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NOMENCLATURE

a Activity

A, B, o Coefficients in Equation E.©6

B® Nucleation rate, number/ml/minute
co, Carbonate alkalinity, mg/1l

d Derivative operator

DP Particle diameter, cm

DT Total deposition of run, g

g Gravitational acceleration, 32.2 ft/sec2
G Growth rate, microns/min

HCO Bicarbonate.alkalinity, mg/1

i Kinetic order

I Ionic strength, moles/liter

kG Rate constant in Equation E30

k. ,k kN Coefficients in Equations E27, E28, E29

K Equilibrium constant

K' Corrected equilibrium constant

KSp Solubility product

L Crystal length, microns

LD Dominant size, microns

m Molality, kg solute/l suspension

M Suspension density, g/1

n Population density, numbers/ml/micron

n Nuclei density, numbers/ml/micron
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Cumulative number distribution
Hydroxyl alkalinity, mg/1

p operates on A and is equal to -log A
Phenolphthalein alkalinity, mg/1

Flow rate, ml/min

Seed crystal surface area, cm2

Time, min

Total time of run, min

Temperature, oK, in Equation (E 5) only
Total alkalinify, mg/1

Total volume of run

Valence of jth ion

Concentration, moles/liter

Activity coefficient

Viscosity, g/cm sec

Micron

Density, g/ml

Particle density, g/ml

Residence time, minutes
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ABSTRACT

Although the lime-soda ash water softening process has been
in use for over a hundred years, the precipitation kinetics of the
softening feactions are not well understood. The kinetics of cal-
cium carbonate precipitation have been studied in a continuous
reactor operated under MSMPR conditions, first developed by Randolph
and Larson for more concentrated crystallization systems. Reactor
residence times, initial hardness.levels, and effluent alkalinity
distributions were varied to determine these kinetics. A Coulter
Counter Model TA II was used to measure the crystal size distribu-
tion.

The kinetic data were fit with power-law models, indicating
nucleation is a nonlinear function of crystal growth. Specifically,

these models are:

B® = 1600 G6>°0 at T/P = 2.0, 225 ppm initial hardness

B® = 800 G- at T/P = 2.25, 225 ppm initial hardness

o 5 5.2 .

B = 1.1 x 10 G at T/P = 1.4, 225 ppm initial hardness
o) 6 5.8 . els

B = 7.3x 10 G at T/P = 1.6, 350 ppm initial hardness

Residual hardness levels were lowest for the 350 ppm initial hard-
ness runs. Crystal habit varies with effluent supersaturation,
with aragonite crystals found at higher effluent supersaturations

and calcite crystals formed at lower effluent supersaturations.



INTRODUCTION

The lime-soda ash water softening process has been used to
remove hardpess causing calcium and magnesium ions from municipal
and industrial water supplies for over A hundred years (20, 38).
Hard water is not considered detrimental to health, but calcium
and magnesium ions increase soap consumption by forming insoluble
precipitates with the soap. Hard water also often has unpleasant
tastes and odors. Calcium caibonafe and magnesium-silicate scales
deposit in industrial heat exchangers, lowering heat transfer coef-
ficients, while calcium carbonate scale forms in municipal pipes
and consumer bath tubs and water heaters.

In the past, the reactions in the lime-soda ash water softening
process have been assumed to equilibrate in the reactor. However,
these equilibrium reactions do not describe the precipitation
kinetics of the reactions in continuous processes. These kinetics
are not well understood. Presently, softening plant design methods
use empirically set amounts of excess lime treatment. A clear under-
standing of the precipitation kinetics would allow optimum plant
design to provide adequate softening yet relatively large particles
to facilitate solid-fluid separation. The determination of the
nucleation and growth kinetics to obtain more reliable design in-
formation is the primary goal of this research. Specifically, the
kinetics of calcium carbonate precipitation have been studied.

Crystallization is one of the oldest unit operations, but



knowledge concerning crystallization kinetics has been obtained
only in the last 20 years. Randolph and Larson (33) applied the
population balance to model various modes of crystallizer operation
assuming the crystal size distribution (CSD) is known. Several
authors (1, 8, 19, 22, 31, 37, 39) ﬁave employed the Randolph-
Larson model to crystallization systems with high solute concentra-
tions. |

Schierholz (37) studied the kinetics of calcium carbonate
precipitatioﬁ from reaction of calcium sulfate and sodium carbonate
and found the Randolph-Larson model can also be applied to dilute
systems. In the present study, calcium carbonate was precipitated
from calcium bicarbonate reaction with lime. During the course of
his expériments, Schierholz scraped his reactor to prevent crystal
buildup on reactoxr surfaces. This scraping may have violated a
number of the Randolph-Larson model assumptions. The objective
of this project is to determiné precipitation kinetics without
reactor scraping and with calcium bicarbonate as the hardneés-
imparting compound.

Reactor effluent alkalinit& distributions, initial calcium
bicarbonate levels, and reactor residence time were varied to
determine the precipitation kinetics. All experiments were per-
formed in a continuous, well-mixed reactor operated under Randolph-
Larson model conditions. A Coulter Counter Model TA II was utilized
to measure the crystal size distribution in the experiments.

The kinetic data obtained in this study fit the Randolph-Larson



model well for each set of reactor conditions, but the kinetic
order of nucleation varies as reactor conditions changed. Residual
hardness levels were lowest in runs where the initial hardness
levels were the highest. Crystal habit varies with effluent super-
saturation. Dendritic aragonite crystals form when effluent super-
saturations are high, and rhombic calcite crystals are produced at

lower effluent supersaturations.



LITERATURE REVIEW AND BACKGROUND

Thé literature review for this research must cover a variety
of topics. These topics include municipal lime-soda ash water
softening processes, water chemistry, reactions and equilibria,
and reactor pH and alkalinity effects in the softening process.

The population model is employed to develop kinetic models which
yield fundamental equations needed for crystallizer design. Several
previous studies provide useful information concerning calcium car-

bonate crystallization kinetics.

Lime-soda Ash Water Softening Reactions

Municipalities have used lime and soda ash to soften water
before distribution to their customers for over a hundred years
(20, 38). . Hard water is defined as containing objectionable amounts
of dissolved calcium and/or magnesium salts. These salts are re-
moved in the softening process so that only 80-120 mg/l (as CaCO3)
hardness remains.

There are two types of water hardness, carbonate and noncar-
bonate. Carbonate hardness consists of calcium and magnesium bi-

carbonates [ Ca(HOO and Mg(HC03)2] and is also known as temporary

3)2
hardness because, as water containing carbonate hardness is boiled,
C02 gas is expelled, and less soluble carbonates are formed. Non-
carbonate hardness includes sulfates and chlorides of calcium and

magnesium (Ca504, CaClz, MgSO,, MgClz) and is impervious to boiling.

For this reason, noncarbonate hardness is also called permanent



hardness.

