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Abstract 

An experimental study was carried out to detemine the rate and extent of scale formation 

of gypsum (calcium sulpbate dihydrate) on stainless steel surfaces in two types of 

continuous hydrometallurgical sulphuric acid neutralization reactors: a calcium carbonate 

partial neutralization reactor, and a calcium oxide total neutralization reactor. The 

purpose of the study was to determine the effects of pH, temperature, residence time, 

presence of metal sulphates (Fe, Al, Ni, and Mg), addition of surfactants, and addition of 

gypsum seed on scale growth. The rate of scale formation was found to be reduced by 

lower temperatures, longer residence times, and the presence of nickel and magnesim. 

pH had no significant effect. The effect of these variables on the rate of scale formation 

was related to the degree of gypsum supersaturation. Scale reduction through the 

addition of sulphonated anionic surfactants was found to oniy be effective under certain 

conditions. However, gypsum seeding was found to be an effective method of scale 

reduction. Scale was reduced by 50% or more at a seed concentration of IO@. 
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1. Introduction 

1.1 Industrial Scale Formation 

Precipitation fouling or scale formation is a common problem encountered in 

many industrial process operations. It can best be described as the deposition of 

inorganic salts fiom aqueous solution onto surfaces. This includes everything from hard, 

crystalline, strongly adherent deposits, to sofi, porous, loosely held sludge [l].  Scale 

formation is a problem because it fouis equipment surfaces, reducing process efficiency, 

and resulting in high maintenance costs. Industries and processes where scale formation 

is most comrnon include oil and gas production, geothermal energy production, 

desalination operations, steam generation operations. heat transfer systems, water supply 

systems, and of course, hydrometallurgical operations. 

Scale formation occurs in oil and gaç production as a result of subsurface water 

coming into contact with well pipes, tubes and pumps [2]. As oil and/or gas are brought 

to the surface, ion-containing subsurface water is drawn dong too. The drop in pressure 

and changes in temperature that occur during processing cause solubility to decrease. 

resulting in the deposition of CaCO,, CaSO,, and BaSO, scales 121, [3], [4]. 

In geothermal energy production, silica is the major component of scale. It 

deposits fiom hot brine solutions as they are pumped to the surface, resulting in clogged 

well lines, separators and discharge lines [Il. Minor contributors to this scale formation 

are iron and copper sulphides, CaCO,, and CaSO,. 



Desalination operations also have scale formation problems, because sea water is 

rich in scale-forming ions such as Ca2+, Mg2', SO,", and CO,". The salts of these ions, 

CaCO,, CaSO,, and Mg(OH),, precipitate on evaporator surfaces as a result of heating 

since these salts are inversely soluble with temperature [Il. In operations where reverse 

osmosis is used, scale is deposited on membrane surfaces, reducing their performance and 

efficiency [SI. These scales can also include strontium salts such as SrCO,, ana SrSO, 

FI, M. 

Boilers used in s t em generation have always been piagued by scale formation. 

The type of salt that precipitates depends on the chemistry of the boiler feed water, but 

once again the most common scales are CaCO,, Mg(OH), and CaSO,,, with aluminum, 

iron and silica scales also occurring [2]. The result is poor heat conduction and therefore 

greater fuel consurnption [7]. 

Similar scale formation is also encountered in heat transfer systems. Calcium and 

magnesium scales are especially a problem and can completely destroy the effectiveness 

of heat exchangers [7]. 

In water supply systems, CaCO, is the main component of scale [3]. This is 

especially a problem in southwestern Ontario where the water table is saturated with 

limestone. The result is clogged supply lines and reduced flow capacity. 

In hydrometallurgical operations, many different types of scalr formation occur. 

High temperatures and high ionic strengths make scale formation inevitable. One 

example is the formation of hematite and alunite d e s  on autoclave walls during high 

temperature leachhig of nickeliferous laterites. A detailed study of this phenornenon was 

recently conducted at the University of Toronto [3]. 



Another example fiom the field of hydrometallurgy is the formation of CaSO, 

scales: mostly gypsum (CaSO, * 2H20), but also hemihydrate (CaSO, . %H,O) and 

anhydnte (CaSO,), depending on the temperature and reactor conditions. Because of the 

relative insolubility of the calcium sulphate hydrates, these scales are deposited almost 

anywhere calcium and sulphate are together in aqueous solution. The result is foouled 

reactor walls, impellers and pumps, as well as clogged pipes. What makes them such a 

probiem is that they fom even at low pH and can only be easily and effectively rernoved 

mec hanical 1 y [8]. 

1.2 Gypsum Seale Formation in Continuous Hydrometallurgical Reactors 

The largest occurrence of scale-forming calcium sulphate in hydrometallurgical 

processes is during the continuous partial neutralization or total neutralization of 

sulphuric acid leach solutions with calciwnîontaining bases. such as limestone (CaCO,), 

and lime (Cao). The reactions are, respectively: 

H,SO, +CaCO,(,, + H 2 0 = K a S 0 , 4 H , 0 ~ , ,  +CO,(,, ? (1) 

and 

H2S0, +Caoo +H20=CaS0, *2H,O(,, (2) 

In these two cases, gypsum (CaSO, 2H,O) is the primary reaction product. The 

reason is that these reactors operate at atmospheric pressure, below 90°C. Under these 

conditions, gypsum is the precipitating phase, (see Section 2.2. l), [9], [IO], [Il]. 



Both (partial and total) neutralization steps are necessary in the processing of 

nickeliferous laterite ores. A simplified process flow diagrarn of this process is shown in 

Figure 1. 

Pretreated 
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Figure 1: Simplified process flow diagram of nickeliferous laterite ore processing 1121. 
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Briefly, neutdization (reaction 1) typically takes place irnrnediately following 

high-temperature laterite leaching. The autoclave effluent is in the fom of a slurry, 

containing precipitated iron and aluminurn, as well as residual aqueous sulphuric acid, 

iron, alurninurn, nickel, and minor arnounts of cobalt, magnesium, manganese, chromium, 

copper, and other minor impurities. The temperature and pressure are reduced and the 

solids are separated by counter current decantation [3]. This leaves the leachate. which is 

partially neutralized to a pH of 5-6 with limestone (reaction 1) to precipitate the 

remaining iron, aluminum and sulphate, and to adjust the pH for downstrearn 

nickel/cobalt purification steps. Typical neutralization conditions are given in Table 1 

(a). From here, the resulting sluny is again separated and a pregnant solution, 

(containing the target nickel and cobalt metals), continues to a solvent extraction 

operation for fùrther processing. The solid gypsum, iron, and aluminum are disposed. 

In the solvent extraction stage, stripping of the organic extractant occurs with 

sulphuric acid. The extracted, separated nickel and cobalt are sent for fùrther processing 

while the remaining aqueous solution continues to a final neutralization/purification 

stage. The purpose of this total neutralization (reaction 2) is to neutralize the sulphuric 

acid and to render the solution safe for disposai, (by precipitating out al1 of the remaining 

metal ions). Typical reactor conditions for this process are given in Table 1 (b) below. 

Table 1: Typical conditions for continuous (a) partial neutralizstion and (b) total neutralization of 
sulphate efiluent during acid pressure leaching o f  laterites (131. 

Calcium Base 

(a) CaCO, 
fb) Ca0 

Initial 
[HzSo~I 
3OglL 
1 O d L  

Temp. 

70°C 
40°C 

Residence 
Time 
15-Som in 
1 5-SOmin 

pH 

4-6 

Major Entrained Metal Sulphates 

lg/L Fe, 2giL Al, 5 g L  Ni 
10-1 1 1 O-lOdL Ma 



The problem of gypsum scale forrnation arises in both neutralization stages. The 

reason is that not only does gypsurn precipitate in the bulk solution, but it also 

precipitates and grows as scale on reactor surfaces and in pipes around the reactors. 

1.3 Objectives 

Although, as has been stated, gypsurn scale formation is a common problem in 

continuous hydrometallurgical reactors, no work has ever been formally undertaken to 

study this phenornenon in depth under conditions relevant to hydrometallurgical 

processing. Thus, the purpose of this study was first to determine the rates of gypsum 

scale formation on stainless steel surfaces in simulated, bench-scale versions of the two 

different types of continuous neutralization reactors. (Stainless steel surfaces were used 

because it is the most common building material for reactors, pipes, impellers and other 

reactor components.) The next purpose of the study was to determine the effects of pH, 

temperature, residence time, presence of rnetal sulphates (Fe, Al, Ni, and Mg), addition of 

surfactants and addition of gypsum seed on scale growth. The ultimate goal of this was 

to identify trends in gypsum scale formation that might possibly lead to solutions to the 

problem. 



2. Literature Review 

Despite the lack of literature on the subject of gypsurn scale formation in 

continuous hydrometallurgical reactors, there is a great deal of relevant background 

material in crystallization theory. The reason is that in order to understand how and why 

gypsum scde foms, it is necessary to review fundamental crystal theory. This includes 

crystal precipitation, nucleation, and growth theory. 

2.1 Precipitation 

Precipitation is defined "as reactive crystallization, Le. the production of a solid 

compound out of a solution via a chemical reaction" [14]. Of course. it goes without 

saying that the solution must be supersaturated with respect io the precipitating 

compound before precipitation will occur. 

Thus, precipitation will occur when: 

where Q,, = concentration product of the solute in the solution 

y, = solubility product constant of the solute at equilibrium 

This ratio is defined as the saturation ratio, S. In dilute solutions, one can simplifi this by 

taking Q, and K, to be equal to activities, and activities to be equal to concentrations: 



where a = activity of the solute in the initial solution 

a, = final activity of the solute in equilibrium with the solid species 

C = concentration of the solute in the initial solution 

Ce, = equilibrium concentration 

The saturation ratio S, c m  also be used to define the supersaturation ratio: 

2.2 Nucleation 

Once the conditions exist for precipitation to occur (Le. SH), the first stage of 

crystal formation can begin. This stage is called nucleation. and it has three main 

categories: (1) primary homogeneous, (2) primary heterogeneous? and (3) secondary 

heterogeneous [ 141. 

Primarv homogeneous nucleation occurs in bulk solution, in the absence of a solid 

interface [14]. This is through solute molecules cornbining to form embryos. These 

embryos either reach a critical size above which they are stable, or dissolve back into 

solution. Homogeneous nucleation occurs at relatively high values of S, (see Fig. 2), 

because the interfacial energy between the crystal and the solution is relatively high, and 

therefore a large driving force is necessary for it to occur [15]. 

Primaw heterogeneous nucleation occurs in the presence of a foreign surface. 

Nuclei form on a solid surface such as dirt, reactor or pipe walls (beginning the process of 

scale formation), colloidal particles, etc. In this case, the interfacial energy between the 



crystal and the solid is less than the interfacial energy between the crystal and solution. 

Thus, primary heterogeneous nucleation occurs at lower values of S than primary 

homogeneous nucleation, (see Fig. 2) [ 14],[15]. 

Secondarv heterogeneous nucleation is nucleation that occurs on seed particles of 

the same composition and phase as the prccipitating ones. When these seed particles are 

purposely added to the solution to induce precipitation, it is called apparent secondary 

nucleation. When the seed consists of fragments of crystals that are already present in the 

solution, (e-g. due to fluid motion), it is called true secondary nucleation. And when the 

seed is formed fiom crystals breaking due to collisions with other crystals, reactor walls, 

or impellers, it is called contact secondary nucleation [3]. Secondary heterogeneous 

nucleation occurs only in the presence of other like crystals. The interfacial energy 

between particles of the sarne composition and phase is generally fairly low, so that 

secondary heterogeneous nucleation occurs even at low values of S (see Fig. 2) [1].[3]. 

Therefore, nucleation can occur through several different reaction mechanisms, 

depending on the degree of saturation and reactor conditions. Of these, primary 

homogeneous nucleation occurs only at higher levels of S, primary heterogeneous 

nucleation occurs at lower values of S, and secondary heterogeneous nucleation c m  occur 

at even the lowest values of S provided there is seed present. This is best surnrnarized by 

Figure 2, which shows a general plot of normalized nucleation rate versus saturation ratio 

S [3]. As can be seen, as long as there are seed crystals present, secondary heterogeneous 

nucleation has a high nucleation rate over the entire range of S. 



Therefore, with respect to scale formation one would expect that primary 

heterogeneous nucleation would occur on new surfaces (e.g. reactors, pipes, impellers, 

etc.), followed by secondary heterogeneous nucleation which would lead to scale growth. 

Dimensionless / 
Nucleation 
Rate: 
(log[J/J,o,,m,1) 

Saturation Ratio: (S) 

Figure 2: Nucleation rate vs saturation ratio Graph 131 

Before going any M e r ,  it is necessary to examine the case where a substance 

can precipitate as more than one phase. Calcium sulphate c m  precipitate as gypsum 

(CaSO, . 2H,O), hemihydrate (CaSO, . !hH,O), or anhydrite (CaSO,). Theoretically, the 

most thenodynarnically stable phase is expected to precipitate. Furthemore, the most 

stable phase will have the lowest solubility as compared to the other, metastable phases. 

However, under conditions where pnmary homogeneous nucleation prevails, Stranski's 

Rule, (also known as Ostwald's Step Rule), States that "the precipitate with the highest 

solubility (Le. the least stable solid phase) will form first in a consecutive precipitation 

reaction" [l 51. 



This Fundamental rule of precipitation has a profound effect on calcium suiphate 

scale formation, especially between 42 and 97°C. Although gypsurn is the most common 

scale-forming phase of calcium sulphate, under some conditions it could be the 

hemihydrate or the anhydnte phases that are precipitating to form scaie. The reason for 

this is the interweaving solubility cuves of the three calcium sulphate phases. 

Figure 3 shows a graph of solubility versus temperature for the three phases 

between O and 100°C. As can be seen, below 42°C gypsum is the least soluble phase, 

while above 42"C, anhydrite is the least soluble phase. One would therefore expect that 

gypsum would be the scale-forming phase below 42OC, while above 42"C, anhydrite 

would be the scale-forming phase. This is not the case however [ 1 1 1, (1 61. 

TEMPERATURE ( O C )  

0.050 

Figure 3: Solubility vs temperature for the three calcium sulphate phases (171 

According to Figure 3, above 42°C hemihydrate should be the first phase to form. 

Then it should convert to gypsum, which should then dehydrate to the anhydnte phase. 

