) . 

While this information provides a basis for general 

peak assignment, additional testing was felt to be necessary 

to better identify peak origins. Infrared analysis of the 

H20 hydrated material is provided in Figure 42. Comparison 

of the spectra over the time frame studied displays the 

hydration progress by the growth of H20 bands at 3500 and 

1630cm"1. Carbonation also appears to have occurred as 

exhibited by the growth of the peak at 1414cm'1. The major 

peak associated with sulfate, interestingly, appears to 
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shift from over 1200cm"1, at 30 minutes to "1160cm"1 by one 

day. The cause of this phenomenon can be found by examining 

Figure 43 which contains FTIR analysis of standard gypsum 

(CSH2) and ettringite (C6AS3H32) samples. The sulfate peak 

for gypsum is found- at 1240cm"1 while the ettringite sulfate 

band is found at 1166cm"1. This data suggests that the 

Class C ash contains calcium aluminate capable of eventually 

reacting with gypsum to form ettringite according to the 

following reactions: 

C3A + 3CSH2 + 26 H — > C6AS3H32 (27) 

X-ray diffraction analysis confirmed this 

interpretation. Results in Figure 44 monitor the hydration 

of ash with H20 by XRD from 1 hour to 1 day. From these 

patterns the decrease of the peak at a d spacing of 2.69A, 

representing C3A, indicates the loss of C3A through 

hydration. The constant peak at 3.35A is due to quartz and 

shows little change with time. At 3 hours the appearance of 

a diffuse peak at 9.6A can be traced to the growth of 

ettringite (28). 

Hydration of a standard C3A sample alone and in the 

presence of gypsum was also monitored to facilitate 

identification of fly ash thermal peaks. In Figure 45, DSC 

results from the hydration of C3A with H20 produced two 

growing peaks at "135 and 280°C. C3A is typically 

considered to undergo hydration to two metastable hexagonal 
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phases followed by conversion after 24 hours to a stable 

cubic phase, through: 

2C3A + 27 H20 > C2AH8 + C4AH19 > 2C3AH6 + 15H 

(3:26) 

X-ray diffraction analysis of this sample as seen in 

Figure 46 showed C3A hydrated to form C2AH8 and C3AH6. 

Characteristic peaks for C4AH19 were not seen, although it 

should be mentioned that several of the major peaks for this 

species overlap with the C2AH8 hydrate peak. The lack of 

C4A2H19 might indicate that C2AH8 is produced, preferentially 

to or is relatively more stable than C4AH19 under the higher 

water/solids conditions tested. If either case were true, 

one might expect the C4A2H19 to act as a limiting reagent in 

the reaction producing C3AH6 and residual C2AH8. Another 

explanation could be that C4AH19 does exist but is amorphous. 

Previous DTA studies at a more traditional water/solids 

ratio of 0.5 reported endotherms near 170°C, 250°C and 320°C 

for CjAHg C4AH13.19 and C3AH6 respectively (25) . Results from 

previous thermal gravimetric analysis had shown that C3AH6 

produced a sharp weight loss at just over 275°C (26) . Using 

these works as a guide, the 135°C peak was assigned to C^H& 

while the 280°C peak was considered to represent C3AH6. It 

should be emphasized that thermal peaks very close to these 

temperatures were also present as a result of fly ash 

hydration. 
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Differential Scanning Calorimetry and X-ray diffraction 

results for analysis of C3A plus 5% gypsum are produced in 

Figures 47 and 48. The DSC data for the beginning of 

hydration displays the expected hydration peak at 260°C as 

well as a sharp peak at 120°C due to gypsum (24.) • A small 

peak at 146°C is barely discernible. After further 

hydration has occurred, this 146°C peak dominates the 

thermal curve and completely overlaps any indication of 

gypsum that may be present. This development was thought to 

be a result of gypsum being consumed to form ettringite. 

Diffraction patterns proved this to be a correct assumption. 

At an early stage of hydration one sees XRD peaks for C3A 

and gypsum. At a later time the C3A peaks were depleted 

while the gypsum peak disappeared. A diffuse peak at 9.6A 

appeared at this point, indicating the presence of poorly 

crystallized ettringite. The small peak at 2.86A is common 

to both C3AH6 and C2AHg and could represent either hydrate. 

Based on these findings the hydration process for Class 

C ash with water at a water/solids of 5 can best be 

described as resulting from the hydration of crystalline C^A 

probably along with glassy calcium aluminates and calcium 

aluminate silicates of a similar nature. These materials 

initially react to form calcium aluminate hydrates which are 

probably similar to C3AH6 and C2AH8 and possibly C4AH19. DSC 

endotherms at "135 and 280°C represent the calcium aluminate 

hydrates. Eventually (at about 3 hours) these hydrates 
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react with gypsum present in the ash to produce an 

ettringite type double salt approaching the formula 

of C3A*3CS*32H. A DSC endotherm at ~140°C represents this 

species. 
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Figure 40. Thermal Analysis of Class C Ash Reacted with 5% 
Calcium Nitrate: W/S = 5 



173 

30 m m . 

3 hr. 

10 hrs. 

1 day 

i—<—>— 1 — 1 i — 1 1 1 — r 
0 100 200 300 m 500 6$ 

Temperature (#C) 

Figure 41. Thermal Analysis of Class C Ash Reacted with 10% 
Calcium Nitrate: W/s « 5 



174 

tOOO 3500 3000 2000 
WP.VENJM3ER 

i500 1000 

30 min. 

3 hr. 

1 day 

Figure 42. FTIR Analysis of Class C Ash Reacted with H,0: 
W/S = 5 



175 

Gypsum 

Ettringite 

I r :.'GG 2500 3 c:.. 2500 2003 15: 
WHVENU^BER 

=;nr 

Figure 43. FTIR Analysis of Ettringite and Gypsum 



176 

*4' 
) 
3 
3 
) 
l 
K> 
D 
CM H * 

TJ 
J 
O 

JS 
*•4 
x: 

w < 
d° 

N 
01 

Kl u 

V£> 

-- cn 

CNJ 

CO 

<\J 

r̂. 
CM. 

CP 
eg 
i/> OJ 

o oj 
cn u av a> o 
ro 
CO 

<J3 
CO 

co 

ir> <cr 

CO 
r̂ 

Figure 44 XRD Analysis of Class C Ash Reacted with H20: 
W/S = 5 



177 

30 min< 

3 hr. 

1 day 

e lea ' 200 ' m ' m ' 500 600 
Temwrature (*C) 

Figure 45. Thermal Analysis of C3A Reacted with H20: 
W/S = 5 



178 

®HY*D 

8hy2O. 

9hy2o 

¥£D' 

8hv2O 

9HYfO 

VfD" 

9HY£D 

V£0 

9hy£o 

HY O 

o 
CNJ 
CL> 
QJ i-
cn <D O 

Figure <t. xrd Analysis of c A „ • 
>A Reacted with H20: w/s - 5 



179 

I 
3 hr. 