Municipally, bicarbonates are not removed by boiling, but by

adding calcium hydroxide (lime) to the hard water in a stirred

tank reactor.
and magnesium hydroxide:

Ca(HOO,) ,

Mg(HCO,) , + Ca(OH)z'Z MgCO

2

->
+ Ca(OH), ¢ 2CaC0,

3

J+ 2H20

¥
+ CaCO3 + 2H20

5 .
MgCO, + Ca(OH)2 e-CaCQ3 y + Mg(OH)2 J

The lime forms precipitates of calcium carbonate

(R1)
(R2)

(R3)

Lime and sodium carbonate (soda ash) are both needed to chemically

precipitate honcaxbonate hardness. Again, calcium carbonate and

magnesium hydroxide are formed:

-5
MgCl2 + Ca(OH)2 4 Mg(OH)2 J

CaCl2

->
CaSO4 + Na2C03 « Ca.CO3

o
MgSO, + Na, 00 + Ca(OH)2 < Mg(OH), v+ CaCo, ! + Na

In addition, there are numerous side reactions and equilibria:

co

->
5 + Ca(OH), © Ca0, 4 +H

-
Ca(HOD,), € CaCO, ¢ + CO,

H,C0 4

2 ut + HoOT
3
- - -
HOOZ < H' + 00y

H,0 24"+ ou”

+ CaCl2

-
+ Na2003 « Ca.CO3 J + 2NaCl

J + Na2504

2

2O

+ HO

2

SO

4

(Ra)
(RS)
(R6)

(R7)

(R8)
(R9)
(R10)
(R11)

(R12)



Workers in the water softening industry generally express
hardness and alkalinity concentrations in terms of milligrams per
liter (mg/l) or parts per million (ppm) as calcium carbonate.
Water with a given ppm hardness has the same number of calcium
and magnesium equivalents as water containing the same ppm cal-
cium carbonate. Other ions are expressed as Ca.CO3 by multiplying
the number of equivalents of these ions by a conversion factor.
Since calcium carbonate is a bivalent compound with a molecular
weight of 100, this conversion factor is 50,000 mg CaC03 pexr

equivalent.

Municipal Water Softening Processes

The lime-soda ash water softening process has undergone several
refinements in the last several years. These include excess lime
treatment, split treatment, and sludge recycle.

The equilibrium relations show that stoiciometric amounts of
lime are sufficient to soften calcium bicarbonate, but excess lime
is needed to remove magnesium bicarbonate. Figure 1 depicts a typi-
cal two-stage excess lime softening plant. Raw water is aerated to
remove dissolved gases and to convert soluble ferrous iron ions to
insoluble ferric ions. The water is mixed with excess lime in the
first of a series of three tanks. Most carbonate hardness is pre-
cipitated in this reactor. The second tank, needed for flocculation
and agglomeration of the precipitates, is slowly mixed. The third

tank is quiescent and is used to allow the solids to settle out of
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the treated water. From this tank series, the water is recarbonated
to lower the pH and sent to the first of another set of three tanks.
Soda ash treatment takes place in this tank series. After this
second tank battery the water is again stabilized by recarbonation,
filtered to remove unsettled particles, and distributed to customers.
Split treatment is employed by many municipal softening plants.
In this scheme, most of the raw water is treated with excess lime.
The untreated fraction of the water neutralizes this excess lime
in a subsequent step. The Ames softening plant uses this method,
as shéwn in Figure 2. After the initial aeration step, 20-25 per-
cent of the raw water is split from the water and sent diréctly
to the second reactor. Excess lime is rapidly mixed with the rest
of the raw water in the first reactor for a few minutes. This
water is then mixed with the untreated water, recycled sludge (a
combination of previously precipitated calcium carbonate and mag-
nesium hydroxide), and, occasionally, soda ash in the second reactor.
This reactor is slowly mixed for 20-30 minutes. The high cost of
soda ash and the relatively low noncarbonate hardness levels in
Ames groundwater necessitate the infrequent use of soda ash
(Harris Seidel, Ames, Iowa Water Treatment Plant, 1978, private
communication). The treated water is stored in a quiet settling
tank for two to three hours to allow solids to settle out of the
suspension. Polyphosphates are added before filtration to prevent
calcium carbonate and iron precipitation on the sand filters.

Less recarbonation is required for split treatment than for excess
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lime treatment due to dissolved carbon dioxide and bicarbonates
(12). After filtration, the water is distributed to Ames customers.

The heart of the water softening process, the reaction of raw

water with lime and soda ash, is essentially a reactive crystallization
process. Sawyer andMcCarty (36) noted the minimum residual calcium
carbonate and magnesium hydroxide levels in the softening process
are 17 mg/l and 9 mg/1, respectively. Larson, Lane, and Neff (24)
reported these conditions are rarely reached during the softening
reactions. Behrman and Green (4) noted that, in actual practice,
residual hardness levels of 50-60 mg/l are obtained, roughly 2-3
times the minimum levels. A number of authors (4, 36) believed
that this increase is due to a supersaturated solution of calcium
carbonate and magnesium hydroxide formed during softening which
hinders the precipitation. Larson, Sollo, and McGurk (25)
theorized that this supersaturation is due to the formation of
stable, soluble complexes. These proposed Complexes are comprised
of calcium; magnesium, and sodium cations with sulfate, carbonate,
bicarbonate, and hydroxide anions. The most important complexes

are CaCo MgC0,, and Caso, (25). Larson et al. (25) defined dis-

3’

sociation constants for several complexes and determined their
values at 5, 15 and 25°C. For example, the dissociation constant

for calcium carbonate,

Kacaco, = %ca*t 2c0. =

(B1)
3 3 / aCaoo3
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was found to equal 5.98 x 10-4 at 25°C. As expected from Equation
(E1) the complexes of CaCOB, CaSO4, and MgCO3 had the smallest
values, corresponding to the largest complex activities at given
ionic activities.

Mullin (27) proposed a general crystallization theory con-
sistent with these observations. Figure 3 shows three distinct
zones in‘the solubility-temperature curve for a typical compound:

a labile region where spontaneous nuqleation takes place; an un-
saturated region where nucleation cannot occur; and a metastable
region where spontaneous_nucleation is rare but addition of crystal
seeds generated much nucleation. This metastable region corresponds
to the stable supersaturated region proposed fo; the softening reac-
tions.

In many softening plants, a portion of the precipitated sludge
from the settling tank is pumped back into the reactor. This sludge
enhances the reaction in terms of completeness and speed (4). This
seeding increases the surface area available in the reactor to re-
lieve ‘supersaturation. The addition of sludge recycle at the Ames
treatment plant enabled doubling the plant capacity at a cost of
one-fifth that of other methods of doubling capacity (6).

The treated water leaving the settling tanks is quite basic.

If left in this state, the water will deposit calcium carbonate
scale on the sand filters and in the distribution lines. While a
small amount of scale is beneficial to protect distribution lines,

the lines will eventually become plugged unless the pH is lowered.



SOLUBILITY

12

e

LABILE
REGION

~
~
-~

/
~
-
/

METASTABLE
REGION

UNSATURATED
REGION

Fig. 3.

TEMPERATURE

Region of stable supersaturation




13

One way to accomplish this is by recarbonation:

Ca(OH), + CO, ?-Caco3 Y+ HO (R13)

Langelier (21) developed a Saturation Index to quantify this scaling

tendency:

S.I. = Saturation Index = pH - pH (E2)

actual saturation

where pH is a function of equilibrium constants, calcium

saturation
concentration, and alkalinity. A positive Saturation Index indi-
cates scale deposition, a negative S.I. predicts scale dissolution,
and a Saturation Index of zero means that the water is in equilibrium
with the scale. However, Feitler (15) noted a pH of 0.6-1;0 units
above the calculated saturation pH is necessary for a stable water.

Ryznar (35) developed a similar index to predict scale forma-

tion, the Stability Index:

Stability Index = 2pH - pH (E3)

saturation
A Stability Index of six or less indicates scale forming, while

values of seven or more predict scale dissolution.

Solubility and Dissociation

Several factors combine to complicate the precipitation of
calcium carbonate. The solubility product, which defines the
theoretical minimum calcium carbonate level in equilibrium with
Precipitated calcium carbonate, is dependent on water temperature
and ionic strength. Since calcium carbonate is the salt of a weak

acid, the carbonate ions equilibrate with the acid and the
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intermediate bicarbonate ions, thus reducing the total number of
carbonate ions available for precipitation. The dissociation of
calcium carbonate and the ionization of water are coupled with this

equilibrium, also influencing precipitation.