However, only gypsurn is found to precipitate [Il], and once it is formed, it does not 
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dehydrate to form anhydrite. In fact, even when lefi for years, gypsum is still found to be 

the only phase present [Il]. The reason is that the mechanism of gypsurn dehydration 

involves two stages: a partial dehydration to hemihydrate, followed by the dehydration to 

anhydrite [ l  O]. The former stage is not thermodynamically favoured below 97OC in pure 

water, and 90.S°C in concentrated salt solutions. (This was proven both 

thermodynamically and expenmentally by Ostroff [ 1 O] .) Thus although it is tec hnicall y 

a metastable phase, gypsum is not converted to anhydrite between 42 and 90°C, and can 

therefore be considered stable. 

Of course, it goes without saying that if the mechanism is secondary 

heterogeneous nucleation, and there is anhydrite seed present, anhydrite will be the 

precipitating, stable phase between 42 and 90°C. However, in this study anhydrite will 

not be purposely added as seed, and this scenario need not be considered. 

Therefore, from this point on gypsum will be assumed to be the precipitating, 

scale-forming phase under al1 conditions, in both reactors. 

2.3 Growth 

Once nuclei are present, the second stage of crystal formation c m  begin. This 

stage is crystal growth. Crystal growth is obviously crucial to scale formation. 

According to theory, growth occurs h o u &  the incorporation of solvated solute 

molecules, (or growth nits) ,  into step or kink sites on the crystal surface [14]. This 

occurs through the eight-step process that is illustrated in Figure 4: 



(i) Transport of the growth unit from the bulk solution to the crystal surface. 

(ii) Adsorption on the crystal surface. 

(iii) Lateral diffision over the surface. 

(iv) Attachment to a step. 

(v) Difhsion dong a step. 

(vi) Integration into the crystal at a kink site. 

(vii) Diffision of solvent molecules away fiom the crystal surface. 

(viii) Liberation of heat of crystallization and its transport away fiom the crystal. 

Figure 4: Stages of  crystal growth (141 

Although crystal growth always occurs through the above eight-step process, the 

rate at which growth occurs depends on which of these eight steps is the rate-determining 

one. Thus, there are several different growth mechanisms that can be used to explain 

crystal growth rates, [3],[lJ],[l SI: 



(1) Mononuclear Growth (Figure Sa): One surface nucleus foms at a time on the 

surface of the crystal and then rapidly spreads across the surface to form a new growth 

layer. In this case, step (ii) in Figure 4 is the rate-determining step. 

(2) Polynuclear Growth (Figure 5b): Many surface nuclei form on the crystal 

surface and grow togethet, until an entire growth layer is formed. In this case, once again 

step (ii) in Figure 4 is the rate-deterrnining step. 

(3) Screw Dislocation Growth (Figure Sc): New crystal molecules are absorbed 

ont0 the growth layer at the top step of a screw dislocation [3]. Thus, the dislocation 

grows up and up, (in a spiral), as new layers are added. In this case, step (iii) in Figure 4 

is the rate-determining step. 

(4) Diffbsion-Controlled Growth: In this case, the rate-detennining step in the 

growth of the crystal is diffusion of growth units to the crystal surface, (step (i) in Figure 

4). 

(a) Mononuclear 
Growîh 

(b) Polynuclear 
Growth 

(c) Screw Dislocation 
Growth 

Figure 5: Crystal growth mechanisms (from Neilsen, (1964) 1161) 



From Dirksen and Ring (1991) [14], it is known that these four growth rate 

mechanisms c m  al1 be described by generalized growth rate expressions of the fonn: 

where C g(R) : is essentidly a growth rate constant. It incorporates crystal volume and 
area factors g(R), and other constants, (such as difhsion coefficients). 

f (S) : is a saturation ratio huiction. Its form is given by: 

-n 
f (S) = (S - 1 ) " l  (S) " 2  

1nS 
1 

The coefficients n,, n,. n,, and C, (fiom equation 6), depend on temperature and 

the mechanism of crystal growth [18]. (This will be discussed further in section 2.4). 

The mechanism of crystal growth in turn depends on the saturation ratio. For instance, 

screw dislocation growth occurs mostly under low supersaturation conditions. 

Mononuclear and pol ynuciear growth occur under higher supersaturation conditions, 

while bulk diffusion-controlled growth usually occurs under the highest supersaturation 

conditions. 

For gypsurn crystal growth systems, different researchers under different 

conditions have reported three of these four growth mechanisms. Christoffersen, 

Christoffersen, Weijnen and Van Rosmalen (1982) [17] reported screw dislocation 

growth in gypsum crystal growth systems in the saturation ratio range of 1 .O3 to 1.15. 

Paher (1974) [16] found both rnononuclear and polynuclear growth, depending on the 

time during batch crystallization. These experiments were in the saturation ratio range of 

1.5 to 16. And finaily, Tadros & Mayes (1979) [19], Kiepetsanis & Koutsoukos ( 1989) 

[20], and Hamdona, Nessim & Hamza (1993) [21], al1 reported polynuclear growth for 
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gypsum crystals in different systems at varying saturation ratios. Thus it c m  be 

concluded there is no one mechanism for gypsum crystal growth; saturation ratio plays a 

large part in determining which mechanism is responsible for growth in any particular 

system. 

2.4 Factors Affecting C ysta l  Growth 

In addition to saturation ration, there are several other factors that can affect 

crystal growth and thus, scale formation. These can influence crystal shape, size. 

composition, properties, and growth kinetics. Some factors include temperature, matrix 

anion effects. impurity effects, presence of seed crystals, and presence of surfactants. 

These are sumrnarized below. 

2.4.1 Temperature 

Temperature effects are highly signifiant. Besides merely influencing solubility 

and thus saturation ratio, high temperatures promote crystal formation and growth in a 

number of ways. The first way is by increasing the rate of diffusion of the growth unit 

(both step i and step iii in Fig. 4). Another way is by increasing the rate of integration of 

the growth unit into the crystal at the kink site (step vi in Fig. 4). The third way is by 

promoting dehydration (step vii in Fig. 4), which increases the rate of adsorption of the 

growth unit. Al1 of these temperature effects are taken into account when determining the 



coefficients (n,, n,, n,, and C) f ~ r  equation (6) and (7). In general, an increase in 

temperature usually (but not necessarily always) means an increase in crystal growth rate. 

2.4.2 Matrix Anions 

The solution matrix anion is another significant factor in crystal growth. It 

influences the shape and size of the precursor complex-cluster, which in tum affects the 

shape and size of the growing crystal. This would alter g(R) in equation (6). The matrix 

anion can also be incorporated into the growing crystal as an irnpurity. This can cause 

deformities in the crystal structure, once again affecting g(R). The final way that the 

matrix anion can influence crystal growth is by interfenng with the dehydration process 

(step vii in Fig. 4). This can impede incorporation of the growth units into the crystal 

lattice and slow down the rate of crystal growth [13]. This would be seen as a reduction 

in C in equation (6). 

Impurity effects are another significant factor in crystal growth. For exarnple, 

adsorption of trace quantities of anions or cations c m  alter crystal morphology habit fiom 

needle-like to plate-like, (or vice versa), which would affect g(R) in equation (6). 

Adsorption rnay sometimes significantly inhibit growth by interfering with the supply of 

growth units to certain faces of the crystals. The impurities can also block kink sites 



without being adsorbed themselves, and effectively retard crystal growth. And since they 

are not adsorbed, even trace arnounts may have a strong effect. 

A good example of crystals that are affected by impurhies is gypsum crystals. In 

one study, divalent metals like magnesium, cadmium, lead and ferrous ions were al1 

found to inhibit gypsum crystal growth [21]. It was postulated that the ions were 

adsorbed by the crystals in place of calcium. In another study, borax, cihic, succinic, and 

tartaric acid salts were found to inhibit gypsum crystal growth by adsorbing ont0 the 

crystal surface and blocking adsorption of calcium and sulphate ions [22]. The effect of 

these impurities on the growth rate equation (6) would be a reduction in C and/or g(R). 

Thus, impurity effects are significant factors affecting gypsum crystal growth. 

3.4.4 Surfactants 

Surfactants c m  also block growth steps, thereby reducing or eliminating crystal 

growth. Or they c m  form surface complexes with the anions or cations of the crystal. 

making them unavailable for growth. Like other impurities. they can also alter the 

morphology of the growing crystal. This is as a result of preferential adsorption on one 

face of the crystal and either enhancing or inhibiting its growth. The effect of surfactants 

is usually seen as an alteration in C andor g(R), in the growth rate equation (6). 

Gypsum crystals are afTected by many different types of surfactant [19], [22], 

[23], 1241, [25], [26], [U], [28], 129 1. Some of these include polyacrylate, polyaspartate, 

and polycarboxylate polymers, as well as different phosphonates and sulphonates. These 

are al1 anionic surfactants and they have been shown to be effective in inhibiting gypsum 
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crystal growth over a wide range of pH. It is hypoihesized that they work by physically 

blocking the incorporation of calcium and sulphate, or by forming surface complexes 

with calcium, preventing its adsorption. In most cases their effect can be seen in the 

crystd morphology which is altered fiom needle-like to block-like, due to adsorption on 

the top [l 111 crystal face [19]. When this occurs, only the [!IO] and [O101 crystal faces 

grow outward, resulting in short, stubby crystals. Figure 6 shows the different faces of a 

gypsum crystal. 

Figure 6: Crystal faces of  gypsum 1191 

The only problem with surfactants is that it is extremely hard to predict in which 

gypsum applications they will be effective. The reason is that gypsum defies 

conventional surfactant theory. Anionic surfactants are negatively charged, and should 

therefore only be adsorbed by and inhibit the growth of positively charged crystals. 

However, gypsum crystal growth is inhibited by anionic surfactants at neutral pH, even 

though gypsum crystals are negatively charged between pH's of 2.3 and 10.7. A plot of 

zeta potential versus pH for gypsum in saturated solution is s h o w  in Figure 7. 



Figure 7: Zeta potential vs pH for gypsum in saturated calcium sulphate solution 1301 

Therefore, the problem with surfactants as crystal growth inhibitors is that not 

enough is known about how they work. Thus, they are extremely application-specific. 

Finding one that works for any gypsurn system is difficult and usually involves a fair 

amount of luck. 

2.4.5 Seed Crystals 

The presence of seed crystals is the last significant factor that c m  affect crystal 

growth. Recall fiom section 2.2 that seed crystals provide a surface for secondary 

nucleation and secondary nucleation rates are higher than homogeneous or heterogeneous 

nucleation rates at equivalent saturation ratios. In other words, crystal growth on seed 

particies is faster and requires less of a driving force than growth on foreign surfaces. 

The presence of additional, added seed also provides a larger surface area on top of which 
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growth can occur. This means that the more seed particles there are, the lower the 

individual growth rates for each crystal. The efiect of seeding is seen in the growth rate 

constant C in equation (6). 

There are several good examples of these principles in literature. Liu & Nancollas 

found that the gypsurn crystal growth rate constant was proportional to the amount of 

seed added [31]. Omelon & Dernopoulos (1997) used repeated seed recycling and low 

supersaturation to produce larger gypswn crystals with more favourable settling 

properties 1321. Another study used seeding to reduce calcium sulphate scale formation 

in a distillation plant [33]. In this case, the seed provided a surface for calcium sulphate 

to precipitate on in the bulk solution (through secondary nucleation), rather than the heat 

exchanger walls (through heterogeneous nucleation). 

Therefore, there are many factors that affect crystal growth (i.e. scale growth). 

Temperature, matrix anions, impurities, surfactants and seed crystals can each exen 

significant influence on the crystal shape, size, composition, properties and growth 

kinetics. An understanding of these factors can help to predict when and how fast scale 

crystals will grow, as well as the properties that they will have. 



3.1 Scope of Experimeats 

Experiments were perfomed to assess the effect of process variables on gypsurn 

scale formation in two cases: calcium carbonate partial neutralization, and calcium oxide 

total neutralization. These variables included pH, temperature, and residence time, which 

were investigated in both the absence and presence of foreign metal sulphates. Afier this, 

means of scale reduction were investigated through the addition of surfactants and 

gypsum seeding. SEM examination of the scale was also performed. 

Al1 of the scale growth experiments were performed in a continuous 425 mL glas  

reactor, using simulated waste acid solutions. Raw data for al1 of the scale growth 

experiments will be presented in Appendix A. 

3.2 Equipmen t 

Figure 8 shows the arrangement of the continuous reactor apparatus. The 

limestone/lime slurry feed tank and sulphuric acid tank were both HDPE carboys, 25L 

and 20L in volume respectively. The base sluny was kept continuously in suspension by 

the action of a Cole Panner laboratory mixer (model 4554-10) in conjunction with a Cole 

Parmer Stir-Pack controller and a 45cm HDPE stirrer shafl. The peristaltic pumps were 

both Cole Parmer L/S variable speed digital pumps (model E-07523) capable of pumping 

0.6- 1680mL/min (+ O. lmllrnin) depending on the tubing size. Tubing between the tanks 
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and the reactor was black Norprene LS 16. A Coming Hot Plate/Stirrer (mode1 PC-35 1)  

provided temperature control (e °C)  and magnetic agitation (700-1 000rpm). 

25L LIMESTONWLIME SLURKY FEED TANK 

20L SULPHURIC ACID TANK 

PERISTALTIC PUMP 

425mL GLASS REACTOR 

EFFLUENT SLURRY COLLECTION 
MAGNETlC STIRRER/tIOT PLATE 

Figure 8: Continuous reactor apparatus 

The continuous reactor employed was a novel experimental design and is shown 

in Figure 9. It was made of glass and was cylindrical in shape with approximate 

dimensions 8.5cm I.D., 13.5cm height. The inlets to the reactor were placed at a 120° 

angle fiom one another, 9cm from the bonom of the reactor. The outlet was placed 12O0 

fiom both inlets, 7cm fiom the bottom of the reactor. Both of the inlets and the outlet 

were constructed of 0.75cm I.D. glass tubes, 2cm in length, molded ont0 the cylinder. 

The volume of liquid that would fil1 the reactor cylinder to the mouth of the outlet was 

approximately 425mL. A k m  I.D. rubber hose was attached to the mouth of the outlet. 

The other end of this hose emptied into a waste container. 

Scale was grown on 3/16" 3 16SS sarnple rods, (1 7cm in length), that were held 

suspended in the reactor solution by a custom-made aluminurn sarnple holder. Details are 

shown in Figure 9. 



3/16" 3163s SAMPLE ROD 

REACTOR OUïLET 

REAC'iOR SOLUTION 

u 
Figure 9: Glass reactot with sample rods 

3.3 Materials 

Nickel sulphate, ferric sulphate, aluminun sulphate, magnesium sulphate, calcium 

sulphate, and calcium carbonate were al1 technical grade chernicals from Fisher 

Scientific. Sulphuric acid was 97% pure and was diluted to the appropriate concentration 

with distilled water. Dow Chernical supplied surfactant's Dowfax 2A1 and 382, while 

Aerosol OS surfactant was supplied by Cytec Industries Lncorporated. 