\ 

1 day 

100 ' 200 300 400 500 B00 

Temperature (*C) 

Figure 47. Thermal Analysis of C3A + 5% Gypsum Reacted with 
H20: W/S = 5 



180 

U 
x: 

M 

SC 
M 

CO -

5-

V O 

CSJ 

(M 

X 
to -
CJ 

CO 

CM 

< cT 

«< cT 

a> 

Figure 48. XRD Analysis of 
H20: W/S - 5 

CjA + 5% Gypsum Reacted with 



181 

Discussion of Nitrate's Effect on Hydration Products 

The addition of calcium nitrate obviously causes some 

notable modification to the basic hydration process. The 

addition of 2.5% calcium nitrate (Figure 39) not only 

accelerates the growth of existing peaks but promotes the 

development of two new endothermic peaks at 130°C and 250°C. 

The 130°C peak appears to compete with the previously noted 

C6AS3H32 peak at 140°C and dominates it by 10 hours. The new 

250°C peak appears much stronger than the 280°C calcium 

aluminate hydrate ("C3AH6) endotherm initially, but with 

time these two peaks became nearly equal in size. It is 

important to note that with the H20 reaction the lower 

temperature 130/140°€ doublet is larger than the 250/280°C 

doublet. 

The existence of the two new peaks is not simply a 

result of the presence of residual calcium nitrate. This 

statement is supported by Figure 49 where Ca (N03)2* 4H20 was 

added to dry Class C ash at 5 percent by weight with no 

hydration allowed. A low temperature doublet at "50°C and a 

higher temperature endotherm (~500°C) due to decomposition 

are the only peaks found (3jD) • There are no signs of peaks 

at 130°C or 250°C. 

Results for FTIR and XRD analysis of the 2.5% calcium 

nitrate samples are.found in Figure 50 and 51. Besides 

marking the progress of hydration, the infrared spectra show 

a gradual increase in the presence of a nitrate species as 
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evidenced by the growth of a peak at "1350cm*1 (20) . Thus, 

nitrate is apparently present even though the large 490°C 

decomposition endotherm is not seen for these reaction 

conditions. The sulfate peak for this material occurs at a 

wavenumber greater than 1200cm"1 for all times tested, 

however at 30 minutes there is a faint suggestion of a 

shoulder at '1160cm'1 indicative of ettringite at early 

stages. 

X-ray diffraction data again follows hydration by the 

depletion of C3A. A slight indication of ettringite is also 

detected at 1 hour. 

The early presence of the 14 0°C ettringite endotherm 

which is eventually obscured by a growing 130°C peak coupled 

with indication of ettringite by FTIR and XRD only at early 

stages, suggests that the species responsible for the 130°C 

peak may compete with or suppress the formation of the 

calcium aluminate sulfate hydrate. 
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DSC Analysis of Class C Ash Reacted with 5% 
Calcium Nitrate: No Hydration 
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Calcium Nitrate: W/S = 5 



185 

Results for the 5% addition of calcium nitrate (Figure 

40) point out that increasing dosages of nitrate enhance the 

growth of both the 130°C and 250°C endotherms. The fact 

that the 250°C peak now becomes dominant implies that 

addition of nitrate accelerates growth of this species 

greater than the 130°C endotherm. The 140°C endotherm is 

basically nonexistent at this dosage. The presence of an 

increasing amount of physically bound nitrate is indicated 

by the growth of the endotherm at 470°C. FTIR and XRD 

results are displayed in (Figures 52 and 53). Infrared 

results confirm the increase in hydration and the presence 

of more nitrate. Again all sulfate peaks are near 1200cm"1, 

suggesting the lack of ettringite formation. The absence of 

ettringite is also evident from the XRD patterns which give 

no indication of a peak at 9.6A. 

The fact that the two new endothermic peaks at 130°C 

and 250°C occurred as shoulders to peaks considered to 

represent calcium aluminate hydrates suggested that the 

addition of nitrate promoted the production of slightly 

altered hydration products. 

Results of Special Tests 

The nature of the new products was investigated by 

performing several special tests. Several DSC curves for 

the reaction of a C3A standard with 5% calcium nitrate are 

found in Figure 54. In this test the nitrate addition lead 

to a doublet (250/270°C) only at the earliest stage of 
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hydration. At later times the 270°C endotherm. This fact 

suggests that for pure C3A the nitrate has only a brief 

altering effect. This does not however, mean that nitrate 

could not have a greater effect on the calcium aluminates 

involved in the reaction of fly ash. These species, 

although similar in nature to C3A, likely have a larger 

degree of substitution and dislocation which could alter 

reactivity. The lack of splitting in the lower temperature 

135°C peak to 13 0 and 140°C is understandable since the pure 

C3A contains no sulfate species to form ettringite and a 

corresponding 140°C endotherm. 

A temperature profile of Class C ash reacted with 5% 

nitrate was used to better characterize the peaks at 130 and 

250°C. The FTIR data found in Figure 55 portrays the 

changing spectra after a sample was ramped to temperatures 

that resulted in thermal peaks. After ramping to 100°C the 

loss of water is evident from the decrease in the 

3500/1640cm"1 peaks. Temperature ramping to 170°C (after the 

130°C endotherm) point not only to a loss in H20 but also a 

loss of the N03* peak at 1351cm"
1. After heating to 300°C 

(after the 250°C endotherm) . The 1640cm"1 peak largely 

disappears and the nitrate peak is not only seriously 

depleted but shifts to 1358cm'1. Finally at 600°C (after the 

490°C endotherm) the N03" peak is completely removed. From 

this data it can be inferred that the endotherms at 130°C 

and 250°C are due to species that involve the N03" anion. 
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The shift from 1351 to 1358cm"1 could indicate the existence 

of two forms of nitrate. One perhaps chemically bonded to 

the surface represented by the 130 and 250°C endotherms and 

the other physically trapped as calcium nitrate represented 

by the 490°C peak. The proximity of the lower temperature 

endotherms to peaks representative of calcium aluminate 

hydrates and calcium aluminate hydrate sulfates suggests 

that nitrate modified calcium aluminate hydrates such as the 

double salt C3A* 3Ca(N03)2*H11.13 may be forming. X-ray 

diffraction data for compounds of this nature are available 

(28), however this study found no peaks characteristic of 

nitrate compounds. This is surprising given the poorly 

crystalline nature of the hydrate products. 

Extraction Results 

Analysis of hydration product residues after extraction 

with either ethanol or water also provides insight to the 

identity of these endothermic peaks. Figures 56 and 57 

compare thermal curves of extraction residues for ethanol 

and H20. Not surprisingly, H20 is a better extractant of 

nitrate than ethanol. The nitrate 490°C peak is only 

present after 1 day of hydration for H20 extractions. At 

this time the gel structure has developed well enough to 

prevent H20 from penetrating pores to an appreciable extent. 