Calcium carbonate solubility

The theoretical solubility of calcium carbonate at a given
temperature and ionic strength is found by first determining the
solubility product, Ksp’ at a given temperature and then adjusting
the Ksp to account for the ionic strength of the solution.

Calcium carbonate dissolution is given by the equilibrium

relation:
: - ++ =
CaC0,(s) € Ca’ (1) + CO; (1) (R14)

The solubility product is represented by:

++ - - 'yl
Kp = 2ca** ap = = [ca™][co "] YCa'f+Yco3‘ =K, Vi (E4)

1
where: Ksp is the solubility product; Ksp is the corrected solu-

bility product, [Ca++][C0 1; and Yf is the product of the calcium

3
and carbonate activity coefficients.

At 25°C, KSp for calcium carbonate ranges from (4 to 5) x 1077
(23, 25, 42). Calcium carbonate is somewhat unusual among acid
salts in thét its solubility decreases as temperature increases.
Several sources (14, 23, 32) present Ksp values as a function of

temperature. Schierholz (37) developed the following equation to

describe these data:
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log Ksp = -8.021586 + 488.89891/T - 0.00655641T (E5)

where T is in Kelvin degrees.

The dependence of the solubility product on ionic strength is
described in many physical chemistry books, including Adamson (2).
In systems where very small concentrations of calcium and carbonate
ions are preéent, the activity coefficient Y+ approaches unity. As
the ionic céncentrations increase, however, interionic interactions
become important. The activity coefficients decrease, and the cor-
rected solubility must increase to retain the equality in Equation
(E4). In water softening, the ionic concentrations are sufficiently
dilute to warrant use of Debye-Huckel theory to predict activity
coefficients for the various ions.

2
-A25 /T
log Y. = = (E6)

J  1+aB/T
where: Zj = valence of ion jJ
I = ionic strength
A, B, o = coefficients

Garrels and Christ (16) give values for these constants which show
A and B are slightly dependent on temperature, while & is a function
.of ionic strength. Larson and Buswell (23) fit experimental

solubility-ionic strength data with this equation:

]

PK ., = PKg

P_4/’1"/(1+3.9/’I_) (E7)
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This equation is derived by combining Equations (E4) and (E5).
The ionic strength of a solution can be determined a number of
ways. One (2) is given by:.

I=%3% m, .2 (E8)
5 J 3

where mj is the molality of the ion j. In this work, ions in solu-
. . - = - - ++ + + ;
tion include OH , C03 ’ HCO3 B Cl ,Ca , Na, and H . Langelier

(21) presented a simpler expression,
I = 0.000025 x (total mineral content) (E8a)

which is valid for mineral content less than 500 ppm. The total
mineral content is found by evaporating a weighed sample of water,
weighing the remaining solids and dividing this weight by the
original sample weight. The ionic strength can also be determined
from conductivity measurements. The conductivity meter must be
calibrated with solutions of known molalities to determine the
ionic strength at a particulaf conductivity.

These equations can be used to determine calcium carbonate

solubility when the temperature and ionic strength are known.

Dissociation of carbonic acid and water

The dissociation of water and carbonic acid are treated in
much the same way as for calcium carbonate. Corrected dissociation
constants are defined in terms of concentration and ionic strengths
(12, 23).

The dissociation of carbonic acid is described by the following



17

equilibria:
>+
R1
H,00, € H + HOO, (R10)
HoO,” @ H' + @0, (R11)

At the basic conditions encountered in water softening, the first

reaction goes to completion. The second dissociation constant,

K is defined by

23

1 = - . . .
where K, = [:CO3 1(a"] / [HCO3 J. similarly, dissociation constant
for water is '

t

Ky = Ky You™ Vit / Yer o (E10)

where K‘:] = [H+][OH—] / [HZO].

Harned and Owen (17) and Harned and Scholes (18) listed Kw and
K2 as functions of temperature. Larson and Buswell (23) defined the fol-

lowing corrected dissociation constants as functions of ionic strength:

1
PK

PK_ -VI /(1L + 1.4/1) (E11)

]

PK,,

PK, - 2/T / (1 + 1.4/T) (E12)
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Alkalinity

The alkalinity of a natural water is defined as its ability
to neutralize acids. For many years, the primary parameter in
waterxr soffening plant operation was the pH level in the reactor,
with little consideration given to alkalinity. This has changed
in the last several years (37), because the alkalinity distribution
influences both calcium carbonate solubility and precipitation
kinetics (31, 37).

Alkalinity is imparted to a water by the carbonate, bicarbonate,
and hydroxyl ions. Borates, silicates, and phosphates, if present,
also contribute to the alkalinity (36), but usually only anvinsig-
nificant amount. Alkalinity is measured by titration of a known
volume with a strong mineral acid of known normality to two indica-
tor endpoints. The first indicator, phenolphthalein, turns color-
less at pH = 8.3, the bicarbonate equivalence pH. This represents
the phenophthalein alkalinity. The second indicator changes color
at a pH of 4.5~5.0, the carbonic aeid equivalence point, denoting
the total alkalinity.

The total alkalinity, T, is defined as the total concentration
of all cations in solution associeted with the hydroxyl, carbonate,
and bicarbonate ions except the hydrogen ion. 1In terms of mg/l as

calcium carbonate, T is expressed in equation form as

H+T=CO3+HOO3+0H (E13)

where O, represents the carbonate alkalinity, etc. In
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terms of concentrations, this equation is

[H*] + 1/50,000 = [HoOZ] + 2[c0Z] + [oH7] (E14)

50,000 is the conversion factor from mg/l as CaC0O, to equivalents/
liter, and there are two equivalents per mole of carbonate ion.
For systems with pH greatér than 9;5, the hydrogen alkalinity and
concentration can be ignored (36);

The phenolphthalein alkalinity, P, represents the amount of
acid needed to neutralize essentially all the hydroxyl ions and
convext the carbonate ions to bicarbonate ions. In equation form

this becomes

P = C0,/2 + OH o (E15)
in mg/1 as CaCO, units and
P/50,000 = [c0_] + [oH7] (E16)

in terms of concentrations.

A number of ways exist tovcalcuiate carbonate, bicarbonate,
aﬁd hydroxyl alkalinities in a wafer of known total>and phenol-
phthalein alkalinities. Standard Methods (40) presented relation-
ships between the three anionic concentrations as a function of the
ratio of phenolphthalein alkalinity to total alkalinity. These
values are qualitative at best because the relationships assume.
neither -carbon dioxide and carbonate nor‘ hydroxyl and bicarbonate can
coexist in a water. A numbér of authors (5, 36) presentedplots which

indicate this aséumption is inaccurate. Sawyer and McCarty (36)
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noted Equations (E14) and (E16) can be easily solved for carbonate
and bicarbonate concentrations, given the total and phenolphthalein
alkalinities and the pH of the water.

A substantially more complicated method to determine carbonate
and bicarbonate alkalinities utilizes equilibrium relationships
discussed in the previous section (5, 12, 37). Equations (E1l4)

and (E16) are combined to obtain

-1 = /50,000 + [H'] - Ky/(H']

[HOO - _
3 1+ 2K, / (™) (E17)

1/50,000 + [H'] - Ky / [H']
2(1 + [H7)/ 2K2')

[co,7] (E18)

Providing all equilibria have been reached, the proper constants

1 1
for K, and Kw can be incorporated into Equations (E17) and (E18)

2
to calculate the bicarbonate and carbonate concentrations if the
water pH, temperature, and ionic strength are known. Since these
calculations are quite involved, the method using Equations (E14)
and (E16) with a knowledge of water pH, total and phenolphthalein

alkalinities to calculate carbonate and bicarbonate concentrations

is easier to implement.
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The Population Balance

For many processes analyzed by chemical engineers, heat and
mass balances, along with rate equations, can be judiciously ap-
plied to quantify the system. In the lime-soda ash water softening
process where solid particles nucleate and grow, however, these
balances tell us the mass of crystals produced but not the size
and number of crystals. Randolph and Larson (33) developed a
population balance to describe the crystal size distribution
(CSD) of particulate systems.