3.4 Experimental Preparation 

Because the scale growth experiments involved the use of a continuous reactor, 

considerable preparation was required for each run. First, six sample rods were cut in the 

machine shop and their rough edges were filed dom. They were then cleaned with 

acetone, rinsed with distilled water and allowed to dry in air overnight. At this point, the 

rods were marked with the numbers 1-6 and weighed to the nearest tenth of a milligram 



using an AND mode1 ER-12OA balance. Rods were handled with vinyl gloves at al1 

times to avoid contamination. 

Next, the acid tank was prepared. First, a clamp was placed at the end of the 

attached tubing to prevent leakage. The tank was then filled with distilled water and the 

appropriate amount of acid. For the experiments involving partial neutralization with 

calcium carbonate, this rneant that the solution was made up to a concentration of 30g/L. 

For the experiments involving total neutralization with calcium oxide, this meant that the 

solution was made up to a concentration of 10gL  If the experiments included metal 

sulphates in the acid solution, the appropriate arnount of each sulphate was weighed and 

added. (Exact metal sulphate concentrations were given in Table 1.) The acid solution 

could be prepared well in advance. 

The base (calcium carbonate or calcium oxide) sluny was prepared next. This 

was done approximately 30min before the start of the experimental run. The reason is 

that base slurries, especially calcium oxide slurries, tend to absorb carbon dioxide from 

the air when agitated. This forms carbonic acid, which partially neutralizes the base and 

leaves calcium carbonate deposits on the walls of the tank and on the slurry stirrer. 

To prepare the sluny, first a clamp was placed at the end of the attached tubing to 

prevent leakage. Next, the tank was filled with distilled water and the appropriate amount 

of base, which was weighed out ahead of time. The amount of calcium carbonate was 

45gL in the partial neutralization experiments. This arnount was chosen to ensure that 

calcium carbonate dissolution would not afTect the overall reaction kinetics, and to ensure 

that there would be enough calcium carbonate to completely precipitate iron and 

aluminurn in the metal sulphate experiments. It represented approximately 1.5 times the 
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stoichiometric amount of calcium carbonate that would completely consume the 3 0 g L  of 

sulphuric acid. For a sample calculation showing the determination of the stoichiometric 

amount, see Appendix B. 1 . 

For total neutralization experiments, the amount of calcium oxide was either 

8 . 5 5 g L  or 6.5g/L, depending on whether there was magnesium in the acid feed or not. 

The reason that these latter two were different fiom each other was that calcium oxide 

was partially consurned by magnesiurn to form magnesiurn oxide, so that the experiments 

with magnesium sulphate in the acid feed required more calcium oxide in the base feed. 

Both of these concentrations were determined by calculating the stoichiometric ratio that 

would theoretically consume the lOgL of sulphuric acid. and then running several 

experiments (without scale sample rods) using increasing arnounts of calcium oxide until 

a steady state pH of 9-1 1 was achieved. 

When the base sluny was completely prepared, the stirrer was turned on to 

approximately 50% of full power to ensure a homogeneous suspension. 

3.5 Experimental Procedure 

The first set of scale growth experirnents that were performed were in the 

continuous partial neutralization reactor. In these experiments, 30gL of sulphuric acid 

was continuously partially neutralized with calcium carbonate (limestone). 

The second set of scale growth experiments were in the continuous total 

neutralization reactor. In these experiments, lOg/L of sdphuric acid was being 

continuously neutralized with calcium oxide (lime). 



Once preparation was complete, (in either reactor), the reactor was filled with 

distilled water and the magnetic stirrer was tumed on. The stirrer was turned to a speed 

of approximately 850rpm. This speed was chosen because it was just fast enough to keep 

the solid products in suspension. It was also slow enough to prevent any splash and 

lealcage. 

Next, the peristaltic base and acid pumps were turned on and adjusted to a flow 

rate of 7mLlmin f O.lmL/min each, to produce the desired residence time of 30min f 

O.Smin. At this point, the hot plate was turned on. The hot plate was adjusted to a 

calibrated setting to produce the desired steady state temperature. In the calcium 

carbonate partial neutralization reactor, the desired temperature was 70°C. In the calcium 

oxide alkalization reactor, the desired temperature was 40°C. 

The system was then aliowed to reach steady state. Depending on the residence 

tirne, this could take anywhere fiom thirty minutes (for a residence time of 1Smin) to an 

hour and a half (for a residence time of 50min). As soon as the system had reached 

steady state, (constant temperature and pH), the sample rods were placed in the sarnple 

holder and the sample holder was placed in the reactor. 

To measure scale growth, one sample rod was removed fiom the reactor every 

hour or two, (depending on the growth rate), and a dummy rod was put in its place to 

preserve the same hydrodynamics. The scaled sarnple rod was rinsed with distilled water 

to remove loosely attached scale and reactor particles. This was repeated for the other 

rods, until the nin was over, (which was usually six to twelve hours, depending on the 

growth rate). The rods were allowed to dry in air overnight and then weighed. The 



amount of scale formed was determined by subtracting the mass of the rods before the 

run, from the mass of the rods after the run. These nurnbers were divided by the surface 

areas of the scale-covered portions of the rods to determine "specific growth" in g/cm2. 

To calculate scale growth rates, the mass of deposited gypsum per unit area was 

plotted versus time. A "specific growth rate" was thus defined. A typical specific growth 

versus time graph is shown in Figure 10. An induction penod was always seen, after 

which the plots were linear. The slope of the line was the specific scale growth rate, and 

was determined using linear regression. For a sample calculation of specific growth rate, 

see Appendix B.2. 

/lope=specific Growth Rate 

o**iod (rnasslarea.time) 

Time 

Figure 10: Specific growth vs time graph. 



3 S. 1 Effect of pH 

pH was varied by changing the concentration of the base in the base sluny. In the 

calcium carbonate partial neutralization experiments, calcium carbonate sluny 

concentrations of 30glL and 60gL were used, (which were different fiom the original 

experiment which used a slurs, concentration of 45g/L). These concentrations 

represented approximately 0.98 and 1.96 times the stoichiometric arnount of calcium 

carbonate that would completely consume the 3 0 g L  of sulphuric acid. The temperature 

and residence time were held steady at 70°C and 30min respectively. 

In the calcium oxide total neutralization experiments without magnesium 

sulphate, calcium oxide sluny concentrations of 5.8giL and 7.125g/L were used, (which 

were different from the original experiment, which used a slurry concentration of 6.5dL). 

In the experiments with magnesium sulphate, slurry concentrations of 6.5g/L and 2 6 g k  

were used. The reason that these latter two were different was that calcium oxide was 

partially consumed by magnesiurn to form rnagnesium oxide. Al1 four of these sluny 

concentrations were detemined by running severd experiments (without scale sample 

rods) using increasing amounts of calcium oxide until a range of steady state pH's was 

detemined. The extremes of this range were chosen for investigation. Finally. the 

temperature and residence time were held steady at 40°C and 30min respectively. 

pH was measured to one decimal place using an Accumet@ 925 pWion Meter. 

Samples were collected fiom the outlet of the reactor every hour for testing, and an 

average was cdculated at the end of the experiment. 



3.5.2 Effect of Temperature 

Temperature was varied by changing the setting on the hot plate. At first, this 

involved trial and error, but then the hot plate setting was calibrated for a given set of 

conditions. In the calcium carbonate partial neutralization experiments, temperatures of 

50°C and 90°C were used, (which were different from the original expenment which used 

a temperature of 70°C). The calcium carbonate slurry concentration was 45g/L to 

produce approximately the same pH of 5.8-6.3. The residence tirne was held steady at 

30min in al1 four experiments. 

In the calcium oxide total neutralization experiments temperatures of 24°C and 

60°C were used, (which were different fiom the original expenment which used a 

temperature of 40°C). The calcium oxide sluny concentration was 6.5g/L, to produce 

approximately the sarne pH of 10.3-1 1.0 in the two experiments without magnesium 

sulphate. With magnesium sulphate, the concentration was 8 . 5 5 g L  to produce a pH in 

the range of 9.3-10.0. The residence time was held steady at 30min in al1 four 

experiments. 

Steady state temperature in the reactor was measured every hour using a standard 

mercury themorneter with an accuracy o f f  0.2"C. 

3.5.3 Effect of Residence Time 

Residence times were varied fiom the standard 30min f O.Smin by changing the 

flow rates of the acid and base feeds. To produce a residence time of 15min k O.Smin, the 



flow rates of the acid and base were 14ml/min each. To produce a residence time of 

50min f O.Smin, the acid feed was 4.2mL/min and the base feed was 4.3mLlmin. These 

last two were not identical but were as close as possible to produce a residence time of 

50min. (Le. The pumps only purnp to the nearest O. 1 mL/min.) 

3.5.4 Effect of Metal Sulphates 

Al1 of the experiments in sections 3 $5.1-3 5 3  were performed both in the absence 

and presence of metal sulphates. In the calcium carbonate partial neutralization reactor 

experiments, 5g/L of nickel (as nickel sulphate), 2g/L of aluminum (as aluminum 

sulphate), and IgL of iron (III) (as femc sulphate) were dissolved in the 30gL sulphuric 

acid feed tank. In the calcium oxide total neutralization reactor experiments, lOgL of 

magnesiurn (as magnesium sulphate) was dissolved in the lOgL sulphuric acid feed tank. 

These concentrations were suggested by lnco Technical Services Limited [13], as being 

representative of typical laterite leach effluent, (see section 1.2). 

3 S.5 Scale Reduction 

Two different methods of scale reduction were tried: addition of surfactants to the 

acid feed and addition of gypsum seed to the base feed. The surfactants were Dowfax 

2A1 and 3B2 fiom Dow Chernical, and Aerosol OS from Cytec Industries Incorporated. 

Al1 three surfactants were anionic, having sulphonate groups. They were chosen because 



of their acid resistance. Their effect was tested at several concentrations, which included 

1 ppm, 1 Oppm, and 100ppm. 

Gypsum seed was made from powdered calcium sulphate hemihydrate. It was 

dissoived in the base sluny tank the night before an experimental run. It would 

irnmediately reprecipitate as solid gypsum particles through the following reaction: 

CaSO, 412 H,O,,, -Cas0 ,,,,, +1/2 H20,,,  +3/2H20,,, a C a S O ,  *2H,O,,, (8) 

This seed was kept suspended in solution with the slurry stirrer. Seed concentrations of 

5gR. and 1 O g L  were tested under several different reactor conditions. 

3.5.6 Chemical Analysis, Scale Characterization, and Particle Size 

Anaiy sis 

In order to determine the steady state calcium and metal sulphate concentrations, 

three sarnples were collected from the outlet of the reactor during the course of the mn. 

These were filtered using Fisher P2 Filter paper. diluted, and analyzed using a Perkin 

Elmer Optima 3000 inductively coupled plasma - atomic emission spectroscope (ICP- 

AES). ICP was chosen over atomic absorption spectroscopy (AAS) because calcium is 

prone to ionization in the latter method, which introduces large errors into the rzsults. An 

average of the three samples was used to calculate the steady state calcium concentration. 

To determine the saturation ratio, this was divided by the solubility of calcium in the 

system, which w u  calculated using the cornputer program MINTEQA2 [34]. 

MINTEQA2 is discussed further in Appendix C.2. For a sarnple calculation of saturation 

ratio, see Appendix B .3. 



In order to characterize scale, some sample rods were selected for viewing under 

the scanning electron microscope (SEM). The procedure of Perdikis (1 996) [3] was used. 

Briefly, the scaled ends of rods were inserted into a sample holder which was then filled 

with an epoxy - hardener mixture. This was allowed to cure for 24 hours at room 

temperature and then the sarnple was cut in half, leaving a cross section of the scaled rod. 

The cross section was polished with finer and finer grit grinding disks up to 800 grit, and 

then m e r  polished using a 1 Fm aerosol diarnond spray. It was sputter-coated with gold 

and viewed using a Hitachi S-570 scanning electron microscope. Leco Corporation 

provided the epoxy - hardener mixture, grinding disks and diamond spray. A gallery of 

these SEM pictures is presented in Appendix D. 

Particle size distributions of the particles formed in the bulk solution were also 

measured. To accomplish this, a 30mL sample of reactor solution was collected at the 

outlet of the reactor. This was stirred with a glass rod and then approximately 10- 15mL 

of each sample was poured into a Malvem Mastersizer S particle size analyzer, and the 

distribution was recorded. Before pouring the samples in however, the analyzer was 

filled with approximately I L  of a saturated calcium sulphate solution, in order to avoid 

gypsurn particle dissolution. The results of these analyses were not used in this study but 

are presented in Appendix E for funue study. 



3.6 Sources of Error 

3.6.1 Reproducibility 

The reproducibility of the scale growth rate measurement technique was the first 

source of error. In order to determine its effect, five experiments were performed in the 

calcium carbonate partial neutralization reactor at a temperature of 70°C, a pH of 6.2, and 

a residence time of 30 min. The results are presented in Appendix C. 1. The conclusion 

of this study is that the technique is highly reproducible. (Le. Al1 five specific scale 

growth rates were within the 95% confidence interval, were within 3% of the average, 

and the scatter was good.) 

3.6.2 Filtering of Samples 

When samples of supersaturated gypsum sluny were taken from the outlet of the 

reactor, they were filtered using Fisher P2 Filter paper. This is a slow filter paper, which 

was necessitated by the small size of the gypsurn slurry particles. During filtration, 

gypsum may have further precipitated. Thus, the saturation ratio may have dropped 

somewhat. An attempt was made to extract sarnples directly from the reactor using a 

syringe with a syringe filter, but the suspension was too dense and the filters clogged up 

irnmediately . 



3.6.3 Rinsing of Sarnple Rods 

The amount and force of the rinse had an effect on the amount of loose scale that 

was removed. To ensure consistency, the nnse was always directed at the non-scaled half 

of the rod and was allowed to flow over the scaled halt Also, because gypsum is soluble 

in water, it was possible that some of the crystals were being dissolved by the rinse. To 

ensure that this was not a significant emr,  a test was perforrned in which dry scaled 

sarnple rods were weighed, nnsed, allowed to dry, and then weighed again. The results 

are presented in Appendix C.2. The conclusion of this study was that this error only 

affects the induction perîod, which was not specifically studied, and could therefore be 

ignored. 