In contrast only 45 minutes of hydration are required before 

ethanol is unable to extract all of the nitrate responsible 

for the "490°C peak. The peak region of 250 to 280°C is 
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also affected differently by the two extractants. Ethanol 

appears to have little effect on either side of the doublet 

whereas water significantly reduces the lower temperature 

peak up until one day of hydration. 

Ethanol and water interacted differently with the peaks 

centered at 135°C as well. For the ethanol extracted sample 

the lower temperature side (130°C) of the doublet appeared 

to dominate the higher temperature peak (140°C) just as was 

seen for unextracted sample analysis. 

The H20 extracted sample provided results exactly 

opposite of this, with the 140°C peak dominating until one 

day of hydration. This behavior can be explained by 

considering that the species responsible for the 130°C peak 

is simply more soluble than the 140°C species. The better 

extracting ability of H20 would remove the soluble species 

resulting in an apparent increase in size of the less 

soluble 140°C species. At one day the 130°C peak again 

dominates because hydration has occurred to an extent to 

prevent effective extraction by H20. 

Given the respective solubilities of calcium nitrate 

and calcium sulfate, it seems reasonable to assume that the 

130°C peak represents a more soluble calcium aluminate 

nitrate hydrate (CANH), and the 140°C represents a less 

soluble calcium aluminate sulfate hydrate. 

FTIR results of the extraction residues are provided in 

Figures 58 and 59. Analysis of the nitrate peak ("1350cm"1) 



189 

shows that the nitrate content increases with time for both 

types of extracted samples as hydration progresses. The 

nitrate IR peak is obviously present for all H20 extracted 

samples even in the absence of the 490°C endotherm. This 

provides supporting evidence that nitrate is chemically as 

well as physically bound. 

It is also worthwhile to compare the position of the 

sulfate peak for the two extraction methods. The ethanol 

extracted samples (130°C endotherm larger than 140°C 

endotherm) all have sulfate peaks near or greater than 

1200cm"1. On the other hand, the H20 extracted samples 

(140°C endotherm larger than 130°C) all with the exception 

of the one day hydrated sample contain sulfate peaks near 

1160cm"1. 

It appears that as long as the calcium aluminate 

nitrate hydrate phase (130°C) is present we see an IR band 

for free sulfate or gypsum at "1200cm'1. In the absence of 

this phase the calcium aluminate hydrate reacts to form a 

calcium aluminate sulfate hydrate, such as ettringite, with 

a characteristic sulfate band at "1160cm"1. 
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Figure 52. FTIR Analysis of Class C Ash Reacted with 5% 
Calcium Nitrate: W/S = 5 
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Figure 54. DSC Analysis of C3A Reacted with 5% Calcium 
Nitrate: W/S = 5 
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Figure 55. FTIR Analysis of Temperature Profile of Class C 
Ash Reacted with 5% Calcium Nitrate: W/S = 5 
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Figure 56. DSC Analysis of Ethanol Extracted Class C Ash 
Reacted with 5% Calcium Nitrate 
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Figure 58. FTIR Analysis of Ethanol Extracted Class C Ash 
Reacted with 5% Calcium Nitrate 
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Figure 59. FTIR Analysis of H,0 Extracted Class C Ash 
Reacted with 5% Calcium Nitrate 
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Looking at the thermal curve for 10% calcium nitrate 

addition (Figure 41) one sees that the 130°C peak is 

detectable only up to 3 hours. The 250°C peak now 

completely dominates the spectra with no sign of a peak at 

280°C and the nitrate peak at 490°C is much more prominent. 

FTIR and XRD data for these samples are found in 

Figures 60 and 61. Data from IR analysis marks the progress 

of hydration and the growth of the nitrate peak. After 

three hours the sulfate peak has shifted from 1200cm"1 to 

1160cm*1 where it remains. This corresponds to a time when 

the 130°C endotherm basically disappears. The IR data 

indicates the presence of ettringite, however DSC analyses 

show no characteristic peak at 140°C. 

X-ray diffraction data for this sample are similar to 

previous patterns with two notable exceptions. First, the 

low angle diffuse peak apparent after 3 hours has shifted 

from 9.6 to 8.9A and secondly, a new peak at 2.90A appears. 

While the 2.90A peak is in the region of a major peak for 

both CgAHg and C3AH6 it should be pointed out that the major 

peaks for the calcium aluminate hydrate monosulfate (C4ASH12) 

are given as: 8.92A; 2.87A, and 4.46A (28). Thus the 

presence of new peaks at 2.90 and 8.9A could be 

representative of the monosulfate species. This would agree 

with IR data because the monosulfate would also exhibit a 

typical sulfate band near 1160cm'1 (31). The endothermic 

peak for the monosulfate species occurs at much higher 
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temperatures than ettringite, typically occurring at 185°C 

or higher (24.) . Although no thermal peak is present for the 

samples at 185°C it seems conceivable that the peak could be 

shifted to a high enough temperature so that it is obscured 

by the broad 250°C peak. 

The formation of calcium aluminate hydrate monosulfate 

typically occurs subsequent to ettringite formation and is 

associated with an excess availability of calcium aluminate. 

The reaction can be written as: 

C6AS3H32 + 3 (CjAHg) — > 3(C4ASH12) + AH3 + 17 H20 (27) 

However, in the presence of an excess of reactive calcium 

aluminate there may not be enough sulfate ions available to 

form ettringite. In these cases the monosulfate is known to 

occur first through 

C3A + CSH2 + 10H > C4ASH12 (12) 

It would seem that an increasing dosage preferentially 

promotes hydration of the 250°C species to a point such that 

at 10% addition, the 130°C species is eliminated. In the 

absence of the 130°C species the reaction of calcium 

aluminate with sulfate is possible, however, under these 

accelerated conditions the excess calcium aluminate hydrates 

react so fast with sulfate that the primary product is 

calcium aluminate hydrate monosulfate rather than 

ettringite. 
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Figure 60. FTIR Analysis of Class C Ash Reacted with 10% 
Calcium Nitrate: W/s = 5 
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Figure 61. XRD Analysis of Class C Ash Reacted with 10% 
Calcium Nitrate: W/S = 5 
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Calcium Nitrate Reactions at W/S = 0.5 

The thermal analysis of the hydration of Class C ash at 

a w/s ratio of 0.5 produced much the same results as those 

obtained at a w/s ratio of 5.0. For the w/s of 0.5 testing, 

all of the peaks appeared larger at earlier times. It was 

also noted that at these conditions even the lowest dosage 

of calcium nitrate (2.5% /0.6095M) was concentrated enough 

to produce a thermal curve analogous to that seen for the 

10% nitrate addition (0.2438M) at w/s of 5.0. Figures 62 

and 63 display results for comparison of hydration with H20 

and 2.5% calcium nitrate. Besides the overall increase in 

peak magnitude there are only a few features distinguishing 

these results from those seen for H20 and 10% calcium 

nitrate at a w/s of 5. Generally, peaks for the w/s of 0.5 

test occur at slightly higher temperatures. This may be due 

to the production of a less permeable hydration product 

under these conditions. The presence of a small peak at 

100°C for the H20 reacted samples can probably be 

attributed to a small amount of free moisture in the 

samples. 