The population balance contends the number of discrete par-
ticles must be conserved in a dispersed system. All particlés can
be accqunted for by crystal birth and death rates, flow rates, and
a knowledge of the CSD at any particular moment in the crystalliz-
ing vessel. The performance of many industrigl crystallizers, in-
cluding the reactors used in unseeded water softening processes,
can be represented by the continuous mixed-suspension, mixed-product-
removal (MSMPR) crystallizer model. The MSMPR model can be altered
to describe variations in MSMPR operation such as seeded water soft-
ening reactors. Randolph and Larson (33) presented detailed
derivations of the MSMPR model and variations.

An important quantity in the population balance is the
Population density, defined as the number of particles per unit

volume per particle size range, or, in differential form:

_ 1lim An _ dN

n-= AL= 0O ZE =3 (519)
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where n = population density

N numbers/unit volume

L

length

The population density n depends on the crystal size at which the

interval AL was taken.

Mixed-suspension, mixed-product-removal (MSMPR) model

The continuous mixed-suspension, mixed-product-removal (MSMPR)
has been applied to various crystallization systems by several
authors (8, 19, 31, 37, 39, 41). The MSMPR model utilizes several
assumptions which greatly simplify the mathematical analysis while
adequately describing crystallizer operation. These assumptions
are:

(1) Crystallizer is well mixed

(2) Crystallizer operates under steady-state conditions

(3) No crystals in feed streams

(4) Negligible crystal breakage and attrition

(5) Unclassified product removal from crystallizexr

(6) Crystal growth is not a function of length

Figure 4 depicts a constant volume, continuous MSMPR crystal-
lizer. The above assumptions are incorporated into a population

balance around a size range AL and a time period At to obtain
n = n®exp(-L/GT) (E20)

where: n° = nuclei density, numbers/ Jm ml
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Q, CO’ n, MT :

Figure 4. Schematic diagram for crystallizer
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G

growth rate, WU m/min

T mean residence time, min

Substituting this expression for the population density into the
integral form of Equation (E19) and integrating from size L to &

yields\(9):
N(L,®) = n°GT exp(-L/GT) (E21)

Therefore, a plot of InN versus L has a slope -1/GT and an inter-
o :
cept of n GT.
The nucleation rate Bo, the rate of formation of stable nuclei,

can be represented as the product of two differentials:
o —
B = (dN/dt)L_,O = (dN/dL)L_)O (dL/dt) (E22)

The second differential represents the growth rate G. From Equa-
tion (E19), the first differential is the definition of the nuclei

density. So,

B” = n"G (E23)
Hence, solution of Equation (E21) yields both the nucleation and
growth rates in the MSMPR crystallizer.

The population density equation for the MSMPR model, Equation
(E19), can be combined with the integral form of the definition of
Population density to obtain

L
N =f n®exp(-L/ GT)dL (E24)
0
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This equation, which gives the total number of crystals up to size
L, is called the zeroth moment of the number distribution. The
integrénd is multiplied by Lm,’where m equals one, two, or three,
to obtain the first, second, and third moments, respectively. The
total mass.of the crystals equals the third moment multiplied by

a volume shape factor, kv’ and the crystal density, p:

L
M. = k_p f n°L3exp(-L/ G T)dL (E25)
v o ‘

As L becomes large, this integrates to

_ o 4
MT- 6p kvn (GT) | (E26)

Nucleation is a complex process‘involving the coming togefher
of a critical number of molecules which pass over an energy barrier
to form a stable nucieus. Several theoretical nucleation models
have been proposed (27), but none have proven satisfactory for all
crYstallization systems. Randolph and Larson (33) have reported
considerable success in several systems with an empirical power-law
model

o i_ i
k1 (c-cs) = k1 s v (E27)

B

where: s = supersaturation
k1 = kinetic constant

i = kinetic order of nucleation

The growth rate is generally considered a linear function of

Supersaturation,
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G = ks (E28)

where k2 is another constant. These expressions can be combined to
eliminate the supersaturation s yielding

B = 6 (E29)
The parameters i and k are found by performing a set of experiments
in which residence time is changed to vary the supersaturation and
pPlotting 1n B® vs ln G for these experiments. Since the total
mass of crystals must be conserved, Equation (E26) tells us that,
as the residence time decreases, the growth rate (and the super-

saturation) must increase.

Calcium Carbonate Crystallization Kinetic Studies

For many years, research in the water softening field stressed
the equilibrium relationships involved. In the last ten years,
however, several studies have been reported which deal with the
kinetics of the softening reactions. These studies have been con-
ducted in both batch and continuous systems.

The batch system studies have emphasized the change in calcium
concentration with respect to time, oxr d[Ca++]/<ﬁL Reddy and Nancol-
las (28, 34) initiated nucleation by adding calcite seed crystals to
supersaturated calcium carbonate solutions with 14-44 ppm (as Ca003)
initial calcium and 18-38 ppm (as CaOO3) initial carbonate concen-

trations. The calcium and carbonate concentrations were observed

to fit the following equation:
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dlca™1/at = -k s, ([ca™1[co]] - Ko/ v:2) (E30)

where kG is a rate constant and Sa is the seed crystal surface area.
They also found the calcite crystal growth was a linear function of
the weight of seed crystal used. .Wiechers, et al. (43) also used
calcite seed crystals, but with initial calcium concentrations of
70-~300 ppm as CaC03. Measuring only pH as a function of time and
calculating calcium and carbonate assuming equilibria had been
achieved, they verified Equation (E30). Alexander and McClanahan
(3) initiated nucleation by mixing solutions of calcium ions and
bicarbonate ions as opposed to seeding. They determined apparent
equilibria had been reached after 25 minutes. The equilibria were
dependent on initial pH values, but independent of initial calcium

+ . e as
concentration (3). [Caf+] /Lca +] vs. time plots indicated

initial
first order precipitation kinetics with respect to calcium ion
concentration.

Since the lime-soda water softening reactors operate con-
tinuously, the above batch studies are not representative of this
"pProcess. For example, Wiechers et al. (43) noted markedly different
rate vs. pH data for Ca.CO3 seed.crystals manufactured by different
companies, indicating that recycled sludge from a softening plant
should be used as seed crystals for accurate batch data. To pre-
vent this complicafion, kinetic studies in continuous crystallizers

have been performed. These studies require population balance

data as well as concentration vs. time data. Maruscak et al. (26)
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used the Randolph-Larson MSMPR model to model growth kinetics.
However, their reactant concentrations were sufficiently high to
induce agglomeration, which prevented the use of a linear growth
model.

Schierholz (37) was the first to perform a continuous calcium
carbonate reactor study using initial hardness levels similar to
those found in actual practice. He studied the removal of non-

carbonate hardness:

->
& 6
CaSO4 + Na2003 CaOO3 I + Na2804 (R6)

Using an initial feed tank hardness of 442 ppm as CaCO,, he used

3’
reactor residence times of 10, 20, and 30 minutes for three alka-
linity distributions. The growth-nucleation data obtained fit the

power law kinetic model as follows:

B® = 57,000 G~

© = 28,000 G-’

w
i}

B® = 37,000 G "

at T/P alkalinity ratios of 3.3, 4.3, and 2.1, respectively.
Softening efficiencies ranged between 87 and 94%.