3.6.4 Specific Scale Measurement 

The first error in the specific scale measurement was in the actual weighing of the 

samples. Gypsurn scale crystals are in the form of needles. In the process of drying and 

weighing the sarnple rods, some of these needles were broken off. This resulted in a 

small error in scale mass, but was compensated for by the fact that every rod underwent 

the same procedure, and was therefore exposed to the same physical stress. 

The other enor in the specific scale measurement was in the calculation of surface 

area. Scale formed halfway down the rod, and the side that was facing the reactor flow 

had a slightly higher surface length due to fluid dynarnics. Therefore, an average of the 

fiont and back sides was used to calculate the scale surface area. 



3.6.5 Calculation of Gypsum Solubility & Saturation Ratios 

As was mentioned in section 3.5.6, the cornputer program MMTEQAZ was used 

to calculate the solubility values that were used in calculating saturation ratios. The 

reason for this was that there were no relevant literature studies related to gypsum 

solubility in mixed metal sulphate solutions, (see Appendix C.3). A potential error arises 

from the use of MINTEQAS because MINTEQA2 has its own database of 

thermodynamic constants (such as Ksp) that it uses to calculate equilibrium aqueous 

species concentrations. It also allows for input of new or different constants. 

In the case of gypsurn, the choice of Ksp has a significant effect on solubility 

calculations. This can in turn affect saturation ratios, sometimes by more than 50%! In 

order to ensure that the Ksp values used in this study would produce accurate solubility 

results, Ks, values fiom different literature studies were used in MlNTEQA2 to calculate 

total calcium solubility in a saturated gypsurn solution. The results were compared with 

experimentally deterrnined solubilities from several researchers. This comparison can be 

found in Appendix C.3. Based on this comparison, the Ksp values of Langmuir & 

Melchior (1985) [35] were chosen because they predicted the experimental solubility 

results to within 2%. 



4. Results & Discussion 

4.1 Calcium Carbonate Partial Neutralization Reactor 

Scale growth was observed to occur in this reactor under al1 conditions after an 

induction period that was generally two to six hours long, depending on the scale growth 

rate. Usually, the higher the rate, the shorter the induction period. During the induction 

period, heterogeneous nucleation of gypsum seed was probably occurring on the 3 16SS 

rods. This resulted in a thin layer of gypsum covering the surface of the rods. Once this 

surface layer was formed, secondary nucleation and scale growth would begin to occur on 

top of it. Scale growth was in the form of gypsum needles that grew straight outward (or 

on a slight angle), from the surface layer. A single gypsum needle is shown growing 

outward from a typical surface layer in Figure 1 1 below. 

Figure I l :  SEM cross-section of a scale growth rod at the end of the inductioii period. The picture 
on the right is an enlargement of the area enclosed by the dashed line at left. 

Reactor conditions: 70°C, residence tirne = 30min, pH = 6.2, no metal sulphates in the acid feed. 
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The enlargement of the surface layer in Figure 1 1 shows the surface layer to be 

porous. This fùrther indicates that heterogeneous nucleation was occurring and that the 

resulting nuclei were growing together in a somewhat non-uniform manner. 

AAer several hours of scale growth, a typical rod was covered in growing gypsum 

needles. One example is shown in Figure 12. In this picture, the unattached gypsum 

needles were broken off from the surface layer during SEM sample preparation. This was 

a common problem during sample preparation, because the needles were quite fragile and 

fairly loosely attached. It is only on the macroscopic scale, when they are combined with 

millions of other needles, that they become a problem as gypsurn scale. This shouid be 

taken into account whenever pictures of scale growth are shown. 

Figure 12: SEM cross-section of a scale growth rod 8h after the end of the induction period. 

Reactor conditions: 70°C, residence time = 30min, pH = 6.2, no metal sulphates in the acid fced. 



At the end of the induction period linear growth (with time) of gypsum scale was 

observed. R~ values calculated by linear regression on the growth portion of the curves, 

were always greater than 0.98. 

One other point that should be mentioned was the effect of agitation speed on the 

growing gypsum scale needles. An agitation speed of 850rpm was chosen for al1 

expenments to minimize splashing while ensuring 100% slurry suspension, (see section 

3.5). However, it was noticed that gypsum scale needles initially grew on the rods 

parallel to the direction of flow in the reactor caused by the rotating magnetic stir bar. 

The side of the rods that was being directly hit by the flow generally had fewer and 

smaller needles than the back side during the early stages of an experirnental nin. An 

exaggerated diagram of this phenornenon is shown in Figure 13. 

Figure 13: Effect of agitation on gypsum scale needle growth. (Diagram is not to scale.) 

Also, it is known that agitation speed can affect crystal growth either through 

mechanical shear, or through increased mass transport [14]. In order to determine the 

effect of agitation in this reactor, experirnents were perforrned at three different agitation 

speeds: 700rpm, 850rpm, and 1000rpm. The results are s h o w  in Figure 14. 
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Figure 14: Effect o f  agitation on the specific scale growth rate in the calcium carbonate partial 
neutralization reactor. 

Reactor conditions: Temperature=70°C, residence time=30min, pH=6,2, no metal sulphates in the 
acid feed. 

As can be seen, increasing the agitation speed decreases the scale growth rate by 

13% between 700 and 1000 rpm. If the effect of agitation is increased mass transport, 

one would expect to see an increase in scale growth rate when the agitation speed is 

increased. Therefore agitation speed seems to affect scale growth in a purely mechanical 

way. The increased shear probabiy breaks the larger fragile gypsum needles off. 

The fact that gypsum needles grow away from the direction of flow, (as seen in 

Figure 13), aiso indicates that agitation speed does not have a mass transport effect. If a 

higher speed was increasing the transport of growth units to the scale crystals, one would 

expect to see the needles growing straight into the direction of flow. 



Therefore, this is a type of mechanical effect that depends on reactor design. As 

long as it remains constant, the effect will be similar under al1 other reactor conditions. 

Thus, the constant agitation speed of 850 rpm that was used for ail experiments ensured 

that hydrodynamics were the sarne for al1 experiments. Thus, agitation speed need not be 

considered a factor in this study. 

4.1.1 Effect of pH 

Figure 15 shows the specific gypsum scale growth rates at different pH values, in 

the calcium carbonate partial neutralization reactor, (represented by the solid lines). The 

graph also shows the corresponding saturation ratio versus pH data, (represented by the 

dashed lines). It also compares the system with no metal sulphates in the 30gR. sulphuric 

acid feed, to the system with metal sulphates (5gR.  nickel, 2gL alurninum, and lg/L iron 

(III)) in the 30gR. sulphuric acid feed. For each of these experiments, the temperature 

was held constant at 70°C, and the residence time was 30min. 

As can be seen, there was only a slight increase in the rate of specific gypsurn 

scale formation over the range of pH that was studied. This was the case for the system 

where no rnetal sulphates were present in the acid feed, as well as the system where they 

were. The reason can be seen in the saturation ratios. niey showed only a slight increase 

from low to higher pH. This was due to the fact that calcium solubility, (which is plotted 

for these systems in Figure 16), is fairly constant between pH=2.2 and pH=7. Thus, with 

temperature and saturation ratio essentially constant, the rate of gypsum scale formation 



30gR. HISO, 

A 30g/L H,SO,. 5g/L Ni. 2g/L Al, IglL Fe 

Figure 15: Specific gypsum scale growth rate and saturation ratio vs pH for the calcium carbonate 
partiai neutralization reactor. The legend denotes the concentration of the inlet acid feed. 

Reactor conditions: 70°C, residence time = 30min 

' . 30dL H,SO, 

A 30dL H,SO,. 5gIL Ni, 2 d L  Al. 1@L Fc 

Figure 16: Total calcium solubility i n  a saturated gypsum solution vs pH at 70°C for the two systems 
studied. (Calculated using MINTEQAZ [34].) The legend denotes tbe concentration o f  the inlet acid 

feed. 



did not Vary with pH. Therefore, pH can be ignored as a factor in gypsum scale growth in 

the calcium carbonate neutralization reactor. 

This is one of the reasons that gypsurn scale is such an insidious form of fouling. 

It can not be avoided simply by altenng the pH of a system. 

The other interesting feature of the specific gypsum scale growth venus pH plots 

is the difference between the two systems studied. The system with no metal sulphates 

present in the acid feed had higher specific scale growth rates than the system with metal 

sulphates, despite having lower saturation ratios. This will be explained in section 4.1.4. 

4.1.2 Effect of Temperature 

Figure 17 shows the specific growth rate of gypsum scale at three different 

temperatures, in the calcium carbonate partial neutralization reactor. As c m  be seen, in 

both systems there was an increase in specific scale growth rate from 50 to 70°C, 

followed by a decrease in specific scale growth rate fiom 70 to 90°C. This strange trend 

can be explained by two offsetting factors. The first is the inverse solubility of calcium 

(in saturated gypsurn solution), with temperature. As can be seen in Figure 18, above 

approximately 45'C gypsurn solubility decreases with increasing temperature. This 

would primarily affect the saturation ratio and cause it to increase, which would in turn 

cause an increase in scale growth rate, (which is seen in the system with metal sulphates 

in the acid feed). 



Temperature ( O C )  

Figure 17: Specific gypsum scale growth rate and saturation ratio vs temperature for the calcium 
carbonate partial neutralization reactor. 

Reactor conditions: pH4.8-6.3, residence time = 30min 
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Figure 18: Total calcium solubility in a saturated gypsum solution vs temperature graph for the two 
systems studied. (Calculated using MINTEQ (341.) 



Offsetting this solubility effect, is the kinetics of the neutralization reaction. It 

was shown by Barton and Vatanatham (1976) [36], that the kinetics of this reactioii 

progressively increase with increasing temperature. This means that the subsequent 

gypsum precipitation in the bulk solution proceeds faster as temperature increases. 

Indeed, Smith and Sweet (1971) [37] found that gypsum precipitation in bulk solution 

was "too rapid" to study at 90°C. 

It is also possible that more growth is occurring on fiee gypsum particles in the 

bulk solution (as opposed to the fixed scale particles) at 90°C. Recall fiom section 2.4.1 

that increases in temperature result in increases in crystal growth rates through enhanced 

diffusion, dehydration, and integration of growth units. The greater contact with the 

reactor solution that the bulk solution particles are subject to, could further enhance these 

effects. 

In order to better detemine the exact effect of temperature on scale growth rates, 

more experiments would have to be done. The purpose would be to find out how the 

coefficients in equations 6 and 7 in section 2.3.1 are affected by tempemture, and by how 

much. 

Finally, the other feature of the specific gypsum scale growth versus temperature 

plots is the difference between the two systems studied. The system with no metal 

sulphates present in the acid feed has higher specific scale growth rates than the systern 

with metal sulphates present in the acid feed, despite having lower saturation ratios. This 

will be explained in section 4.1.4. 



4.1.3 Effect of Residence Time 

Figure 19 shows the specific growth rate of gypsurn scale at three different 

residence times, in the calcium carbonate partial neutralization reactor. A trend can be 

seen in the three data points for each system. At the shortest residence time, (1 Smin), the 

scale growth rate was the highest. As the residence time was increased, the scale growth 

rate decreased. This corresponded with a similar decrease in saturation ratio as residence 

time was increased. 

30glL H2S04 
2 

A 3Ofl H1S04. 5dL Ni. tg& Al, IdL Fc 
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Figure 19: Specific gypsum scale growth rate and saturation ratio vs residence time for the calcium 
carbonate partial neutralization reactor. 

Reactor Conditions: 70°C, pHz5.7-6.3 



The reason is that with a long residence time, the solution has longer to reach 

equilibriurn. There is more time for bulk solution particles to nucleate and grow, and thus 

more surface area in the bulk solution on top of which new gypsum can precipitate. The 

resuli is that growth is spread out over a larger surface area, and therefore a lower specific 

scale growth rate. 

It should be noted that it is not clear whether increasing the residence time beyond 

50min would continue to produce a reduction in scale growth rate. However it is logical 

that a fùrther increase in residence time would lower the saturation ratio to the point 

where the saturation ratio would be equal to 1 (or close enough to it), and no more 

gypsurn would precipitate. It was not possible to test this hypothesis however because of 

the small size of the reactor and the nature of the sluny pump, (which could not pump the 

calcium carbonate slurry slower than 4ml/min.) 

Another interesting feature of the specific scale growth rate versus residence time 

graph was the increase in saturation ratio along with the increase in growth rate. Between 

a residence time of 50min and 30min, a small increase in saturation ratio (CS%), resulted 

in a large increase in specific scde growth rate (>25%) for both reactors. However 

between a residence time of 30min and 15min, an even smaller increase in saturation 

ratio (cl%), resulted in an even larger increase in growth rate (2 100%) for both reactors. 

This means that gypsum scale growth rate has a greater dependence on saturation ratio at 

a short residence time, than at the longer residence times. 

This would seem to indicate that the exponent on the saturation ratio or the 

supersaturation ratio in equation (7) changes fiom one residence time to another. Such a 

difference in the exponent would seem to indicate a change in the scale growth 
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mechanism from one set of conditions to another. Actually detemining the different 

scale growth mechanisms accurately would require more experimental data. However, 

looking at the morphology of the scale crystals at different residence times might offer a 

clue as to the mechanism(s). 

Figure 20 shows SEM cross-sections of scale growth at residence times of 50min, 

30min and 1 Smin. At 50min the gypsum needles were smooth and well defined. At this 

stage, (2h after the end of the induction period), they were still rather small and squat. but 

were beginning to show signs of developing into well-formed gypsurn crystals. They 

were also evenly spaced, and fiagile on a rnicroscopic scale. Therefore, because the 

saturation ratio was also low, this indicates that the growth mechanism was either screw 

dislocation, or possibly mononuclear growth [14]. 

At a residence time of 30min the scale crystals had a different shape: they were 

now long, thin and straight. The fact that they were slanted up toward the lefi-hand side 

was caused by the agitation of the bulk solution, and was therefore a hydrodynamic 

effect. This was discussed in section 5.1. The Iength of these needles indicates that the 

top [Il 11 crystal face was growing faster than the sides. Thus, the faces with the lower 

nucleation rates (the sides) dictated the crystal shape. This type of morphology is 

indicative of mononuclear growth [14]. 

At a residence time of l5min the s a l e  crystals again had a different shape: they 

were now longer, thimer (almost pointy). and denciritic. The scale was also thick and 

densely packed. This appears to be difision-controlled growth morphology [14], 

although this is by no means certain. The relatively low specific scale growth rate would 

make diffusion-controlled growth seem unlikely. 