Analysis of Hydration Products of class F Ash 

The reaction of Class F ash with H20 and various levels 

of calcium nitrate produced very little hydration over the 

time studied. Figure 64 presents thermal curves after one 

day of hydration. No unusual characteristics were noted and 

a formal analysis of this data was not attempted. 



203 

Summary of Calcium Nitrate Reactions 

The majority of reactions occurring for the hydration 

of the Class C ash with water are a result of hydration of 

calcium aluminate compounds similar to C3A. Comparison of 

endothermic peaks resulting from hydration of C3A and C3A 

plus CSH2 standards suggest that the fly ash hydration 

products under the condition tested, are very closely 

related to ettringite C6AS3H32 ("145°C), C2AH8 ("135°C) and 

C3AH6 (~280°C). At the high water/solids ratio tested no 

indication of C4AH19 was found which could mean that of the 

two meta stable hexagonal phases (C2AH8, C4AH19) C2AH8 is 

formed preferentially. In this case C4AH19 might behave as a 

limiting reagent and would be depleted during the conversion 

to C3AH6 producing a mixture consisting of C3AH6 product and 

residual C2AH8. Another explanation would be that C4AH19 is 

amorphous under these conditions. Characteristic peaks for 

ettringite were also detected by FTIR and XRD analysis. 

The addition of calcium nitrate results in the 

appearance of three new endotherms at "130°C, "250°C, and 

"490°C. The proximity of the two lower temperature peaks to 

the previously described hydrates suggest they represent 

substituted calcium aluminate nitrate hydrates. The peak at 

490°C was simply due to a decomposition of physically 

occluded calcium nitrate. A temperature profile analysis by 

FTIR confirmed that the "130°C and "250°C peaks each 

involved nitrate. 
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At low dosages (2.5%) the nitrate modified calcium 

aluminate hydrates competed with the production of 

ettringite and the 130°C nitrate modified hydrate peak 

eventually dominated the ettringite endotherm. FTIR and XRD 

analysis of these samples and of 5% calcium nitrate 

extraction residues support these conclusions. 

Higher dosages of calcium nitrate (5%, 10%) tend to 

preferentially enhance the production of the higher 

temperature 250°C nitrate modified hydrate. At 10% addition 

the 250°C species completely dominates with little formation 

of the 130°C substituted hydrate. In the absence of the 

inhibiting 130°C species the calcium aluminate hydrate is 

apparently again free to react with sulfate. However, under 

these accelerated conditions the high concentration of 

available calcium aluminate leads to the formation of 

calcium aluminate hydrate monosulfate C4ASH13 rather than 

ettringite C6AS3H32. 
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Figure 62. DSC Analysis of Class C Ash Reacted with H,0: 
W/S =0.5 
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Figure 63. DSC Analysis of Class C Ash Reacted with 2.5% 
Calcium Nitrate: W/S = 0.5 
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Calcium Formate Reactions 

Results for the hydration of Class C ash at a w/s of 

5.0 in the presence of 2%, 4% and 8% calcium formate are 

presented in Figures 65, 66, and 67 respectively. 

Examination of this data notes a number of interesting 

characteristics. 

Overall the peak areas appear to increase with 

increasing admixture concentration. With the exception of 

peak magnitude all 3 concentration levels appeared to 

produce very similar thermal curves. The low temperature 

doublet at 50°C/70°C is seen for all concentrations and 

appears to be accelerated by formate addition. This peak 

pair was previously attributed to loosely bound H20 (Figure 

38). It should be pointed out that in contrast to nitrate 

reactions, the higher temperature side of the doublet 

generally appears larger for the formate mixtures than for 

the control. 

A growing endotherm at ~140°C is apparent for all 

concentrations. However, this peak appears smaller for the 

8% calcium formate mixture and actually disappears by 1 day. 

There is a small endotherm in the region of 205 to 225°C 

that becomes stronger with increased addition of admixture. 

Also of interest is the presence of a strong exotherm at 

approximately 330°c which becomes increasingly prominent 

with time and dosage. 
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Figure 65. DSC Analysis of Class C Ash Reacted with 2% 
Calcium Formate: W/S = 5 
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Figure 66. DSC Analysis of Class C Ash Reacted with 4% 
Calcium Formate: W/S = 5 
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Figure 67. DSC Analysis of Class C Ash Reacted with 8% 
Calcium Formate: w / s » 5 
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Inspection of Figure 68, where Class C ash plus 5% dry 

calcium formate was analyzed by DSC, immediately identifies 

many of the new peaks seen for calcium formate mixtures. 

Referring to Figure 68, the endotherm found at 330°C in 

the hydrated samples, although shifted to lower 

temperatures, must be taken to represent the decomposition 

of physically bound calcium formate. This conclusion is 

also in agreement with previous studies for other systems 

(33). Likewise, the peaks at 205-220°C which become 

stronger at higher dosages is directly attributable to the 

presence of calcium formate. 
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Figure 68. DSC Analysis of Class C Ash Plus 4% Calcium 
Formate: Dry 
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The peaks at 70°C and 140°C are representative of the 

hydration process but are probably affected to some extent 

by the small peaks found at these temperatures for calcium 

formate itself. 

The presence of calcium formate doesn't appear to 

promote the formation of species with endotherms at 135 and 

250°C as was seen for calcium nitrate mixture. The large 

endotherm at 330°C is capable of obscuring a small peak in 

the 250 to 280°C range but would not hide peaks of the size 

seen when calcium nitrate was used. It is also notable that 

no inhibition of the ettringite 140°C endotherm is seen upon 

the addition of calcium formate except for the highest 

dosage of 8% at 1 day. Even for this sample FTIR data 

(Figure 69) indicates the presence of a calcium aluminate 

sulfate hydrate with a 1160cm"1 sulfate band. This 

phenomenon is once again explainable by considering that at 

the highest dosages enough reactive species exist that 

formation of calcium aluminate hydrate monosulfate is 

favored over ettringite. In fact, close examination of the 

8% calcium formate 1 day thermal curve (Figure 67) suggests 

a shoulder at 190°C on the formate 220°C peak. As 

previously noted, the monosulfate species exhibits a 

endotherm at "185°C. 
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Figure 70. XRD Analysis of Class C Ash Reacted with 8% 
Calcium Formate l Day Hydration: w/S = 5 
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An X-ray diffraction pattern for this sample (Figure 

70) provides no supporting information because of the non-

crystalline nature of the product. This was the case for 

all calcium formate reacted samples tested by XRD. It can 

therefore be inferred that formate promotes the formation of 

products that have a lower level of crystallinity than what 

was seen for the control and calcium nitrate mixtures. 