Schierholz verified the feasibility of applying Randolph-
Larson MSMPR model to low suspension density systems, but his
experimental procedure did not closely approximate actual practice
in two ways. First, the reaction system is not representative of

actual systems because lime is not used as a softening agent.
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Hence, his initial calcium levels are low because lime adds calcium
hardness to the water. Secondly, he minimized calcium carbonate
wall scale during the reaction by scraping the walls to return the
scale to the suspension. This scraping violated the MSMPR assump-
tion of no crystals ih the feed streams, as the scraped scale added
many sites for crystal nucleation. In addition, the scraping caused
crystal breakage, thus violating another MSMPR assumption. A better
experimental technique would be to allow the wall scale to build up
throughout the experiment. This would prevent a true steady state
from being reached; however, the total wall accumulation could be
easily determined at the end of the experiment.

Peters (31) studied calcium carbonate and magnesium hydroxide
coprecipitation in a continuous reactor without wall scraping. He
reacted calcium bicarbonate and magnesium sulfate with sodium
hydroxide to form calcium carbonate and magnesium hydroxide. Like
Schierholz, Peters varied reactor residence time and alkalinity
distribution to obtain

o 3.2

B 75,600 G™°

o

B 4

31,200 G>*

at T/P = 1.75 and 2.0, respectively. Calcium softening efficiencies
ranged from 76 to 91%.
Although two components were precipitated, Peters treated the

system as a pseudo-one component system. Since the magnesium
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hydroxide crystals were smallexr than the calcium carbonate crystals,
the MSMPR model indicates this combination of the components yielded
a smaller calculated growth rate and larger nucleation rate than if
the magnesium were not present.

Dabir (8) performed a study similar to those of Schierholz
and Peters except he studied the reaction of magnesium chloride
and sodium hydroxide to form magnesium hydroxide. He varied resi-
dence time at conditions of 20% excess, stoiciometric, and 20%
deficient NaOH. The nucleation-growth equations found were:

o 7

1.7 x 107 G2'

w
]

= 3.6 x 10% gI*°

w
!

o) 3 1.0

B 1.4 x 107 G°

at 20% excess, stoiciometric, and 20% deficient NaOH, respectively.
This research is significant because a linear relationship was
found between the kinetic order i and the hydroxide concentration

in the reactor (41).
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THE OBJECTIVE

The objective of this research is determining the kinetics of
calcium carbonate precipitation in A continuous lime water softening
reactor.

In many chemically reacting systems, rate equations, heat and
mass balances can quantitatively describe the system. In the
water softening process, however, a population balance is needed
to describe the nucleation and growth‘of crystals formed during the
reaction. The population balance is simplified through several
assumptions to form the mixed-suspension, mixed-product-removal
(MSMPR) crystallizer model. Since unseeded municipal softening
reactors approximate MSMPR operation, an MSMPR crystallizer was
used in this study.

Water softening is different from most crystallization proc-
esses in two major aspects. First, the suspension densities in-
volvéd are much less than in most industrial crystallization proc-
esses. Crystals in more concentrated systems usually grow large
enough to perform sieve analyses to determine the crystal size
distribution (CSD). For the more dilute water softening process,
however, the crystals are too small for sieves, and another sizing
device is necessary. The Coulter Counter Model TAII was used to
determine the CSD in this study. Secondly, the mother liquor in
most crystallizations is a byproduct, whereas in water treatment

the mother liquor (water) is the desired product and the crystals
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are byproducts. Therefore, this study requires careful under-
standing and monitoring of the water chemistry as well as the
crystallization kinetics of the process.

Schierholz (37) studied CaCO, crystallization kinetics in a

3
calcium sulfate-sodium carbonate system using continuous reactor
conditions approximatiﬁg actual practice. Several questions have
arisen since his study. First, Schierholz scraped crystal buildup
from the reactor walls, a procedure since believed to have violated
several MSMPR assumptions. He found both the kinetic order i and
the nucleation-growth equation constant kN wefe largest at stoicio-
metric chemical additions, while researchers studying similaf SYyS=-
tems (8, 31, 41) found both i and ky increased with treatment
chemical dosage when the reactor was not scraped. Dabir (8) and
Stevens et al. (41) found the kinetic order increased linearly with
hydroxyl dosage in a system utilizing sodium hydroxide to precipi-
tate magnesium hydroxide. Willi and kN also increase as lime dosage
increases in calcium carbonate precipitation when the reactor is
not scraped? If so, is the kinetic order linear with respect to
a particular ionic concentration or a product of ionic concentra-
tions? Second, since lime is used to soften water more frequently
than sodium carbonate, how does lime usage affect the kinetics?
Third, how do initial hardness level variations affect the kinetics?
These questions were addressed by studying the reaction of
calcjum bicarbonate with calcium hydroxide in a continuous reactor

under carefully controlled conditions. The reactor residence times,
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hydroxyl ion dosages, and initial hardness levels were varied to

determine the crystallization kinetics.
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EXPERIMENTAL

Experimental Equipment

Figure 5 is a flow diagram of the experimental apparatus.
Figﬁres 6 and 7 are pictures of the equipment. The equipment is
similar to that used by Peters (31) except that a time delay for
reactor withdrawal was not used, new flowmeters were installed,

and floats were used to reduce CO2 absorption in the feed tanks.

Crystallizer

The crystallizer was a 20-liter capacity plexiglass vessel.
The crystallizer and accompanying plexiglass cover are diagrémmed
in Figure 8. It was designed to minimize the wall surface area to
volume ratio as described by Peters (31). All experimental runs
were conducted with a reactor volume of 16 liters.

The crystallizer contents were stirred with a 14-inch glass
impeller with four pitched blades. The ratio of blade diameter to
reactor diameter was 0.24, and the pitch of the blades was 1.0.
Early runs indicated an agitation speed of 525 revolutions per
minute prevented particle settling in the crystallizer. A Cole-
Parmer control unit (Model 600-013, 0-1000 rpm) and driver powered

the impeller.

Coulter counter

A Coulter Counter Model TAII with population accessory was
employed to determine the crystal size distribution.

In the Coulter Counter, a vacuum system is used to draw an
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Figure 6a. Experimental equipment

Figure 6b. Experimental equipment
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electrolytic solution containing parti;les through an aperture.
One electrode is located inside the aperture tube, 'while another
is placed in the crystal solution outside the tube. When solution
is drawn through the aperture, a constant electrical current is
passed through the aperture. A particle entering the aperture
tube causes a resistance ch;nge proportional to its volume. The
counter amplifies, analyzes, and sorts these resistance changes
into 16 channels.

The Model TAII allowed sampling of a specified volume (0.5,
1.0, 2.0 ml), a specified particle count, or a specified time.
The Coulter displayed the results in terms of a differential.size
distribution or a cumulative size distribution. The population

accessory printed the results for subsequent analysis.

Feed and holding tanks

Lime and hardness feed tanks consisted of 55-gallon stainless
steel tanks, while a 30-gallon stainless steel tank was used for
the NaOH feed tank. Lightin 10X mixers were used to dissolve
feed tank chemicals. A 2l-inch impeller shaft with one blade was
used for the NaOH, while 30-inch shafts with two and three blades
were used for the lime and hard water tanks.

Stainless steel lids covered the feed tanks to prevent ex-
traneous particles from falling into the tanks. 1In addition, ply-
wood floats, drawn in Figure 9, were employed in the 55-gallon
tanks to minimize CO2 absorption by greatly decreasing tﬁe air-water

interface area available for absorption. Legs were added to the
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floats to prevent interference with the impeller blades. These
floats helped to hold both the lime and hardnéss feed concentrations
nearly constant throughout the run.