Gypsum Scale Needies 1 
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Figure 20: SEM cross-section of scale growth at residence times of: (a) SOmin, (b) 30min, (c) ISmin, 
after 8h in the reactor, 

Reactor conditions: 70°C, pH = 6.0,5.8,5.7 (respectively), with metal sulphates in the acid feed. 

Therefore, under three different sets of conditions, two or possibly three different 

scale morphologies were produced. This would not seem odd if not for the fact that the 

saturation ratios were so low. In fact, they were less than 1.5 in every case. According to 



Dirksen and Ring (1991) 1141, screw dislocation growth usually occurs below a saturation 

ratio of 1.5, mononuclear and polynuclear growth occur at higher saturation ratios, and 

diffusion-controlled growth occurs at the highest saturation ratios. In these experiments, 

the saturation ratios were al1 low, and the difference between them was very small. This 

could mean that the above crystal growth mechanisms occur at lower saturation ratios in 

the present system where the crystals are fixed to a surface as scale and are therefore not 

free floating in the bulk solution. Or this could even mean that the measured saturation 

ratios were lower than the actual saturation ratios, because of the slow filtration of the 

reactor solution in the sampling procedure. This was mentioned as a possible source of 

error in section 3.6.2. 

The final consistent feature of the specific gypsum scale growth versus residence 

time is the difference between the two systems studied. The system with no metal 

sulphates present in the acid feed once again had higher specific scale growth rates than 

the system with metal sulphates present in the acid feed, despite having lower saturation 

ratios. This will be explained in the next section. 

4.1.4 Effect of Meta1 Sulphates 

One of the most curious aspects of the experirnental results for the calcium 

carbonate neutraiization reactor was the effect of the metal sulphates Fe (III), Al (III), and 

Ni (II) on scale growth. As has been mentioned in the previous three sections, scale 

growth rates were systematically lower when metal sulphates were present in the acid 

feed, than in their absence. This was occurring despite the fact that the saturation ratios 
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were significantly higher. The reason for the increase in the saturation ratios was that 

gypsum solubility was lower due to the common ion effect. The extra sulphate in the 

system naturally reduced the solubility of the calcium in the system. But this increase in 

saturation ratios should have increased scale growth rates too. Thus, one or more of the 

metal sulphates must have been inhibiting scale growth. 

It is already known from literature that some metals inhibit crystal growth, 

possibly by preferentially adsorbing ont0 growth sites [13],[22],[38]. Gypsurn 

crystallization has been s h o w  to be inhibited by magnesium, cadmium, lead, and ferrous 

ions [38]. Iron, aluminum, and nickel, like calcium, are al1 positively charged and have a 

hydration nurnber of six [39]. Also, none of them are larger than calcium in ionic form: 

the radius of Ca2'=0.094nm, while ~e"=0.064nm, AI~'=O.OS l nm and Ni"=0.069nm. 

Therefore it seemed likely that one or al1 of iron, aluminum, and nickel were adsorbing 

ont0 growth sites and inhibiting scale growth. 

However, because this was a neutralization reactor, the steady state pH was above 

5.5 in al1 but the 'Effect of pH' experiments. This meant that iron and aluminum, which 

precipitate as hydroxides at pHa2.5 and 4 respectively, were not present in ionic form in 

the bulk solution at steady state. Of course, they could have been precipitating on the 

gypsum scale and thus inhibiting scale growth. But recall from section 4.1.1 that even at 

a steady state pH of 2.2, the inhibition in the metal sulphate system was approxirnately 

the sarne. Thus it seemed udikely that either of iron or aluminum could have been 

inhibiting scaie growth. This left nickel. 



An experiment was performed with the same initial concentrations of iron and 

aluminum in the acid feed, but with no nickel. The results are show in Figure 21. 

No Metal OglL Ni, 2gIL 5gtL Ni, 2g1L 
Sulphates Al, 1 glL Fe Al, 1 glL Fe 

Figure 21: Effect of nickel sulphate on the specific gypsum scale growth rate for the calcium 
carbonate partial neutralization reactor. 

Reactor Conditions: 70°C, pH4.7-6.2, residence time=30min 

The system with no nickel in the acid feed had statistically the sarne scale growth 

rate as the system with no metal sulphates at ail. Thus, nickel ions must inhibit scale 

growth (by 33%) under these conditions. Whether nickel simply blocks the growth sites, 

or actually is adsorbed and incorporated into the gypsum crystal lattice, is not known. 

Of course, these results do not mean that adding more and more nickel sulphate to 

the acid ferd would continue to reduce scale growth rates. Eventually, the comrnon ion 

effect would increase the saturation ratios high enough that the effect of nickel would be 

cancelled, and scale growth rates would acnially start to increase. More expenments 

would be needed to determine when this would occur however. 



4.1.5 Scale Reduction 

Since the addition of nickel is not a practical method of scale reduction, (because 

nickel is an environmental toxin as well as a valuable product), the use of additives was 

tried. The fint types of additives were anionic surfactants, which have been shown to be 

effective in reducing gypsurn scale, (see section 2.4.4). The other type of additive was 

gypsum seed. The latter worked better and more consistently than the former. 

Three surfactants were tried in an attempt to reduce scale. These were Dowfax 

2A1 and 3B2, made by Dow Chernical, and Aerosol OS, made by Cytec. The results of 

these experiments are shown in Figure 22, Figure 23, and Figure 24. 

It is clear from these figures that surfactants only seemed to work when there were 

no metal sulphates present in the acid feed. They inhibit crystal growth by inhibiting 

growth of the top [ I l l ]  crystal face, forming short, stumpy, plate-like scale crystals. (See 

Figure 26 at the end of this section for an SEM cross-section.) However in these systems, 

50% reductions in scale growth rates were only achieved when concentrations of 100ppm 

were used. This is an unacceptably high concentration. In an industrial process, the 

continuous addition of surfactants at a concentration of 1 OOppm would be prohibitively 

expensive, as well as environmentaliy unfkiendly. Especiaily for such a small decrease in 

scale growth rates. 

In the systems where metal sulphates were present in the acid feed, there was 

either no benefit in adding surfactants, (as was the case for Dowfax 2A1 and 3B2), or 

there was even an increase in scale growth rate, (as was the case for the Aerosol OS 

surfactant). The f ~ s t  case is easily explahed. It is hypothesized that surfactants work by 
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Surfactant Concentration (ppm) 

Figure 22: Effect of Dowfax 2A1 surfactant on the specific gypsum scale growth rate during calcium 
carbonate partial neutralization. 

Reactor Conditions: 70°C, pH=5.5-6.2, residence time=30min 

Surfactant Concentration (ppm) 

Figure 23: Effect of  Dowfax 382 surlactant on the specific gypsum scale growth rate during calcium 
carbonate partial neutralization. 

Reactor Conditions: 70°C, pHsS.4-6.2, residence time=30min 
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Figure 24: Effect o f  Aerosol OS surfactant on the specific gypsum scale growth rate during calcium 
carbonate partial neutralization. 

Reactor Conditions: 70°C, pH4.4-6.2, residence time=30min 

physically blocking surface growth sites. In this study, it was also hypothesized that 

nickel was blocking surface growth sites. Thus, if nickel was already blocking the 

surface growth sites, the surfactants may not have been able to provide any additional 

reduction. Or they could have been poisoned by nickel, or adsorbed by the precipitating 

iron and aluminurn, so that they were made ineffective. 

In the case of the OS Aerosol surfactant, the scale growth rate was actually higher 

in the presence of the surfactant. In fact, it was actually 50% higher than the system with 

no metal sulphates and no surfactants in the acid feed! There is no easy explanation for 

this. It would seem that the surfactant was achially facilitating gypsum scale growth, and 

yet it inhibited it in the system with no metal sulphates. Perhaps it reacted with nickel 



and formed a scale growth-enhancing surfactant cornplex. More tests would have to be 

done, to determine what was actually happening. 

Figure 25 shows the effect of adding gypsurn seed to the base slurry. The clear 

bars represent the system with no metal sulphates in the acid feed, and the solid bars 

represent the system with metal sulphates present in the acid feed. Reductions in scale 

growth rates of 71% and 60% were achieved in the systems without rnetal sulphates in 

the acid feed, and with metal sulphates in the acid feed, respectively. when a seed 

concentration of log5 was used. It did this by providing a surface on which gypsum 

could precipitate, other than the scale growth rods. 

O 5 10 
Seed Concentration (glL) 

Figure 25: Eî'fect of gypsum seed on the specific gypsum scale growth rate during calcium carbonate 
partial neutralization. 

Reactor Conditions: 70°C, pHz6.0-6.4, residence time=30min 

It should also be remembered fiom section 3.5.5 that this was artificial gypsurn 

seed made fiom powdered hemihydrate. It would be more economical and probably 
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more effective to recycle seed from the outlet of the reactor. In this case, there would be 

an unlimited supply of aged particles to use that would already be acclimatized to the 

reactor environment. Thus, they would be able to begin incorporating new gypsurn 

immediately . 

Figure 26(a) shows SEM cross-sections of gypsum scale grown in the presence of 

lOOppm Dowfax 2A1 surfactant. Figure 26(b) shows gypsum scale grown in the 

presence of IO@ artificial gypsurn seed. These were the two most successhil examples 

of scale reduction. The surfactant has inhibited the growth of the top 11 1 11 crystal face, 

while the seed has simply provided an altemate surface for gypsum to precipitate. This 

reduced the arnount of total scale and resulted in smaller, more scattered gypsum scale 

needles. 

Gypsum Scale 

Figure 26: Effect o f  lOOppm Dowfar 2A1 Surfactant (a), and lOg/L Artificial Cypsum Seed (b) on 
gypsum scale morphology 

Reactor conditions: 70°C, pH = S,S,6.4 (respectively), no metal sulphates in the acid feed. 



4.2 Calcium Oxide Total Neutralization Reactor 

Like the calcium carbonate reactor, scale growth was observed to occur in the 

calcium oxide total neutralization reactor after an induction petiod that was generally two 

to six hours long. The induction penod was usually (but not always) inversely 

proportional to the scale growth rate: the higher the growth rate, the shorter the induction 

penod. Unlike the calcium carbonate reactor however, it was hard to tell whether 

heterogeneous nucleation was taking place during the induction period, or whether it was 

particles fiom the bulk solution attaching to the stainless steel rods. There was not 

always a clearly defined surface layer with gypsurn needles growing outward from it. 

The scale itself was similarly ambiguous. An example is show in Figure 27. 

G ypsum 
Needle 

G ypsum 
Partic les 

Surface Layer 
of Gypsum? 

Figure 27: SEM cross-section of  a scale growth rod after 8h in the reactor. 

Reactor conditions: 40°C, residence time=30min, pH=lt.O, no magnesium sulphate in the acid feed. 



It was made up of a combination of growing gypsum needles, and what appeared 

to be agglomerated reactor particles. It was therefore hard to distinguish differences in 

morphology, in al1 but the most extreme examples. Also, although these particles seem to 

be spaced well apart in the photo, they actually formed a solid, cohesive layer of scale. 

Linear growth of gypsum scale during the growth period was again observed. R? 

values calculated by linear regression on the growth portions of these curves, were always 

greater than 0.9 8. 

4.2.1 Effect of pH 

Figure 28 shows the specific gypsum scale growth rates at different pH values, in 

the calcium oxide total neutralization reactor, (represented by the solid lines). The graph 

also shows the corresponding saturation ratio versus pH data, (represented by the dashed 

lines). And it coinpares the system with no magnesiurn sulphate in the IO& sulphuric 

acid feed, to the system with 1 O g L  magnesiurn sulphate in the I O g L  sulphwic acid feed. 

For each of these experiments, the temperature was held constant at 40°C, and the 

residence tirne was 30min. 

As can be seen, there was only a slight increase in the rate of specific gypsum 

scale formation over the range of pH that was studied for the system where no 

magnesiurn sulphate was present in the acid feed. The reason c m  be seen in the 

saturation ratios. They showed only a small increase fiom low to higher pH. This was 

due to the fact that gypsum solubility, (which is plotted for these systerns in Figure 29), is 



Figure 28: Specific gypsum scale growth rate and saturation ratio us pH for the calcium oxide total 
neutralization reactor. The legend denotes the concentration of the inlet acid feed. 

Reactor Conditions: 40% residence time=30min 

fairly constant between pH=2.2 and p H 4  1. Thus, with temperature and saturation ratio 

essentially constant, the rate of gypsum scale formation does not vary with pH. 

Therefore, pH can be ignored as a factor in gypsuni scale growth in the calcium oxide 

total neutralization reactor. 

This is not the case however when magnesium is present in the acid feed, as seen 

in Figure 28. Ignonng for the moment the lower growth rates in this system, despite the 

higher saturation ratios (which will be discussed in section 4.2.4), it is clear that pH did 

affect scale growth in this system. At a pH of approximately 9.3, the scale growth rate 

was the lowest. Above and below this pH, scale growth rate increased. To make it even 

more puuling, this increase corresponded with a sharp decrease in the saturation ratio. 
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These trends c m  perhaps be explained by the effect of magnesiurn, (which will be 

discussed in detail in section 4.2.4). If magnesium interferes with gypsum scale growth 

in the same way that nickel does, then any reactor conditions that nullify this interference 

would cause an increase in scale growth rate. 

In these three experiments, the pH of minimum scale (pH=9.3) coincides with the 

onset of magnesium hydroxide precipitation. In fact, it requires a 4.5 times 

stoichiometric excess of calcium oxide simply to raise the pH to 9.6. Without 

magnesiurn in the acid feed. it only requires a 1.25 times excess to raise the pH to 1 1.3. 

This means that much of the magnesiurn in the reactor precipitates and is therefore 

unavailable to interfere with gypsum scale formation above a pH of 9.4. Thus, scale 

growth actually increases as magnesiurn is removed from solution. 

On the other hand, the saturation ratio decreases as magnesium is consumed. The 

reason can be seen in Figure 29: calcium solubility increases as the common ion effect is 

nullified by the precipitation of sulphate (as calcium sulphate dihydrate) from magnesium 

sulphate. At a pH of 10.5 to 1 1, calcium solubility is back to normal. 

Thus, one may expect the saturation ratio and s a l e  growth rate to be equivalent to 

the levels in the experiments where there was no magnesium present in the acid feed, if 

enough calcium oxide is added to consume al1 of the magnesiurn. In Figure 28: the 

saturation ratio and scale growth curves do in fact seem to be converging on the 

saturation ratio and scale growth curves of the experiments with no magnesium sulphate 

in the acid feed. 