The overlap of thermal peaks and the lack of support 

data from XRD made characterization of the calcium formate 

mixture reactions much more ambiguous. Analysis of 

hydration products after extraction provided some additional 

insight. Examination of DSC data in Figure 71 and 72 again 

proves that H20 is a better extractant than ethanol. It 

should be pointed out that even after one day the majority 

of calcium formate is removed by H20, as evidenced by the 

complete loss of the 320°C exotherm and 205°C endotherm and 

the reduction of overlapping peaks at 70 and 130°C. When 

extracting calcium nitrate mixtures, some residual nitrate 

was detected after 1 day of hydration. The fact that the 

more soluble nitrate was retained while formate was 

completely extracted indicates that the formate modified 

pastes were more permeable than the nitrate modified paste. 

The extraction of calcium formate also allows the 

presence of an insoluble species producing an endotherm at 

260°C to be detected. Based on previous experiments this 

peak is representative of a calcium aluminate hydrate 
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compound. The size of this endotherm is relatively constant 

and shows no signs of the rapid growth exhibited for calcium 

nitrate accelerated mixtures. Note that when little calcium 

formate is removed, as in the ethanol washed one day sample, 

the exotherm effectively obscured the 260°C endotherm. 

Infrared analysis of these samples is produced in 

Figure 73 and 74. The growth of the broad band at ""3500cm"1 

marks the hydration progress. A sharp peak at 1590cm'1 and 

a smaller peak at "1350cm"1 provide a measure of how much 

formate ion is present. The ethanol extracted samples 

exhibit the strong presence of formate which grows with time 

as more hydration occurs. At later stages, a more solid gel 

apparently forms that limits the ethanol's ability to remove 

calcium formate. Water is seen to remove a much larger 

portion of the salt however its presence is still detectable 

even at only 45 minute of hydration. This could imply that 

some calcium formate is completely encased and 

unapproachable by H20 or some formate could be chemically 

bound to such a degree as to be unextractable. 

Another point of interest seen in these figures is the 

fact that the 10 minute hydration spectra for both sample 

types have a sulfate peak located between 1200 and 1218cm*1. 

The corresponding thermal curves for these times give no 

indication of a 140°C peak. However, the 140°C peak appears 

for all subsequent times and all FTIR spectra have shifted 

to below 1170cm*1. These values have both been shown to be 
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associated with the presence of a calcium aluminate hydrate 

sulfate. It appears that calcium aluminate hydrate sulfates 

form sometime after 45 minutes in all cases. Thus, in 

contrast to the addition of calcium nitrate it is clear that 

calcium formate does not prevent the formation of calcium 

aluminate hydrate sulfate. 

Hydration Product Analysis Summary 

The addition of calcium nitrate obviously increases the 

total degree of hydration of Class C ash. This phenomenon 

is apparently due to a combination of acceleration of pre-

existing calcium aluminate reactions and modification of 

mechanisms to produce slightly altered products. The new 

products appear to involve calcium aluminate hydrates and 

nitrate. The nitrate modified hydrates inhibited the 

formation of calcium aluminate hydrates sulfate possibly by 

ion competition. Physical testing results indicate that the 

modifications result in early strength gains although 

ultimate strengths may be reduced. 

Calcium formate appears to accelerate the total degree 

of hydration at very early stages, however, at later times 

hydration is actually less than control values. The 

presence of formate has a lesser effect on the chemical 

nature of hydration products. For instance, no new calcium 

aluminate type phases were identified and formation of 

calcium aluminate hydrate sulfates was not inhibited. 
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Physical testing suggested that while early strengths 

were reduced, later -stage strengths were actually better 

than the more rapid setting calcium nitrate accelerated 

mixes. 

The changes in physical properties of hydrates after 

the addition of salts might not be totally a result of 

chemical changes in hydrate products. The presence of 

concentrated solutions of ions could also effect the 

morphology of hydration. Changes of this nature could be 

responsible for performance from a more physical point of 

view. 

The changes in hydration products caused by both 

admixtures were seen to occur over a matter of hours or 

days. This time frame doesn't correspond with modified 

setting times which all occurred at less than 15 minutes. 

It was therefore considered that setting time changes might 

be due to more subtle interactions between sample and 

admixture. Elucidation of these mechanisms would require a 

more rapid and responsive research approach. Solution 

analysis was used as a method to monitor anion interaction 

in a much more rapid time frame. 
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Figure 71. DSC Analysis of Class C Ash Reacted with 4% 
Calcium Formate - Ethanol Extracted: W/S = 5 
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Figure 72. DSC Analysis of Class C Ash Reacted with 4% 

Calcium Formate - H20 Extracted: W/S = 5 
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Figure 73. FTIR Analysis of Class C Ash Reacted with 4% 
Calcium Formate - Ethanol Extracted: W/S = 5 
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Figure 74. FTIR Analysis of Class C Ash Reacted with 4% 
Calcium Formate - H20 Extracted: W/S = 5 
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Solution Analysis Purina Hydration 

UV/VIS Analysis Calcium Nitrate Reaction 

Changes in nitrate concentration occurring during the 

course of initial hydration of the Class C fly ash are 

depicted in Figures 75 through 77. The graphs represent 

data obtained in situ at w/s of 5 by UV/VIS 

spectrophotometry as described in Chapter II. Although the 

method used was too crude to perform a detailed kinetic 

study, the data's relative reproducibility and smoothness 

seemed adequate for qualitative judgements. Strong 

interaction between the nitrate anion and Class C fly ash 

are readily apparent. The concentration minimum occurring 

for all three conditions is not at all similar to typical 

kinetic data, which generally display a decrease in analyte 

consumption as the reaction proceeds. However, cyclic 

concentration curves for CI" concentrations in pore 

solutions sampled by other means were previously reported 

(34.) . In this work the minimum was seen for all experiments 

run with calcium nitrate/Class C ash mixtures. Conversely, 

testing of calcium nitrate/Class F mixture (Figure 78-80) 

found no such drastic changes in nitrate concentration. 

The small decrease in anion concentration for the 

reactions of the Class F ash is probably traceable to 

limited physical adsorption of anions on fly ash particles. 
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The unusual phenomena displayed by the Class C ash would 

logically seem associated with this material's reactivity. 

The change in concentration at the minimum is seen to 

be relatively sharper and larger at higher dosage of calcium 

nitrate. Table XXII records this observation as well as 

reduction in the time of the minimum's appearance as the 

dosage is increased. This behavior coincides with trends 

for calorimetry, setting time, and degree of hydration as 

previously noted. 