Five-gallon polyethylene tanks served as holding tanks be-
tween the feed tanks and the reactor. The lime and hardness lines
required two holding tanks each; while the NaCH line needed one

holding tank.

In-line filters

The MSMPR model assumed no crystalsAentered the crystallizer.
While all particles cannot be removed from the feed streams (27),
these particles were minimized by filtering with Pall pleated
membrane filters before storage in the holding tanks. 0.2 micron
filters (Model 3001 AR) were used to filter the hardness and NaOH
feed lines. Incomplete dissolution of Ca(OH)2 necessitated a series
of three filters of decreasing size. The first filter was 3.0
micron (Model DFA 3001 BPP), followed by 1.2 (Model DFA 3001 BN)
and 0.45 (Model DFA 3001 AX) micron filters. This staging pre-

vented lime plugging of any individual filter.

PumRs

The lime feed was pumped to the holding tanks with one side
of a BIF Proportioneers Chem-O-Feeder Chemical Pump. The hardness
feed was transported to the holding tanks with a Gorman-Rupp In-
dustries Model M14251 pump. A Marathon Electric Model 5600 pump,
Model 6QA 48C 171135B ECC was used to pump NaOH through the filter

to the holding tank.
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Cole-Parmer Masterflex variable speed drive pumps with solid-
state controllers were employed to pump from the holding tanks to
the reactor. The Masterflex pumps could be controlled much more
closely than the other pumps. The silicon tubing needed for con-
stant Masterflex flow rates would burst when connected to the in-
line filters, preventing direct Masterflex pumping from the feed
tanks. 7017 pump heads with a range of 84 to 1680 ml/min were
used for the lime and hardness streams, while the NaOH line utilized
a 7014 (7.5-150 ml/min) pump head. Model WZ1RO31l pumps were used
for lime and NaOH, while combination controller-pump Model 7565
pumped the hardness streamn. |

The other side of the BIF Proportioneers pump removed the
treated water from the reactor. This flow rate could not be varied,
so the reactor effluent line was placed at the air-water interface

in the reactor to prevent drainage below the 16-liter level.

Constant temperature baths

The constant temperature baths in the lime and hardness lines
consisted of stainless steel and copper tubing (for the feed
streams and cold water circulation, respectively) immersed in a
water-filled glass tank. Sargent Heaters and Circulators for
Thermostatic Baths heated and circulated the water, while Sargent

Thermocontrollers controlled the temperature.
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EH metexrs

A Corning Model 130 pH meter with a sensitivity of £0.001 pH
units was used for most runs. Two glass electrodes and a glass
temperature comsenator, all manufactured by Corning, were employed.

A Beckman Model 72006 pH meter was used in a few early runs.

Flowmetexrs

Flowmeters indicated flow rates of each feed stream. Gilmont
size 4 shielded flowmeters with a range 6f 10-850 ml/min revealed
the lime and hardness flow rates, while a Gilmont size 13 flowmeter

(2-300 ml1/min) was installed in the NaOH line.

Balances

A Mettler H-15 balance with sensitivity of 0.1 mg was used for
weighing the filter paper from suspension density measurements and
small chemical quantities. Larger quantities were weighed with an

Chaus triple-beam balance.

Water supply

The water used in most runs was demineralized physical plant
steam condensate. The condensate was collected in a 55-gallon
polyethylene drum. A submersible pump was used to pump the water
through Barnstead Q high capacity (Model DO503) and organic removal
(Model DO513) water purification cartridges. The condensate was
filtered with a cloth filter before entering the polyethylene drum
and again with a 0.45 micron Pall filter after demineralization. A

Barnstead Model SMO-SV still provided distilled water for early runs.
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Other equipment

Three 50 ml burettes, two magnetic stirrers, and various
pipettes were utilized in the titrations. A Hach Model 2510
Conductivity Meter measured the conductance of the filtered reactor
effluent. A Blue M Electric Company oven dried the filter paper
before suspension dénsity measurements and evaporated the HCl in

scale deposit determinations.

Experimental Conditions

Table 1 lists the experimental conditions for the various

runs.

Table 1. Approximate experimental conditions

Initial Residence
Series hardness, T/P ratio times,
ppm as CaCO, min.
I 225 2.0 20, 30, 40
1X 225 2.25 20, 30, 40
III 225 1.4 20, 30, 40

Iv 350 1.6 20, 30, 40
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The first three series were conducted at an initial hardness
of 225 ppm as CaCO3, well within the 100-700 ppm range for hard
waters (11). The initial hardness in the fourth series was in-
creased to determine how initial hardness level variations affect
the softening process.

The first series was performed at a T/P alkalinity ratio of
2.0, where carbonate alkalinity is near a maximum (37). The second
set was conducted at stoichiometric lime addition. This represents
the lower limit of municipal lime treatment. The third series was
pPerformed at a pH of 11, near the upper limit of lime treatment.
In addition to determining initial hardness level variation ef-
fects, the fourth series.indicated predicative capabilities of an
experimental correlation at an intermediate T/P ratio.

Varying the residence time provided supersaturation changes
necessary to determine the kinetic order for each series. Forty
minutes was the maximum residence time chosen due to the time in-
volved to perform the experiment. The minimum residence time was
twenty minutes for two reasons. First, the Chem-O-Feeder pump
maximum flow rate is slightly less than the‘400 ml/min lime flow
in the twenty minute runs. A shorter residence time would drain
the holding tanks before reaching steédy state reactor conditions.
Also, a shorter residence time would not allow performance of the

analyses.
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Experimental Procedure

The feed streams were prepared on the morning of the runs,
except for the 40-minute residence time runs when the lime and
hardness tanks were prepared the previous night. The hardness
feed concentrations were 0.00225 mole/liter Ca(HCO3)2 for the first

three series and 0.0035 mole/liter Ca(HCO for the fourth series.

3)2
Twelve to fifteen percent excess lime concentrations were used for
all runs except when the T/P ratio was‘2.25. Sodium hydroxide
concentrations included 0.0035 mole/liter (T/P = 2 and T/P = 2.25),
0.007 mole/liter (T/P = 1.6), and 0.025 mole/liter for the T/P = 1.4

series.

Feed tank preparation

Two hundred liter solutions were prepared for the lime and
hardness feed streams, while 40 liters of NaOH solution were made
up. These amounts provided excesses of the feed streams at the
end of the runs, which were 17-20 residence times in length.

The lime and NaOH feed streams were prepared by dissolving
reagent grade Ca(OH)2 and NaOH in distilled water (roughly two
liters for Ca(OH)z, 0.2 liters for NaOH), adding these concentrated
solutions to demineralized water in the feed tanks, and mixing for
at least 10 minutes. Duplicate 50 ml aliquots of the solutions
were titrated with 0.02 N hydrochloric acid to the phenolphthalein
éndpoint to determine the feed tank concentrations. The lime con-

centration was then adjusted, if needed, by adding Ca(OH)2 or
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distilled water. The NaOH concentration was less critical and
needed no adjustment.

The hardness feed tank preparation was more complicated.
Since calcium bicarbonate is unstable in solid form, it was formed

by the reaction
CaCl, + 2 NaHCO, € ca(HOD,), + 2 NaCl (R15)

The desired anhydrous calcium chloride dosage was added directly

to the feed tank and stirred for at least 10 minutes. Two 50 ml
aliquots were titrated with 0.007 N EDTA solution as recommended

by Diehl (11) to determine the célcium concentration. If needed,
the feed tank was adjusted with CaCl2 or distilled water and re-
titrated until the desired calcium concentration was reached. An
excess of about one gram reagent grade sodium bicarbonate was then
added to the tank to force complete conversion of CaCl2 to Ca(HCO3)2
and mixed for 10-15 minu?es.