Figure 29: Calcium solubility in a saturated gypsum solution vs pH at 40°C for the two systems 
studied. (Calculated using MINTEQA2.) 

At low pH, the scale growth rate was aiso higher. There is no clear explmation 

for this. It is possible that a buildup of positively charged H+ ions around the gypsum 

scale crystals actually starts to repel or block magnesiurn fiom interfering with gypsurn 

scale growth. 

4.2.2 Effect of Temperature 

Figure 30 shows the specific scale growth rate of gypsum scale at three different 

temperatwes, in the calcium oxide total neutralization reactor. In the system with no 

metal sulphates present in the acid feed, there was a large (400%), continuous increase in 

scale growth rate between 24°C and 60°C, despite small increases in saturation ratio. 
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Figure 30: Specific gypsum scale growth rate and saturation ratio vs temperature for the calcium 
oxide total neutralization reactor. 

Reactor conditions: pHs9.3-11.0, residence time=30min 

Obviously whatever mechanism is responsible for scale growth in this reactor has 

a dependence on saturation ratio andor it has a dependence on temperature. This would 

make it similar to the calcium carbonate partial neutralization reactor. Perhaps if the 

temperature were increased to 90°C a similar decrease in scale growth rate would be 

observed. More experiments would have to be done to determine the exact dependence 

of =ale growth rate on temperature and saturation ratio in this system. 

In the system with magnesium sulphate in the acid feed, the scale growth rates 

were practically zero and could be considered statistically the same between 24OC and 

40°C. Between 40°C and 60°C, an increase in scale growth rate was seen and it 

corresponded with only a small increase in saturation ratio. This is similar to the system 



with no magnesium, except once again, the scale growth rates were considerably lower, 

(which will be explained in section 4.2.4.) 

3.2.3 Effect of Residence Time 

Figure 3 1 shows the specific gypsum scale growth rate at three different residence 

tirnes. 

+ O 
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Figure 31: Specific gypsum scale growth rate and saturation ratio vs residence time for the calcium 
oxide total neutralization reactor. 

Reactor conditions: 40°C, pHz9.3-11.4 

Generally, scale growth rate is higher at shorter residence tirne. In the system 

with no magnesium in the acid feed, there was an apparently strange result at a residence 

time of 15min: the scale growth rate was the same as at 30rnin. The reason for this was 

due to experimental inadequacies at short residence tirne. 



It was observed that at 15min, scde was fomiing on every surface in the reactor. 

This included the g l a s  walls and the Teflon stir bar. This s a l e  was unstable and tended 

to flake off in large pieces. This lefi many large chunks of gypsum floating around inside 

the reactor, which were too heavy to drain out of the reactor. They were therefore acting 

as large seed particles that mduced the amount of scale formed on the rods. The growth 

rate should have been higher, and thus, a linearly extrapolated growth rate is marked with 

an 'x' and attached to the cuve by a dashed line. 

From 30min to 50min, there was a decrease in s a l e  growth rate, which 

corresponded with a decrease in satmation ratio. This is the same trend that was observed 

in the calcium carbonate neutralization reactor, (see section 4.1.3.) However, because of 

the experimental inadequacy, it is not clear whether a change in the scale growth 

mechanism occurs between one residence time and another. 

It  is also hard to tell if the rnechanism of scale growth changes by looking at the 

scale morphology. As has already been mentioned, the scale grown in this reactor seems 

to be a combination of growing gypsum needles and agglomerated reactor particles. The 

particles often obscure the needles. Figure 32 demonstrates this point by showing SEM 

cross-sections of scale growth magnified 300X at al1 three residence times. 

At a residence time of 50min (Figure 32a), one long, lone gypsum needle can be 

seen growing outward From the stainless steel rod. The rest of the scale \vas made up of 

smaller, evenly spaced particles. The rod was completely covered in scale to the naked 

eye, but this photo reveals the scale to be made up of well-spaced, loosely held crystals, 

and therefore probably not very strong. Of the three residence times tested, 50min 

produces a scale morphology most beoeficial fiom a scale abatement point of view. 
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Figure 32: SEM cross-section o f  scale growth at residence times of: (a) SOmin, (b) 30min, (c) 15min. 

Reactor conditions: 40°C, p H 4  1.4, 11.0, 11.0 (respectively), after 8h in the reactor, with no 
magnesium sulphate in the acid feed. 

At a residence time of 30min (Figure 32b), the scde is obscured in the photo by a 

dense agglomeration of particles. Several needles can be seen among them, but not 



enough so that a mechanism can be deduced. All that is clear is that the scale is denser 

and therefore more undesirable than the scale fonned at a residence time of 50min. 

At a residence time of 15min (Figure 32c), the scale almost completeiy fills the 

picture. It is dense, and although porous, there are no clear spaces in between crystals. In 

fact, there may not even be any more individual crystals left, as the scale crystals seem to 

have grown together. This morphology is the least desirable of the three because it 

appears to be solid and crystalline. It would therefore be the hardest to remove. 

In the presence of magnesium sulphate, the scde growth rates were so low that 

they were statistically zero, (although not actually zero). Indeed, as seen in Figure 33 at a 

residence time of SOmin, it appears that there was no scale growth or even heterogeneous 

nucleation even after 8h in this reactor. This is probably due to the effect of magnesium, 

which will be explained in the next section. It should be noted that the bumps on the rod 

that can be seen in the photo are surface imperfections. 

4.2.4 Effect of Magnesiurn Sulphate 

The effect of magnesium sulphate on scale growth in the calcium oxide total 

neutralization reactor was similar to that of nickel in the calcium carbonate partial 

neutralization reactor. As has been mentioned in the previous three sections, scale 

growth rates were systematically lower when rnagnesium sulphate was present in the acid 

feed, than when it was absent. This was o c c ~ g  despite the fact that the saturation 

ratios were significantly higher. 



Figure 33: SEM cross-section of scale growth at a residence time of SOmin. 

Reactor conditions: 40°C, pH=9.6, after 8h in the reactor, with magnesium sulphate in the acid feed. 

The reason for the increase in the saturation ratios is that gypsum solubility is 

lower due to the common ion effect. The extra sulphate in the system naturally reduces 

the solubility of the calcium in the system. However, this increase in saturation ratios 

should increase scde growth rates too. Thus, magnesium sulphate must have been 

inhibiting scale growth. 

It is already known fiom literature that magnesium c m  inhibit gypsum 

crystallization by preferentially adsorbing ont0 growth sites [2 1 1. Therefore it seems 

likely that it is absorbing ont0 growth sites and inhibiting scale growth, much like nickel. 

Also, recall fiorn section 4.2.1 the strange pH dependence of scale growth rate in this 

system. This behaviour can only be explained by magnesium inhibition. 

Of couse, these results do not mean that adding more and more magnesium 

sulphate to the acid feed would continue to reduce scale growth rates. Eventually, the 



comrnon ion effect would increase the saturation ratios high enough that the effect of 

would be cancelled, and scale growth rates would actually start to increase. 

These results are encouraging though. They show that under certain conditions, 

(residence time=SOmin, temperature=40°C, 1 Og/L Mg), gypsum scale growth cm be 

inhibited to the point that it is almost zero. Perhaps the use of dolomite as the base 

instead of calcium carbonate and calcium oxide would have this same effect. 

4.2.5 Scale Reduction 

Only one anionic surfactant, (Dowfax 2A 1), was tested in the total neutralization 

system. Gypsum seeding was only attempted once because the seed formed a solid 

agglomerate with the calcium oxide in the base slurry which clogged the tube in the 

peristaltic pump. 

Figure 34 shows the results in surfactant-fiee experiments and experiments with 

1OOppm of Dowfâx 2A1. The clear bars represent the system with no magnesiurn 

sulphate in the acid feed, and the solid bars represent the system with magnesiurn 

sulphate present in the acid feed. 

As can be seen, the surfactant had no effect on scale growth rate, in either system 

at 100ppm. This is curious because anionic surfactants, (which are organic acids or 

organic acid salts), are though! to inhibit crystal growth by dissociating and then 

adsorbing ont0 crystal surfaces. They are therefore expected to be most effective at high 

pH, which favours dissociation. 
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Figure 34: Effect of Dowfax 2AI surfactant on the specific gypsum scale growth rate during calcium 
oxide total neutralization. 

Reactor Conditions: 40°C, pHs9.3-11.2, residence time=30min 

This surfactant only seemed to be effective in the calcium carbonate system at 

medium pH with no metal sulphates in the acid feed. This underlines the point about the 

unpmdictability of the effectiveness of surfactants that was discussed in section 2.4.4. 

Figure 35 shows the effeci of adding gypsurn seed to the base slurry. Over a 50% 

reduction in scale growth rates was achieved when a seed concentration of lOg/L was 

used. It does this by providing a surface on which gypsum codd precipitate, other tha? 

the scale growth rods. This is exactly the same effect as was seen in the calcium 

carbonate reactor. 
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Figure 35: Effect of gypsum seed on the specific gypsum scale growth rate during calcium oxide total 
neutralization. 

Reactor Conditions: 40°C, pH=l1.0,8.0, residence time=30min 

Figure 36 shows SEM cross-sections of gypsum scale grown in the absence (a) 

and in the presence (b) of 1 O g L  artificial gypsurn seed. The seed has simply provided an 

altemate surface for gypsum to precipitate. This reduces the amount of total scale and 

results in fewer agglomerated particles and no large gypsum needles. 



Figure 36: Effect of (a) O g / L  gypsum seed, (b) 10gL gypsum seed on gypsum scale morphology 
during calcium oxide total neutralization. 

Reactor Conditions: 40°C, pH=lI.l ,  8.0, residence time=30min, no magnesium sulphate in the acid 
feed 



5. Conclusions 

5.1 Calcium Carbonate Partial Neutralization Reactor 

1.) Gypsum scale growth occurs after an induction period, during which time 

heterogeneous nucleation is probably taking place. 

2.) Scale growth is in the form of gypsum needles growing outward from a 

surface layer of gypsum. 

3.) Gypsum scale growth rate decreases with increasing agitation speed. This is 

caused by increasing mechanical shear of the gypsum scale needles at the higher speed. 

4.) Gypsum scale growth rate is not significantly affected by pH. The reason is 

that the saturation ratio is also not significantly afTected by pH, because gypsum 

solubility is constant above a pH of 2.2. 

5.) Gypsum scale growth rate increases between a temperature of 50°C and 70°C, 

but decreases between 70°C and 90°C. This is caused by a sirnila increase and decrease 

in the saturation ratio. This is explained by offsetting solubility and kinetic effects. 

6.) Gypsum scale growth rate decreases with increasing residence time. This is 

caused by decreases in the saturation ratio. However, scale growth rate has a greater 

dependence on changes in saturation ratio at a short residence time (1 5min) than at a long 

residence time (50min). This indicates that the scale growth mechanism is different at 

different residence times, (Le. different saturation ratios). 



7.) At a short residence time (15min) the scale morphology indicates a diffusion- 

controlled growth mechanism, while at longer residence times (Le. 30min, 50min), the 

scale morphology indicates a mononuclear or screw dislocation growth mechanism. 

8.) Nickel ions seem to inhibit gypsum scale growth. Scale growth rates are 

systematically lower in the presence of nickel, despite the fact the that saturation ratios 

are significantly higher. Nickel is either blocking surface growth sites, or is being 

preferentially adsorbed over calcium by the gypsum scale crystals. 

9.) Sulphonated anionic surfactants inhibit gypsum scale growth when no metal 

sulphates are present in the acid feed. This inhibition is as high as 50% when the 

surfactant concentration is 100ppm. However, with iron, aluminum, and nickel sulphates 

in the acid feed there is no inhibition. In fact, in one case there is an increase in scale 

growth rate. It appears that the surfactants are either poisoned by metal sulphates, or that 

they provide no additional benefit to the nickel inhibition. 

10.) Artificial gypsum seeding reduces scale growth rates by 71% at a seed 

concentration of IO@, with no metal sulphates in the acid feed. With metal sulphates in 

the acid feed, the scale growth rate reduction is 60%. 

5.2 Calcium Oxide Total Neutralization Reactor 

1.) Gypsum scale growth occurs after an induction period, during which time 

heterogeneous nucleation or attachment of particles fiom the bulk solution is probably 

taking place. 



2.) Resulting scale growth is a combination of small agglomerated particles and 

growing gypsum needles. 

3.) Gypsum scale growth rate is not significantly af6ected by pH, except when 

magnesium is present in the acid feed. The reason is that the saturation ratio is also not 

significantly affected by pH, because gypsum solubility is constant above a pH of 2.2. 

4.) Gypsum scale growth rate increases between 24°C and 60°C. This is caused 

by small increases in the saturation ratio, and perhaps enhanced by the increase in 

temperature. 

5.) Gypsum scale growth rate decreases with increasing residence time. This is 

caused by decreases in the saturation ratio. However, due to an expenmental inadequacy, 

it is not clear whether the scale growth mechanisrn is different at different residence 

times. 

6.) The scale grown at a residence time of 50min is less dense and therefore more 

favourable fiom a scaie abatement point of view, than the scale grown at residence times 

of 30rnin or 15min. 

7.) Magnesiurn ions seem to inhibit gypsum scale growth. Under some 

conditions, (e.g. residence time = 50min), magnesium aimost completely inhibits gypsum 

scale growth. Like nickel, it does this by either blocking surface growth sites, or by being 

preferentially adsorbed over calcium by the gypsum scaie crystals. 

8.) Sulphonated anionic surfactants have no effect on gypsum scale growth. 

9.) Mificial gypsum seeding reduces scale growth rates by over 50% at a seed 

concentration of 1 O@. 



6. Recommendations 

More experimental work could be done with the purpose of elucidating the 

prevailing mechanism of scale growth in al1 systems. This could perhaps involve the use 

of in situ crystal exarnination using atomic force microscopy, to study the gypsurn crystal 

growth mechanisms on a microscopie level. Knowing the mechanism, a mode1 could 

perhaps be developed to predict the conditions under which gypsw scale is most likely 

to form, as well as the rate at which it will grow. 

Analysis of the scale formed in the presence of nickel and magnesium sulphate 

should also be conducted to determine if these ions are being incorporated into the 

crystals, or just blocking surface growth sites. EDX and XPS analysis would be best for 

this purpose. 

The most crucial future work should be to study scale reduction through seeding 

or seed recycling, different surfactants, longer residence times, lower temperatures, or a 

combination of these. In other words, attack gypsum scale with any and al1 means of 

reduction possible. This could include the use of new scale reduction technologies such 

as magnetic or electric fields. 