Table XXII. Calcium Nitrate Reacted with Class C Ash -
Characteristics of Concentration Minimum 

0.06095M NO,' 0.1219M NO,' Q.2438M NO,' 

Rel. chg. N03" 

concentration -6.5% -15.0% -12.3% 

Time of Minimum's 
occurrence 16 min. 12 min. 6 min. 

The quantity of nitrate (millimoles) which is 

apparently removed from the solution at minimum and 

equilibrium (40 minutes) conditions for Class C ash and at 

equilibrium for Class F ash are compared in Figure 81. The 

relative magnitude of anions assumed to be involved in fly 

ash interactions is seen in this figure. If the data was 

extrapolated to zero one would find that the Class F ash 

curve which rises to a plateau by 0.06095M and would loosely 

correspond to a typical Langmuir L type isotherm indicative 
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of physical adsorption. The curves composed of minimum and 

equilibrium values would both be considered S shaped curves. 

These type of isotherms are associated with adsorbents which 

exhibit strong interactive forces (35). 

This data agrees with the changes in concentration 

observed by UV analysis (at least up until the time of the 

concentration minimum). From time t = 0 to the observed 

minimum, the concentration in solution for the higher 

dosages appears to be decreasing at an accelerated rate with 

time. Kinetic curves generally exhibit a decrease in 

reactant depletion with time. The unique behavior of this 

experimental data is similar to autocatalyzed reactions 

where reaction of the reactant itself promotes further 

reactivity. Thus, the appearance of the first half of the 

minimum could suggest that interactions between fly ash and 

the anion lead to conditions that facilitate additional 

ash/anion reactions. One might imagine that if the N03" 

anion is chemisorbed into the lattice structure of a calcium 

aluminate hydrate, there might be some adjustment to the 

lattice spacing that would lead to a subsequent increase in 

inclusion of additional N03". 

The return of the N03' solution concentration to a 

slightly depressed value remains to be explained. Perhaps a 

clue to its origin lies in the supposed method of hydration 

itself. As mentioned earlier, cementitious reactions 

initially involve the dissolution of.anions from the 
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reacting grains' surfaces. These anions eventually form 

hydrate gels that form a semipermeable membrane on the 

grains surface and lead to a dormant stage. Eventually, 

changes in hydrate solubility and osmotic pressure within 

the membrane cause it to rupture. This leads to the 

extruding of anions from within the membrane which 

precipitate and grow forming interlocking spines protruding 

from the grain's surface (36). Some researchers have 

suggested that the mechanism by which accelerators operate 

involves migration of the anions into the semipermeable 

membrane coupled with counter diffusion of hydroxyl anions. 

Resulting changes in osmotic pressure and the formation of 

Ca(OH)2 nuclei lead to acceleration (37). 

The rapid removal of nitrate from solution by inclusion 

into a semi-permeable membrane followed by the release of 

nitrate upon membrane rupture would explain the behavior 

found for the nitrate concentration using the in-situ 

method. Furthermore, the decrease in time to concentration 

minimum with increasing dosage corresponds to a shorter 

lived protective membrane and thus accelerated setting 

times. 
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UV/VIS Analysis - Calcium Formate Reactions 

Results for reactions with various concentrations of 

calcium formate and Class C and F ash are found in Figure 82 

through 87. It should be noted that the UV/VIS results for 

formate analysis were obtained in a different fashion than 

for nitrate. The formate anion concentration was determined 

based on peak height at 222nm. Unfortunately, there was a 

large amount of interference at this wavelength which caused 

baseline shifts that were uncorrectable by the method 

described in Chapter II. The problem was solved by running 

a blank with the appropriate fly ash and H20 and storing the 
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results in memory. The values for the blank were then 

subtracted from the analysis runs prior to performing 

numeric baseline adjustments. The results of this technique 

lead to graphs containing more noise, poorer precision and 

probably less accuracy. However, it was again felt that the 

data was adequate for qualitative comparisons. The missing 

presence of the strong minimum for the formate Class C ash 

data could mean that formate is not as strongly interactive 

as the nitrate anion. 

Figure 88 reports the millimoles of formate removed at 

various testing conditions. The low quantities of total 

millimoles of formate removed supports the conclusion that 

the formate anion is involved with fly ash surfaces to a 

lesser extent than the nitrate. 



232 

>> 

X o 
0 
E 

1 
i 
E 
u z o o 

* 
r 
P 

0.0615 

0.061 

0.0605 

0.0595 

0.059 

0.0585 

o.osa 

0.0575 

0.057 0 { 2 I 4 1 6 i ® 110J,12,L,4,L1 '̂6,L1'8 l»l»l«l»iM|3b|aa|>«|36|38 140 1 3 5 7 9 tl 13 15 17 19 21 23 25 27 29 31 U 35 37 J9 TIME (minutts) 
o RUN 1 1- RUM 2 

Figure 82 UV/VIS Solution Analysis of 0.06095M Formate 
Reacted with Class C Ash: W/S - 5 

* 

T 0 0 
1 
Q 

t 

s 
o 
0 
kJ 
I-1 
K e 

0.123 
0.122 
0.121 

0.12 
0.119 
0.118 
0.117 
0 . 1 1 6 

0.115 
0.114 
0.113 
0.112 

0.111 
0.11 

0.109 
0.108 

0.107 
0.106 

0.105 
0.104 
0.103 

•q-O-Q-QHB Q9 0Q QQ̂ &e-a-0^ QtfOo 

0 I 2 f ; ! G I S f lb| .211̂1 . 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 

T1MC (mlnulca) 
I »6 118 | 201 22 124 126 | 26130 132 134 | 36 I 38 j 40 

Q RUN 1 RUN a 

Figure 83. UV/VIS Solution Analysis of 0.1219M Formate 
Reacted with Class C Ash: W/S = 5 



233 

0.25 

0.245 

2> 
T OJ24 
O 
0 
E 0.235 
z 
Q 

I 0.23 

& 
kJ 
W 0.225 
4m o 
o 
u 0.22 
i-

p 0.215 
k. 