After the solutions.we:e prepared, the floats were placed in
the 55-gallon drums to decrease (I)2 absorption and the solutions
pumped thxrough the filters to the holding tanks. The feed tank
mixers were turned off soon after the pumping began to further
lessen 0, absorption in the tanks. Filling both lime holding
tanks before starting the 20-minute residence time runs was neces-
sary due to the low capacity Chem-O-Feeder pump. For the other
runs, the holding tanks only required partial filling before start-

up. One filling of the holding tank provided enough NaOH for the
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entire run.

At least one hour before the start of the run, the filtered
lime and hardness solutions were circulated from the holding tanks
through the temperature baths and flowmeters and back to the hold-
ing tanks by Masterflex pumps. This circulation warmed up the
pumps so that they could brovide a more constant flow rate. These
pumps were prepared for circulation by coating the pump rollers
with caster oil and inserting silicon tubing between the rollers
and the pump head.

Before the start of the run, three Whatman #42 9-centimeter-
diameter filter papers were dried at 105°F for at least two hours.
These were then cooled in a desiccator before use in suspension

density measurement.

Flow rate determination

The flow rates were set so that the lime and hardness streams
each provided one-half the flow rate needed for a given residence
time. For example, the total flow rate for a 20;minute residence
time run was 16000 ml/20 min, or 800 ml/min. The lime and hard-
ness flow rates were each 400 ml/min. The NaOH flow rate, 5-30
ml/min, was added to this 800 ml/min so that the actual residence

time was slightly less than 20 minutes.

Start-ug

After the lime and hardness Masterflex pumps had been warmed
up for 45-60 minutes, the run was started. Eight liters of de=-

mineralized water were added to the reactor to prevent initial
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nucleation showers. Initial lime and hardness flow rates were
determined with a graduated cylinder and a O.l-second precision
timer. When these flow rates were measured, the streams were in-
troduced into the reactor, the agitator was started at a low speed
~and increased to 525 rpm as the reactor filled. The liquid level
reaching the 16 liter mark in the reactof denoted the start of the
run. The NaOH Masterflex pump was started, the flow rate measufed;

and the stream added to the reactor before the sixth residence time.

Operating conditions

The reactor temperature was maintained at 25 iO.3°C by re-
cording reéctor and ambient temperatures each residence time and
adjusting the temperature baths as necessary. Sodium hydroxide
was added as needed to control effluent T/P alkalinity levels.
Holding tank titrations were performed between one and three resi-
dence time§ énd at the end of the run to determine average feed
stream concentrations. Other measurements specified crystal size
distribution, effluent alkalinity and hardness, suspension density
(crystal weight per unit volume of reactor contents), andlconduc-
tance of the reactor effluent. Equilibrium samples were collected
for later analyses in séveral runs. In addition, the flowmeters
were periodically checked to maintain feed stream flow rates.

‘Much of the precipitate formed during the experimental runs
did not remain in suspension but adhered to reactor surfaces. Pre-
cipitate first collected on the glass impeller after one or two

residence times. Buildup on the plexiglass reactor walls began
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less than a residence time later. Peters performed tests that
indicated scaling on plexiglass parts was linear with respect to
time after this initial induction time (Robert W. Peters, Dept.

of Chemical Engineering, Iowa State University, Ames, 1979, private

communication).

Coultexr counter measurements

The crystal size distribution (CSD) was measured with a
Coulter Counter. The CSD sampling was begun after 11 residence
times, when hardness, alkalinity, and conductivity data approached
steady state. Five or six samples were taken during each run,

The counter was initially calibrated after ten residence
times. The calibration procedure was taken from the Operatox's
Manual (7). A 280 micron diameter aperture tube was used for all
runs, This size was necessary because a smaller aperture would
plug with either one or a combination of particles. The accurate
operating range for the aperture tube was 2%-40% of the aperture
diameter (7), so 19.82 micron polystyrene beads were used. The
counter was recalibrated 1-2 times during the run.

Before each CSD sample, a 200-300 ml filtered (0.2 micron
filter) reactor effluent sample was analyzed to determine the number
of counts associated with electrical noise. A background count in-
crease of greater than a factor of two over the previous background
count indicated recalibration was needed.

A CSD sample was taken soon after the accompanying background
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sample. An aliquot of suspension was pipetted from the reactor

and diluted with a known amount of filtered reactor effluent. This
dilution, which varied from 1:1 to 22:1 depending on the number of
particles in suspension, was necessary to prevent coincident particle
passage in the aperture. The time between drawing suspension from
the reactor and initial Coulter analysis was two-three minutes, due
to diluting the sample, rinsing the pipette, and transporting the
sample to the counter.

The counter was operated in the manometer mode with a 2.0 ml
aliquot drawn through the aperture. This aliquot size provided an
adequate number of particles for repeatable results.

Calcium carbonate scale deposited on the electrodes and the
inside of the aperture tube. The outer electrode was brushed off
after the CSD sample was analyzed whenever excessive scale was
present. The aperture tube was flushed with 50-100 ml filtered
reactor effluent before the background counts were taken. This
flushing removed most of the scale, and the remaining scale was
Judged insignificant.

The accuracy of the counter was improved by averaging several
readings. Each background sample was tested five or six times and
the counts averaged. Each CSD sample was drawn through the aperture
7—10 times and 4-8 aliquots were averaged. Most CSD samples con-
tained a few tests significantly higher and lower than most in the

sample., All CSD samples during the run were averaged unless other
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data (alkalinity, hardness, etc.) indicated steady state reactor

conditions were not in effect for some samples.

Alkalinity measurements

The method used to determine alkalinities was reported in
Standard Methods (40). The measurements were taken every 2-3
residence times. Erlenmeyer flasks (150 ml) were filled with
filtered reactor effluent and stoppered so that no air-water in-
terface existed in the flask. This prevented o, absorption which
Would decrease the measured pH and affect the T/P alkalinity ratio.

A 50-ml aliquot was pipetted into a 150 ml beaker and titrated
with a standardized 0.02 N hydrochloric acid to the phenolphthalein
(pH = 8.3) and methyl red-bromcresol green (pH = 4.6) endpoints.
The color changes involved are from pink to colorless for phenol-
phthalein and from blue to grey to orange in the mixed indicator.
The initial pH of the sample was recorded along with pH readings
after each acid addition. This titration usually took 30-45 minutes
due to the time needed for the pH to equilibrate. Buffers of pH

10, 7, and 4 were used to standardize the pH meters.

Hardness titrations

Residual hardness titrations were performed at 3, 6, 9, 12,
15, and 18 residence times on filtered reactor effluent. The
samples were collected in 250 ml Erlenmeyer flasks using the same
Procedure as for the alkalinity samples. The titrations were

duplicated, with a third titration needed if the first two differed
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by more than 0.1 ml.

The titrations were performed according to the procedure pre-
sented by Diehl (11). A 50-ml aliquot was treated with 1% potassium
cyanide and 5 molar potassium hydroxide to mask the presence of
other cations and titrated with standardized 0.007 N EDTA with a
modified calcein indicatox. The indicator changed from green to
purple and needed a black background to accurately ascertain when
the color changed. The titrations were performed rapidly to mini-
mize CO2 absorption which reversed the endpoint back to green.

The EDTA was light sensitive and was stored in painted polyethylene

bottles to prevent concentration changes.

Suspension density measurements

Suspension density measurements were taken at 7, 13, and 17
residence times. In a few runs, the second measurement was not
taken, and in runs 31 and 32, only the 17 residence time measurement
was taken.