In the meantirne, to reduce gypsum scde in industry, longer residence times and 

lower temperatures should be effective in both continuous reactors. Bases containing 

magnesium (such as dolomite) might also prove effective in reducing scale. Gypsurn 

seeding using recycled seed fiom the outlet of the reactor is probably the best and 

cheapest method of scale reduction. The unpredictable nature of surfactants and the Iack 



of understanding of how and why they work on gypsurn makes them poor choices for 

scale reduction at present. 
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Ap~endix A: Raw Data 

The following section presents the raw data for the experimental study of gypsum 

scaie formation. Temperame and pH represent the average steady state temperature and 

pH for that run. Stoichiometric ratio is the starting ratio of base (calcium carbonate or 

calcium oxide) to sulphwic acid that was being added to the reactor. Scale growth rates 

are given in &m2.h. Sample caiculations for stoichiometric ratio, specific scale growth 

rate and saturation ratio are given at the end of this section. 

A.1 Calcium Carbonate Partial Neutralization Reactor 

Raw data for the calcium carbonate partial neutralization reactor experiments with 

no metal sulphates in the acid feed are given in Table A l ,  and Table A2. Table Al  is the 

data from the scale growth study experiments, while Table A2 is the data from the scale 

reduction rxperiments. 

Table Al: Raw data for the calcium carbonate partial neutralization experiments with no metal 
sulphates in the acid feed. 

Temperature Residence pH1 Saturation Induction Specific 
4 

(Oc) Time (min) Stoichiometric Ratio Period Scale Growth 
Ratio @/A) Rate 



Table A2: Scale reduction raw data for the calcium carbonate partial neutralization experiments 
with no metal sulphates in the acid feed. 

Raw data for the calcium carbonate partial neutralization experiments with metal 

sulphates in the acid feed are given in Table A3, and TabIe A4. Table A3 is the data from 

the scale growth study experiments, while Table A4 is the data from the scale reduction 

experiments. The concentrations of nickel, aluminum, and iron were 5g/L, 2 g L  and 1g/L 

respectively, which was their initial concentrations in the 30gL H,SO, feed solution. 

Table A3: Raw data for the calcium carbonate partial neutralization experiments with nickel, 
aluminum and iron sulphates in the acid feed. 

Temp 
1 ( O C )  

Res. 
Time 
(min) 

Surfactant 
[3B2 1 
( P P ~ )  

Temperature 
( O c )  

Surfactant 
[os 1 
( P P ~ )  

Gypsum 
Seed 
Conc. 

pW 
Stoich. 
Ratio (BIA) 

Residence 
Time (min) 

Surfactant 
P A 1  1 
(ppm) 

Induct. 
Period 

Specific 
Scale Gr. 
Rate 

p W 
Stoichiometric 
Ratio (B/A) 

Saturation 
Ratio 

Induction 
Period 

Specific 
Scale Growth 
Rate 



Table A4: Scale reduction raw data for the calcium carbonate partial neutralization cxperiments 
with nickel, aluminum and iron sulphates in the acid feed. 

A.2 Calcium Oxide Total Neutralization Expericnents 

Raw data for the calcium oxide total neutralization reactor experiments with no 

magnesium sulphate in the acid feed are given in Table AS, and Table A6. Table A5 is 

pW 
Stoich. 
Ratio 
(BiA) 
5.W1.47 
5.511.47 
5.4/1.47 
5.4A.47 
6.0A.47 

Surfactant 
[2AI ] 
( P P ~ )  

O 
100 
O 
O 
O 

Temp 
( O C )  

70 

the data from the scale growth study experiments, while Table A6 is the data from the 

Res. 
Tirne 
(min) 

30 

scale reduction experiments. 

Surfactant 
[3B2 1 
( P P ~ )  

O 
O 
1 O0 
O 
O 

Table AS: Raw data for the calcium oxide total neutralization experiments with no magnesium 
sulphate in the acid feed. 

(min) 
Period 

Ratio (B/A) 

Surfactant 
[os 1 
( P P ~ )  

O 
O 
O 
1 O0 
O 

Specific 
Scale Growth 

Gypsum 
Seed 
Conc. 
(g/L) 
O 
O 
O 
O 
10 

Induct. 
Period 

4.7 
5.1 
2.7 
4.7 
5.7 

Specific 
Scale Gr. 
Rate 
(g/cm2. h) 
0.0053 
0.0057 
0.0062 
0.0131 
0.0021 



ith no Table A6: Scale reduction raw data for the calcium oxide total neutralization experiments WI 

magnesium sulphate in the acid feed. 

Raw data for the calcium oxide total neutralization experiments with magnesium 

sulphate in the acid feed are given in Table A7, and Table A8. Table A7 is the data from 

Temp ( O C )  

40 

the scale growth study experiments, while Table A8 is the data from the scale reduction 

Surfactant 
PA1 1 
(ppm) 

O 
100 
O 

experirnents. The concentration of magnesiurn was IO&, which was its initial 

Residence 
Time 
(min) 

30 

concentration in the IO@ H,SO, feed solution. 

pH/ 
Stoich. 
Ratio (BIA) 

11.0/1.14 
11.2/1.14 
8.011.14 

Gypsum 
Seed 
Conc. 
(0) 
O 
O 
10 

Table A7: Raw data for the calcium oxide total neutralization experirnents with magnesiurn sulphate 
in the acid feed. 

Induction 
Period 

2.9 
4.5 
4.8 

Table AS: Scale reduction raw data for the calcium oxide total neutralization experiments with no 
magnesium sulphate in the acid feed. 

Specific 
Scale 
Growth Rate 
(g/cm2.h) rn 

0.0069 
0.0072 
0.0027 

Temp (OC) 

40 

40 

24 
40 
60 

Saturation 
Ratio 

2.53 
2.43 
2.0 1 
2.07 
2.43 
2.06 
2.7 1 
2.43 
2.33 

Residence 
Time 
(min) 

I 

Temp ( O C )  

40 

induction 
Period 

4.4 
5.1 
4.6 
5.7 
5.1 
4.5 
5.2 
5.1 
5.1 

pH/ 
Stoich. 
Ratio (B/A) 

9.4/1.5 
9.3/1 .5 

Residence 
Time 
(min) 

30 

pH/ 
Stoichiometric 
Ratio (BIA) 

Specific 
Scale Growth 
Rate 
(glcm2. h) 

0.00 1 1 
0.0003 
0.00006 
0.00 14 
0.0003 
0.003 1 
0.0006 
0.0003 
0.0023 

[Mg2+ ] 
(g/L) 

Surfactant 
ml 1 
(ppm) 

O 
1 O0 

10 
10 
10 
10 
10 
10 
10 
10 
10 

15 
30 
50 
30 

30 

9.4/ 1.5 
9.4/1 .5 
9.6/1.5 
2.5/1. 14 
9.4/1.5 
9.6/4.56 
10.0/1.5 
9,4/1.5 
9.30.5 

Gypsum 
Seed 
Conc. 
@IL) 
O 
O 

Induction 
Period 

5.1 
5.9 

Specific 
Scale 
Growth Rate 
(g/cm2. h) 

0.00027 
0.00027 



Amendix B: Sam~le  Calculations 

B.1 Stoichiometric Amount 

To calculate the stoichiometric amount, the calcium carbonate partial 

neutralization example will be used: 

30gL of H,SO,,,, represents 0.306moI/L, (Le. 301% .O6 molk). 

H2S04 reacts 1 : 1 with CaCO, ,by equation (1): 

H 2SOqq, + CaCO, (s, + H 2 0 ( i ,  =cas04  - 2H,O,S, + CO,,,, +r 
Thus, assuming complete reaction, 0.306moVL of CaCO, is needed for neutralization. 

This represents a mass of 

0.306mollL * 100.08g/mol= 30.6glL 

which is the stoichiornetric amount of CaCO, required to partially neutralize 30g/L of 

H,SO,. 

The stoichiometric ratio is calculated by dividing this number into the actual 

amount of calcium carbonate that was used. Thus if 30g/L was used, the stoichiometric 

ratio would be 30130.6 = 0.98. 

B.2 Specific Scale Growth Rate 

In a typical experiment, sample rods were weighed and marked. They were then 

placed in the reactor. Every two hours, one sample rod was removed and weighed again 

and the specific mass of scale growth was plotted versus time. To get the specific scale 
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growth rate, linear regression was perfonned on the dope of the growth portion of the 

curve, (i.e. the portion of the curve after the induction period). As an exampie, the data 

fiom one experiment is shown in Table B 1. It is plotted in Figure B 1. 

Table BI: Experimental data from a scale growth experiment in the calcium carbonate partial 
neutralization reactor. 

Scaling (g) 

T=70°C O 0.0000 
R.t.=30min 2 23.5789 
PH=6.2 4 23.5517 
No metal 6 23.6 173 
Sulphates 8 23 A009 
in acid feed 10 23.4976 

12 23.6121 

Mass of Mass of Surface Speci fic 
Rod After Scale Area of Scale 
Scaling (g) (g) Scale on Growth 

Rod (cm') (g/cm2) 

0.0000 0.0000 0.00 O 
23.5795 0.0006 8.56 7E-05 
23.5817 0.0300 8.56 0.0035 

Assuming the induction period is 4h, the data fiom 4h to 12h is used to calculate 

the linear regression using Excel. The results are as follows: 

Growth Rate Equation: Specific Growth=Growth Rate * time+Constant 

Specific Growth=0.0083t-0.033 

:. Growth Rate=0.0083g/cm2.h 

:. Induction Period=3.98h (Le.-Constant/Growth Rate) 

The calculated induction period was very close to the assumed one! 

The R~ value was 0.984, and the standard error of the specific growth rate was 

0.0006~/cm~.h. 



O 2 4 6 8 I O  12 

Tirne (h) 

Figure BI: Specilic scale growth vs time for calcium carbonate partial neutralization reactor. 

Reactor conditions: Temperature=70°C, iresidence time=30min, pH=6.2, no metal sulphatcs in the 
acid feed. 

B.3 Saturation Ratio 

The saturation ratio calculations were simple. The mean (of three sarnples) total 

calcium was determined by ICP-AES to be 0.666gL. It was calculated using 

MINTEQM to be 0.5 8 4 g L  Therefore, the saturation ratio was O.666IO.5 84= 1.14. 



Ao~endix C: Sources of Error 

C.l Reprodueibility 

In order to assess the validity of this scaie measurement technique, five 

experiments were perfomed under identical conditions in the calcium carbonate partial 

neutralization reactor. The conditions were temperature 70°C, residence time 30min, 

calcium carbonate concentration 45g/L, and sulphuric acid concentration 30glL. The 

results are given in Table C 1. 

Table Cl : Scale growth rate reproducibility data 

The mean value in these ten experiments were pH=6.2 and a specific scale growth 

rate equal to 0.00847g/cm2.h. The standard deviation of the specific scale growth rate 

was 0.00018g/cm2.h. Thus, the 95% confidence interval for the experimental data was f 

4.2% of the mean. Al1 five data points were within that range. This indicates fairly good 

reproducibility . 

Experirnent 
Number 

1 
3 
3 
4 
5 

Temperature 
( O c )  

70 
70 
70 
70 
70 

Residence 
Time (min) 

30 
30 
30 
30 
30 

Average Steady 
State pH 

6.2 
6.3 
6.2 
6.2 
6.2 

Specific 
Scaie Growth 
Rate 
(dcm'. h) 
0.00830 
0.00856 
0.00863 
0.00826 
0.00860 



The variation is plotted in Figure C l .  As can be seen, al1 five specific scale 

growth rates were within 3% of the average, and the scatter was good. Thus, the method 

is acceptable fiom a reproducibility standpoint. 

O 1 2 3 4 5 

Experiment # 

Figure Cl: Specific scale growth rate variation in the calcium carbonate partial neutralization 
experiments 

C.2 Effect of Rinsing 

In order to determine the error introduced by the rinsing of the scale growth rods, 

10 dry, scaled rods were weighed, rinsed, allowed to dry, and then weighed again. This 

test was to help quantifj the amount of loose gypsum needles removed during rinsing, as 

well as the arnount that dissolved. The results are shown in Table C2. 



Table C2: Effect of Rinsing on 10 Scaled Sample Rods. 

nius, the average arnount of scale that was removed during rinsing was only 

3.3%. Since most of that was loose scale, which is of no consequence to this study, the 

amount of gypsum that dissolved was probably less than 1%. This is an acceptable error 

because it would be approximately the same for al1 scale growth rods. This also means 

that it would not affect the dope of the scale growth plots, (Le. the scale growth rate). 

The reason is that the linear portion of the growth curves would only shift down slightly, 

and therefore the dope would be the same. Only the induction period would be affected 

by 3.3%, and that is of no concern. 

C.3 Use o f  MMTEQA2 to Calculate Gypsum Solubility 

Rod # 

L 
1 
2 

There have been many studies that have focused on gypsum solubility in pure and 

mixed metal sulphate solutions. Unfomuiately, most of these focused on gypsum as a 

component of brine or groundwater. They were therefore rnost concerned with the 

Mass After 
Rinse (g) 

0.1028 
0.1344 

Mass 
Before 
Rime (g) 

0.1066 
0.1421 

Difference 
(g) 

0.0038 
0.0077 

O h  

Difference 

3.6 
5.4 



solubility of gypsum in mixed solutions containing sodium, magnesium, chloride and 

sulphate. Examples of these papers include Adler, Glater, and McCutchan (1 979) [C 1 1, 

Arslan and Dutt (1 993) [CZ], Marshall and Slusher (1966) [C3], and (1 968) [C4], Power, 

Fabuss and Satterfield (1 966) [C5], Raju and Atkinson (1 990) [C6], Tanji (1969) [C7], 

and Tanji and Doneen (1966) [Cg]. The lone exception to this focus on bine was a study 

by Umetsu, Mutalala and Tozawa (1989) [C9]. which exarnined calcium sulfate solubility 

in solutions of zinc, magnesium. copper and cobalt sulfates over a temperature range of 

25 to 200°C. However, none of the systems that were studied involved mixed metal 

sulphate solutions. 

Despite the seemingly limited applicability of the other studies, many of them 

contained useful methods of calculating gypsum solubility in aqueous solution [Cl 1, 

[C2], [C3], [C7], [Cg]. The most important conclusion from these studies was that in 

aqueous solution up to 2m ionic strength and less than 100°C temperature (which is  the 

range of this study), an extended Debye-Hückel equation or the Davies equation would 

accurately predict gypsum solubility. This is important because the computer program 

MINTEQAZ [C 101 uses the Davies equation to calculate gypsum solubility. 