0.21 

0.205 

pe B-o 

0 I 2 t 4 I 6 | a 1 1 0 | 121 14 116 118 | 2 0 1 22 124 126 | 2 8 j 3 0 j 3 2 Lm | 361 3 6 ! 4 0 
« •» 5 7 9 11 1 3 I S 17 19 21 2 3 2 5 2 7 2 9 31 3 3 J S 3 7 3 9 

TIME (minutes ) 

O RUN 1 • RUN 2 

Figure 84 UV/VIS Solution Analysis of 0.24 38M Formate 
Reacted with Class C Ash: W/S = 5 

0.0615 

0.061 

X 0.0605 
X 
o 
0 
E 0.06 

z 
Q 

0.0595 
WL 
H z 
y 
* 0.059 

o 
u 
VI 0.0565 

i 
t 

2 0 . 0 5 a 

0.0575 

0.057 
0 | 2 I 4 [ 6 | 8 | 1 0 j l 2 | 14 | 1 6 I 18 | 20 I 2 2 | 2* | 2"6 I 2 8 | 3 0 

1 3 5 7 9 11 1 3 15 17 W 21 2 3 2 5 2 7 » 
TlM£ (minute®) 

Figure 85. UV/VIS Solution Analysis of 0.06095M Formate 
Reacted with Class F Ash: W/S = 5 



234 

*C 
o o 
E 

w 

z 
Q 
< 

P 
z 

0.123 

0.122 
0 . t 2 t 

0.119 

0.117 
0.116 
0.115 

0.114 

0.113 

0.112 

0.111 

0.109 

0.108 

0.107 

0.106 

0.105 

0.104 
0.103 

^ L161 181 221241261281» 132 i J41»I M| •WI«! 441 
» 3 5 7 9 11 n IS 17 19 21 23 25 27 29 31 33 35 37 39 4t 43 45 

TIME ( m i n u t e s ) 

Figure 86. UV/VIS Solution Analysis of 0.1219M Formate 
Reacted with Class F Ash: W/S = 5 

0 
I 
Z 
Q 
t-* 
z 
w 

1? O u 

r 
O 

0.25 

0.245 -

0.235 

0.225 

0.215 

0.205 
0 | 2 | 4 | S | 6 I 10 | 12 | 14 | 16 | 18 | 201 22 i 24 126 I 28130132] 34 | i S 136 140 

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 
TIME ( m i n u t e s ) 

Figure 87, UV/Vis Solution Analysis of 0.2438M Formate 
Reacted with Class F Ash: W/S = 5 



235 

TD 
QJ > 
O 
e 
QJ 
cr 

5 .0 

4.0 » 

QJ 

no 3 .0 - -
£ 
U 
O 

Ll. 

in 
QJ 
—H 
o 
e 

2.0 -

1.0 -

• Formate absorbed by Class C Ash 

at concentration minimum 

• Formate absorbed by Ci*ss C Ash 

at equi.1 ibrium 

a Formate Absorbed by Class F Ash 

0.0 
0.040 0 .080 0.120 0.160 0 .200 0 . 2 4 0 

Initial Formate Concentration 
0.280 

Figure 88. Millimoles of Formate Apparently Adsorbed 
Various Reactions: W/S = 5 

Zeta Potential Analysis - Calcium Nitrate 

The solution analysis for nitrate interactions with 

Class C ash were by far the most interesting of any 

performed. The appearance of a large minimum, representing 

a transitory, but significant amount of adsorbed nitrate, 

which occurred at decreasing times corresponding with 

acceleration, all prompted further investigation. 

The limited sample frequency available for thermal 

analysis made this technique inappropriate for this type of 

study, however, it was during sample preparation for DSC 

analysis that a suitable technique did come to mind. While 

filling aluminum pans with Class C ash reacted with various 

salts, it was noted.that the apparent volume required to 
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obtain a constant weight went up as the calcium nitrate 

dosage was higher. In other words, the presence of calcium 

nitrate appeared to result in a less dense material. It was 

suspected that this was a result of deflocculation due to 

changes in surface charge of the particles. Surface charges 

were also considered to have a possible effect on reactivity 

through formation of charged doubled layers and effects on 

exposed surface area. As described in the experimental 

section, zeta potential analysis seemed the logical choice 

to provide insight concerning the surface charge of reacting 

fly ash. 

State of the art instrumentation was necessary to 

monitor the zeta potential of the reacting fly ash slurry 

accurately and continuously. Coulter Scientific Instruments 

was contracted to run two samples. The samples chosen were 

Class C ash with H20 and Class C ash with 0.1219M N03". 

The zeta potential (f) was monitored continuously from 

2 to 60 minutes at 2 minute intervals for each test. The 

mean potentials for selected sample times from both tests 

are plotted in Figure 89. From this graph we find that the 

two systems are vastly different with respect to surface 

charge. The reaction with H20 results in fly ash particles 

with a negative potential suggesting an outer layer of 

anions (refer to Figure 27, Chapter II). This is reasonable 

considering fly ash chemistry, where dissolution of Ca2+ 

would form an inner surface layer of positive charge 
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surrounded by a Stern layer composed primarily of OH" in the 

high pH media (Figure 90). The fact that the negative £ 

becomes more positive (from -16.5mV to -8.5mV) with time 

confirms that the fly ash surface charge is indeed changing 

as the reaction progresses. The growing positive nature of 

the potential is likely due to an accumulation of Ca2+ ions 

in the outer layer. Some of these cations originate from 

the bulk solution but a substantial proportion could be due 

to dissolution from the surface of reacting fly ash grains. 

The existence of a dense inner layer of Ca2+ could 

affect the reactivity of fly ash through two aspects. 

First, the lowering of the absolute value of £ leads to 

conditions under which individual particles are likely to 

agglomerate (38.) . Thus, less surface area is available for 

hydration and secondly, the inner layer itself could act as 

a barrier to hydration in an analogous nature to a 

semipermeable membrane. Earlier work by Tadros and 

coworkers lead them to propose that a inner layer of 

adsorbed Ca2+ on C3S grains reduced the rate of hydration 

(39) . 

The plot for calcium nitrate reacted ash, also found in 

Figure 89, depicts a positive £ which can only represent a 

complete restructuring of the double layer relative to fly 

ash and H20. Following fly ash chemistry we again expect an 

inner layer of Ca2+ ions, which in this case, originates 

from dissolution and solvent adsorption. This positive 
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layer is then bridged by a tightly bound layer of the 

abundant N03* anionsi The diffuse outer layer would 

logically be composed primarily of Ca2+ cations from 

solution (Figure 91). The C under these conditions again 

changes with time indicating a reaction between fly ash and 

H20/N03", but the trend is now toward a more negative 

potential. If Ca2+ escapes the surface during hydration to 

collect in the diffuse layer as previously proposed, we 

would expect a growing positive potential. In this case 

the N03" is available in such excess that it simply cancels 

any positive charge effects of dissolving Ca2+. In fact, 

the growing negative character of the potential (+17.8mV to 

+12.3mV) suggest that N03" adsorption gradually increases 

with time. The higher absolute value of C seen in the 

presence of nitrate indicates a more deflocculated and 

reactive mixture. 

Inspection of results for specific analysis times 

provides additional insight concerning the reaction process. 

Figure 92 present a series of "snap shots" of the C for the 

reaction of fly ash and H20. Results from detectors at 4 

different angles are presented in each Figure. The signal 

from low angle detectors represents larger particles and is 

somewhat less noisy than higher angle detection. The 

results from high angle detectors represent smaller 

particles with higher resolution, but slightly more noise. 
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From this data we find that the charge distribution in 

H20 is basically monomodal from 2 minutes to approximately 

30 minutes. Only the smallest particles at 2 minutes give 

any indication of multimodal charge distribution and this 

disappears before 10 minutes has elapsed. The charge center 

clearly migrates from near -16mV to approximately -lOmV over 

this time span. 

Analysis results for fly ash and 0.1219M nitrate 

reactions are found in Figure 93. At 2 minutes the zeta 

potential is positive, but the absolute value at +17.9mV is 

only a little higher than that seen for the H20 reaction. 

The charge distribution for this reaction is again basically 

monomodal. By 6 minutes the only change is a shifting to 

lower C/ but at 12 minutes the charge distribution changes 

drastically. This was the first sample time for which this 

phenomenon was noted. Besides some shifting of the major 

peak to more negative values numerous new distributions now 

appear with more negative potentials. It can be seen that 

the smaller particles represent the majority of the more 

negative species. Considering the composition of the 

nitrate reacted mixtures the most reasonable mechanism 

accounting for the appearance of more negatively charged 

species is the adsorption of the nitrate anion. 

By 30 minutes the particles again consist of one major 

charge distribution with a second mode at OmV. The zero 
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potential material is due to combining of oppositely charged 

species to form a neutral agglomerate. 

It is difficult to fully evaluate the significance of 

the zeta potential analysis based on the limited number of 

samples tested. It is however, extremely interesting that 

the occurrence of more negatively charged particles at 8-12 

minutes for the 0.1219M nitrate reaction, coincides so well 

with the time of the concentration minimum (12 minutes) 

appearing in the UV/VIS analysis with 0.1219M nitrate in 

solution. It is important to remember that the UV/VIS 

analysis monitored a filtered solution. Nitrate bound to 

fly ash particles by involvement in an electrical double 

layer could well result in an apparent decrease in N03" 

concentration. The return of the zeta potential to basically 

a monomodal peak with intermediate negative character at 30 

minutes also roughly corresponds to UV analysis which found 

that the N03" concentration rose to slightly less than 

initial values after 15-20 minutes. 

Whether the multimodal event is a cause of or a 

consequence of conditions that lead to acceleration of fly 

ash hydration is impossible to say. Results do clearly 

indicate a difference in solution behavior between the two 

systems. 

If one assumes that the hydration of fly ash is at 

least partially controlled by the presence of an 

impenetrable inner layer of Ca2+ ions, one might envision 
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that the N03" bridge at the grains surface could be 

responsible for preventing this layer from forming properly. 

This would then lead to a reduced dormant period and 

increased rate of hydration. 

The zeta potential results are also consistent with a 

more common theory of hydration which proposes that the 

dormant stage is due to a protective CSH (or CAH) 

semipermeable gel membrane. 

If we consider N03" ions to immediately surround the 

fly ash grains prior to the formation of CSH or CAH gel 

(Figure 94), one can imagine how the ionic strength of the 

solution within the confines of the semipermeable membrane 

would be much higher for the N03" solution than for H20 only. 

This is consistent with C data which immediately indicated 

the presence of a N03" double layer. The osmotic pressure 

would therefore be higher in the N03* solution and 

furthermore the pressure could be higher at earlier ages. 

Thus, higher pressure would be exerted on a less developed 

and weaker membrane resulting in membrane rupture at earlier 

ages and the rapid end of the dormant stage. 

Upon membrane rupture new grain surface area would be 

exposed, and perhaps more importantly, new neuclei from the 

fragments of CSH gel would be free to provide another source 

of nucelation for hydration and adsorption of nitrate. This 

would explain the development of a multimodal zeta potential 

system composed of many smaller, more negative particles. 
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As hydration continues, some of the N03* is physically 

and chemically bound in the CSH gel but a large percent 

returns to the solution. Eventually the volume of the 

hydration produces is large enough that individual grains 

begin to fuse together and the reaction reaches a steady 

state. 
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Conclusions 

This research has proven that calcium nitrate and 

calcium formate affect the hydration process and products of 

Class C fly ash. Calorimetry results proved that the use of 

these two salts accelerated the time- to peak temperature and 

the amount of temperature rise. As a result the typical 

dormant stage was effectively eliminated. Physical testing 

showed that setting times were decreased and early 

compressive strengths were increased with increasing dosages 

of calcium nitrate, while later strengths were reduced by 

its use. Calcium formate had less effect on setting times 

and sometimes even retarded set, and lowered one day 

compressive strengths. However, final strengths were 

somewhat improved compared to calcium nitrate mixes. 

Analysis of hydration products suggested that reactions 

between water and calcium aluminate or calcium aluminate 

silicate phases were responsible for a majority of the 

hydration reactions. The addition of calcium nitrate 

accelerated the rate of hydration with increasing dosages 

providing more hydration. The nitrate was included into the 

hydration products by chemical as well as physical means. 

Hydration products were modified by the use of calcium 

nitrate to form calcium aluminates hydrates that involved 

nitrate perhaps as double salts such as 

C3A* 3Ca (N03) 2* H1V13. At higher dosages the nitrate modified 

hydrates decrease the amount of ettringite 
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(CyA* 3Ca (S04) • H32) formed, possibly through competition or 

anion exchange. The hydrates involving nitrate are more 

soluble and easier to extract than other hydrates present. 

Calcium formate had less effect on the degree of 

hydration obtained for Class C ash and produced no drastic 

alterations to hydration products although there was 

evidence that formate was chemisorbed as well as physically 

entrapped. 

The formation of altered products resulting from the 

addition of salts occurred on a time frame too slow to 

account for the acceleration of setting time and calorimetry 

exotherm results. Solution analysis during the hydration 

process was used to provide insight to the mechanisms 

responsible for this behavior. Direct monitoring of anion 

concentrations in-situ by UV analysis detected significant 

temporary drops in nitrate concentrations at times more 

closely approaching calorimetry data. 

Plots of nitrate concentration versus time exhibited 

interesting concentration minimums. The time of occurrence 

of the concentration minimum decreased with increasing 

initial concentration of nitrate while the amount of nitrate 

adsorbed increased. Results were too crude for true kinetic 

evaluations, but provided an indication that N03" interacted 

with the reacting fly ash, possibly affecting the lifetime 

of a protective membrane responsible for a dormant stage. 
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Limited results from zeta potential analysis also 

suggested that N03' was temporarily removed from solution by 

forming a bridging charge between inner layer dissoluting 

Ca2+ and Ca2+ adsorbed into the diffuse layer from the bulk 

solution. Interaction of N03' with the fly ash surface 

could likely disrupt the existence of a protective Ca2+ 

inner layer and result in a shorter dormant stage and 

accelerated hydration. 

Results from the in-situ solution analysis produced new 

data providing a unique perspective on the hydration 

process. A mechanism was proposed which explained the new 

data and was also consistent with previously offered 

mechanisms of acceleration. Additional analysis in these 

areas was recommended. 

Solution analysis of formates suggested that 

interaction between formate and Class C ash occurred to a 

lesser extent. 
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