This means that the choice of MMTEQA2 as a means of calculating gypsum 

solubility would not necessarily introduce a large error. However, it was discovered that 

the choice of solubility constant (Y ,  ,,m) c m  have a profound effect on the gypsurn 

solubility values calculated using MINTEQA2. The reason is that MINTEQAZ has its 

own database of themodynamic constants (such as K,,) that it uses to calculate 

equilibrium aqueous species concentrations. Because of its size, this database does not 

necessarily contain the most accurate thennodynamic constants. It therefore allows the 
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user to input other constants fiom literature. The user's choice of K,, is crucial in 

ensuring accurate, reliable solubility predictions. 

Thus, in order to detemine which values of Y, give the most accurate results 

when used in MiNTEQA2, the Y, values of Langmuir & Melchior [C 1 11, Lu & Fabuss 

( 1 968) [C 121, and Ostroff ( 1964) [C 1 31, were used in MMTEQA2 to determine calcium 

solubility in a pure saturated gypsum solution over a wide temperature range. The results 

were compared to experimental solubility data fiom Marshall & Slusher (1966) [C3], 

Power, Fabuss, & Satterfield (1966) [CS], Seidell [C14], and Calmanovici. Gabas, & 

Laguerie (1 993) [C 151. This comparison is s h o w  in Figure C2. As can be seen, there is 

good agreement between MINTEQA2-calculated results using the k, values of Langmuir 

& Melchior [Cl 11, with the experimental literature data. Therefore, their K, values were 

used in MINTEQAZ throughout this study to calculate gypsum solubility. 

Temperature (OC) 

Figure C2: Gypsum solubility (given as total calcium) vs temperature for pure solution. The graph 
shows a comparison between MINTEQA2-calculated calcium solubility using K,, values from (Cl 11, 

[Cl21 and [C131, with experimental data from several studies. 
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b ~ e n d i x  D: SEM Picnites 

The following picture gallery contains SEM photos taken of scale growth rod 

cross-sections, under selected reactor conditions. They are arranged in order to illustrate 

the effects of these diffèrent conditions (pH, temperature, residence time, metal sulphates, 

surfactants, seeding) on scale growth morphology. 



D.l Calcium Carbonate Partial Neutralization Reactor 

D. 1.1 Effect of pH 

Figure DI: SEM cross-section (300X) showing gypsum scale from the calcium carbonate partial neutralization reactor on 316SS rods. 

Reactor conditions: pH = (a) 2.5, (b) 5.8, (c) 6.2, temperature=70°C, residence time = 30min, with metal sulphates in the acid feed, after 8h in the 
reactor. 



D. 1.2 Effect of  Temperature 

Figure D2: SEM cross-section (300X) showing gypsum scale from the calcium carbonate partial neutralization reactor on 316s rods. 

Reactor conditions: pH = 5.8-5.9, temperature = (a) 50°C, (b) 70°C, (c) 90°C, residence time = 30min, with metal sulphates in the acid feed, after 8h in 
the reactor. 



D. 1.3 Effect of Residence Time 

Figure D3: SEM cross-section (100X) showing gypsum scale from the calcium carbonate partial neutralization reactor on 316SS rds. 

Reactor conditions: pH = (a) 5.9, (b) 6.2, temperaturrc70°C, residence time = (a) 15min, (b) 30min, no metal sulphates in the acid feed, after l2b in the 
reactor. 



Figure D4: SEM cross-section (3ûûX) showing gypsum scale from the calcium carbonate partial neutralization reactor on 316SS rods. 

Reactor conditions: pH = 5.5-5.8, temperature = 70°C, rcsidence tirne = (a) ISmin, (b) 30min, (c) SOmin, with metal sulphates in the acid fed,  after 8h in 
the reactor. 



D. 1.4 Effect of Nickel 

Figure D5: SEM cross-section (3ûûX) showing gypsum scale from the calcium carbonate partial neutralization reactor on 316SS rods. 

Reactor conditions: pH = 5.8, temperature = 70°C, residence time = 30min, with (a) iron (111) and aluminum sulphates in the acid feeâ (no nickel), (b) 
with iron (III), aluminum and nickel sulphates in the acid fecd, after 8h in the reactor. 



D. 1.5 EfTect of Surfactants 

Figure D6: SEM cross-section (300X) showing gypsum scale from the calcium carbonate partial neutralization reactor on 316SS rods. 

Reactor conditions: p H  = 6.2,5.8, temperature = 70°C, residence lime = 30min, with (a) no surfactant, (b) IOOppm Dowfax 2AI  surfactant, after 8h in 
the reactor. 





D.2 Calcium Oxide Total Neutralization Reactor 

D.2.1 Effect of pH 

Figure D8: SEM cross-section (300X) showing gypsum scale from the calcium oxide total neutralization reactor on 316SS rods. 

Reactor conditions: pH = (a) 2.3, (b) 11.0, (c) 11.5, temperature=40°C, residence time = 30min, with no magnesium sulphate in the acid feed, after 8h in 
the reactor. 



Figure D9: SEM cross-section (300X) showing gypsum scale from the calcium oxide total neutralization reactor on 316SS rods. 

Reactor conditions: pH = (a) 2.5, (b) 9.4, (c) 9.6, temperature=40°C, residence time = 3Omin, with magnesium sulphate in the acid feed, alter 8h in the 
reactor. 



D.2.2 Effec t of Temperature 

Figure DIO: SEM cross-section (300X) showing gypsum scale from the calcium oride total neutralization reactor on 316SS rods. 

Reactor conditions: pH = 10.4-1 1.0, temperature = (a) 24OC (b) 40°C, (c) 60°C, residence time = JOmin, with no magnesium sulphate in the acid f d ,  
after 8h in the reactor. 



Figure Dl 1 : SEM cross-section (300X) showing gypsum scale from the calcium oxide total neutralization reactor on 316SS rods. 

Reactor conditions: pH = 9.3-9.4, temperature = (a) 40°C, (b) 60°C, residence time = 30min, with magnesium sulphate in the acid feed, after 8h in the 
reactor. 



D.2.3 Effect of Residence Tirne 

Figure D12: SEM cross-section (300X) showing gypsum scale from the calcium oxide total neutralization reactor on 316s rods. 

Reactor conditions: pH 5 11.04 1.4, temperature = 40°C, residence time = (a) 15min, (b) 30min, (c) SOmin, with no magnesium sulphate in the acid feed, 
after 8h in the reactor. 



Figure D12: SEM cross-section (300X) showing gypsum scale from the calcium oxide total neutralization reactor on 316SS rods. 

Reactor conditions: pH = 1l.û-11.4, temperature = 40°C, residence time = (a) 15min, (b) 30min, (c) 50min, with magnesium sulphate in the acid fced, 
after 8h in the reactar, 



D.2.4 Effect of Magnesiurn 

Figure D13: SEM cross-section (300X) showing gypsum scale (rom the calcium oxide total neutralization reactor on 316SS rods. 

Reactor conditions: pH = 11.0,9.4, temperature = 40°C, residence tirne = 30min, with (a) no magnesiuni sulphate in the ecid feed, (b) with 
magnesium sulphate in the acid feed, after 8h in the reactor. 



D.2.5 Effect of Seeding 

Figure D14: SEM cross-section (3ûûX) showing gypsum scale from the calcium oxide total neutralization reactor on 316SS rods. 

Reactor conditions: pH = 1 1.0,8.0, temperat ure = 40°C, residence time = 30min, w i h  (a) no gypsum seeding, (b) with I ûg/L gypsum seed in tbe calcium 
oxide feed, after 8h in the reactor 



Amendix E: Particle Size Aaalvses 

The following section contains particle size distributions (PSD's) cf the reactor 

slurry sampled at different reactor conditions. They are arranged in order to illustrate the 

effects of the different conditions (pH, temperature, residence time, metd sulphates, 

surfactants, seeding) on reactor slurry (bulk solution) particle sizes. 

E.1 Calcium Carbonate Partial Neutralizatiou Reactor 

Figure El shows the particle size distribution for the calcium carbonate that was 

used in these experiments. 

Particle Diameter (Pm.) 

Figure El: PSD of calcium carbonate used in partial neutralization 



E. 1.1 Effect of pH 

Particle Diameter (vm.)  

Figure E2: PSD o f  gypsum particles grown i n  the calcium carbonate partial neutralization reactor. 

Reactor conditions: pH = (a) 2.2, (b) 6.2, temperature=70°C, residence time = 30min, with no metal 
sulphates in  the acid feed. 

Particle Diameter (pm.) 

Figure E3: PSD of gypsum particles grown in  the calcium carbonate partial neutralization reactor. 

Reactor conditions: p H  = (a) 2.5, (b) 5.9, (c) 6.2, temperature=70°C, residence time = 30min, with 
metal sulphates in the acid feed. 



E. 1.2 Effect of Temperature 

Parîicle Diameter @m.) 

Figure E4: PSD of gypsum particles grown in the calcium carbonate partial neutralization reactor. 

Reactor conditions: pH = 6.0-6.3, tem perature = (a) SO°C, (b) 70°C, (c) 90°C, residence tirne = 3Om in, 
with no metal sulphates in the acid feed. 

Figure ES: PSD of gypsum particles grown in the calcium carbonate partial neutralization reactor. 

Reactor conditions: pH = 5.8-5.9, temperature = (a) SO°C, (b) 70°C, (c) 90°C, residence time = 30min, 
with metal sulphates in the acid feed. 



E. 1.3 Effect of Residence Time 

Particle Diameter (vrn.) 

Figure E6: PSD of gypsum particles grown in the calcium carbonate partial neutralization reactor. 

Reactor conditions: pH = 6,006.2, temperature=70°C, residence time = (a) 1 Smin, (b) 30min, (c) 
SOmin, with no metal sulphates in the acid feed. 

Particle Diameter ( ~ m . )  

Figure E7: PSD of gypsum particles grown in the calcium carbonate partial neutralization reactor. 

Reactor conditions: pH = 5.5-5.8, temperature=70°C, residence time = (a) 15min, (b) 30min, (c) 
SOmin, with metal sulpbates in the acid feed. 



E. 1.4 Effect of Surfactants at 1 OOppm 

O 
0.0 

Particle Diameter (pm.) 

Figure ES: PSD ofgypsum particles grown in  the calcium carbonate partial neutralization reactor. 

Reactor conditions: p H  = 5.8-6.1, temperature=70°C, residence time = 30min, with (a) no surfactant, 
(b) Dowfax 2A1, (c) Dowfax 3B2, (d) Aerosol OS, with no metal sulphates in the acid feed. 

Particle Diameter (pm.) 

Figure E9: PSD of gypsum particles grown in the calcium carbonate partial neutralization reactor. 

Reactor conditions: p H  = 5.4-5.5, temperature=70°C, residence time = 30min, with (a) no surfactant, 
(b) Dowfax 2A1, (c) Dowfax 382, (d) Aerosol OS, with metal sulphates in the acid feed. 



E. 1.5 Effect of Seeding 

Figure El0  shows the particle size distribution for the calcium carbonate that was 

used in these experiments, as well as the seed-containing calcium carbonate distributions. 

Particle Diameter (Pm.) 

Figure E10: PSD of(a) calcium carbonate, (b) calcium carbonate + Sg/L gypsum seed, (c) calcium 
carbonate + 10g/L gypsum seed, uscd in partial neutralization "Effect o f  Seeding" experiments. 



Figure E l l :  PSD of gypsum particles grown in the calcium carbonate partial neutralization reactor. 

Reactor conditions: pH = 6.2-6.4, temperature=70°C, residence time = 30min, with (a) no seed, (b) 
5g/L gypsum seed in CaC03, (c) lOg/L gypsum seed in CaC03, with no metal sulphates in the acid 

feed. 

Particle Diameter (pm .) 

Figure E12: PSD of gypsum particles grown in the calcium carbonate partial neutralization reactor. 

Reactor conditions: pH = 5.8,6.0, temperature=70°C, residence time = 30min, with (a) no seed, (b) 
lOg/L gypsum seed in CaC03, with metal sulphates in the acid feed. 



E.2 Calcium Oxide Total Neutralization Reactor 

Figure E l 3  shows the particle size distribution for the calcium oxide that was 

used in these experiments. 

Particle Diameter (pm.) 

Figure E13: PSD o f  calcium oxide used in total neutralization 



E.2.1 Effect of pH 

Figure EI4: PSD of gypsum particles grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH  = (a) 2.3, (b) 11.0, (c) 11.5, temperature=40°C, residence time = 30min, with 
no magnesium sulphate in the acid feed. 

Particle Diameter (pm.) 

Figure ElS: PSD of gypsum particlcs grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH  = (a) 2.5, (b) 9.4, (c) 9.6, temperature==40°C, residence time = 30min, with 
magnesium sulphate in the acid feed. 



E.2.2 Effect of Temperature 
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Figure E16: PSD ofgypsum particles grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH = 10.4-1 1 .O, temperature = (a) 24OC, (b) 40°C, (c) 60°C, residence time = 
30min, with no magnesium sulphate in the acid feed. 
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Figure E17: PSD of gypsum particles grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH = 9.3-10.0, temperature = (a) 24OC, (b) 40°C, (c) 60°C, residence time = 
30min, with magnesium sulphate in the acid feed. 



E.2.3 Effect of Residence Time 
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Figure E18: PSD o f  gypsum partictes grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH = 11.0-1 1.4, temperature=40°C, residence time = (a) ISmin, (b) 30min, (c) 
SOmin, with no magnesium sulphate in the acid feed. 

Figure E19: PSD of gypsum particles grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH = 9.4-9.6, temperature=40°C, residence time = (a) 15min, (b) 30min, (c) 
SOmin, with magnesium sulphate in the acid feed. 



E.2.4 Effect of Surfactants 
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Figure E20: PSD of gypsum particles grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH = 1 1 .O-1 1.2, temperature=40°C, residence time = 30min, with (a) no 
surfactant, (b) IOOppm Dowfax 2A 1, with no magnesium sulphate in the acid feed. 
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Figure E21: PSD of gypsum particles grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH = 9.3-9.4, temperature=40°C, residence time = 30min, with (a) no surfactant, 
(b) Dowfax 2A1, with magnesium sulphate in the acid feed. 



E.2.5 Effect of Seeding 
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Figure E22: PSD of gypsum particles grown in the calcium oxide total neutralization reactor. 

Reactor conditions: pH = 11.0,8.0, temperature=40°C, residence tirne = 30min, with (a) no seed, (b) 
IOgL gypsum seed in Cao, with magnesium sulphate in the acid feed. 