The measurement was begun by weighing a dried filter paper
and placing it in a Buchner funnel. The reactor effluent tube was
pushed about halfway down into the reactor, a 500-ml sample of un-
filtered reactor effluent collected in a graduated cylinder, the
effluent tube returned to the 16-liter level, and the effluent
filtered through the Buchner funnel. This was repeated three
times for a totai of two liters in the measurement. After the
sampling, the filter paper was dried in the desiccator and weighed

the following day.
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Conductivity measurements

Conductivity measurements were taken each residence time to
determine ionic strength and to help ascertain when steady state
conditions had been reached. These readings were taken with

filtered reactor effluent.

Equilibrium measurements

Measurements were taken to determine the equilibrium hardness
levels in the reactor. Two liters each of filtered and unfiltered
reactor effluent were collected at roughly 16 resi&ence times. The
unfiltered samples were collected in two 500-ml and one 1000-ml
Erlenmeyer flask, while the filtered sample was collected in a
2000-ml Erlenmeyer. The flasks were stoppered so that they con-
tained no air space. Hardness, alkalinity, and conductivity mea-
surements were performed on the samples for several days after the
run. All samples were refiltered through an 0.2 {m filter imme-

diately prior to the equilibrium titrations.

Run shutdown and cleanup.

After the necessary tests were completed, the run was shut
down by measuring the final flow rates and draining the reactor.
The reactor was placed in the laboratory hood overnight to dry.
The following day the wall scale was dissolved with 500-100 ml
1 molar HCl, 100 ml of this hydrochloric acid was pipetted into
a weighed 150-ml beaker, dried at 105°C, and reweighed to ascer-
tain the amount of wall scale produced during the reaction. All

filters except the one used for equilibrium measurements were
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backwashed with dilute HCl1l to dissolve trapped chemicals and
rinsed with distilled water. The equilibrium titration filter
was left unwashed to prevent reduced equilibrium pH readings due
to trapped acid in the filter. The feed and effluent lines, as
~well as all tanks,.floats, and impellers, were washed with dilute

acid, rinsed with distilled water, and allowed to dry.
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DATA ANALYSIS

Crystal Size Distribution Data

The crystal size distribution (CSD) data obtained using the
Coulter Counter‘were the most important data acquired in this re-
search. The CSD data allowed determination of the crystallization
kinetics at the various reactor conditions.

As discussed in the Background section, the nuclei density
n® and the growth rate G can be obtained by plotting either 1ln n

vs L or 1In N vs L according to the equations

n = n° exp (-L/GT) | ~ (E20)
and

N(L,,®) = n°GT exp(-L/GT) (E21)

Ln N vs L plots for Equation (321) were used to calculate n° and

G because cumulative number N(Llw) data above a size L., were more

1
readily obtained from Coulter Counter data and more accurate than
the population densities which were obtained from a numbers vs

length plot,
n = dN/dL (E19)

The determination of the slope AN/AL. at each length L adds an
additional source of error. As Equation (E21) indicates, a plot
of In N vs L yields a straight line with slope -1/GT and intercept

1n (n°GT).
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The nucleation rate B® was calculated by Equation (23)

B° = n°G (E23)

after the values for n° and G for a CSD sample were found.,

The CSD data were analyzed by first averaging the counts in
each channel for 4-6 aperture tube aliquots of each filtered reactor
effluent sample taken immediately before the CSD sample. This pro-
cédure ascertained thé extent of background noise present in the
systemn,

After the background sémple was taken, 6-10 2.0-ml aliquots
of the CSD sample were drawn through the aperture tube. The counts
in each channel of several aliquots were averaged to improve the
accuracy of the counter data. Counts from an individual aliquot
passed three tests before averaging with counts from othexr aliquots.
The Operator's Manual (7) stated that, for a 280-um aperture, the
time needed to dfaw a 2.0 ml sample was 7.0 seconds. Aliquots
deviating more than 0.2 seconds from this time were not included
in the averaging. Most aliquots in a sample centered around a
given value of total counts. Aliquots with significantly higher
or lower total counts than the majority of aliquots were rejected,
In addition, aliquots with a size distribution greatly different
from the other aliquots in the sample were not averaged.

After the suitable aliquots were averaged, the background
counts in each channel were subtracted from the CSD counts to ob-

tain the corrected counts in each channel. The number of particles
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in each channel was calculated from the corrected counts:

particle _ (number of cor- 1 total

numbexr rected counts )(2.0-ml aliquot)(dilution) (E31)

where the total dilution, for example, is 11 for a 10:1 dilution of
CSD sample with filtered effluent (7). The particles per channel
were added together from the largest size range down until the
smallest size range is included to determine the cumulative numbers
larger than the various size range. Tables 2 and 3 list raw and
corrected Coulter data for two CSD samples in Run 20, and Figure

10 is a In N vs L plot for the first sample.

Of the 16 channels in the Coulter Counter, the first two are
unavailable for particle sizing because the channels represent
sizes smaller than 2% of the aperture diameter. In addition,
channels with less than ten corrected counts were not used.

Several CSD samples were taken during each experimental run.
Nucleation and growth rates from the samples were averaged to ob-
tain global nucleation and growth rates for the run, providing
two criteria were met:

(1) The nucleation and/or growth rates for a particular
sample did not vary by more than a factor of two from
the other CSD samples.

(2) Hardness and alkalinity data remained roughtly constant
throughout the sampling period.

In nearly all runs, at least three CSD samples were averaged to-

gether., 1In many runs, all CSD samples were included.
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Table 2. Coulter counter data for run 20

Coultexr counts

Residence Dilution Channel

time Aliquot Aliquot
1 2
12.2 8:1 3 1249 255
4 201 199
5 208 225
6 180 196
7 146 128
8 97 130
9 . 54 59
10 32 ’ 28
11 10 16
15,9 3:1 3 1075 1061
4 722 740
5 581 623
-6 471 413
7 279 ’ 301
8 165 227
9 81 111
10 45 54
11 24 22

12 4 8
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Background
Aliquot Aliquot Aliquot Aliquot Aliquot count
3 4 5 6 7
231 246 265 235 256 7
224 209 249 234 215 4
225 227 214 196 230 2
196 166 203 194 169 3
152 167 164 174 172 2
115 103 113 100 107 1
57 61 60 67 62 0
31 34 41 29 28 0
20 13 14 13 13 0
1054 1135 1037 1064 10
727 769 798 732 5
596 551 616 536 4
463 394 437 430 2
311 280 295 324 2
173 199 187 193 o)
104 98 79 112 1
41 46 52 63 o)
25 21 21 19 0
14 16 10 10 0]
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Table 3. Corrected counter data for run 20

Residence Channel Crystal Differential Cumulative
time length particle number particle number
Lis M number/ml number/ml
12.2 3 8.50 1084.5 5512.5
4 10.71 967.5 4428.0
5 13.49 972.0 3460.0
6 17.00 823.5 2488.5
7 31.42 702.0 1665.0
8 26.98 486.0 963.0
9 34.00 270.0 447.0
10 42,84 144.0 207.0
11 53.97 63.0 63.0
15.9 3 7.86 2122 6980
4 9.91 1502 4858
5 12.48 1158 3356
6 15.73 866 2198
7 19.82 592 1332
8 24,97 382 740
9 31.46 194 358
10 39.64 100 164
11 49.94 44 64

12 62.92 20 20
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Fig. 10, Ln Nv vs L plot for run 20 at 12.2 residence times
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Calcium Hardness Data

Calcium hardness levels were determined by titration with
EDTA solutions of known concentration. The calcium hardness was

calculated by (11):

Ca++ hafdness ’
Ppm as CaCO3

(E32)

_ (M EDTA) (ml_EDTA) (50,000 mg/. L fequiv.) (2 equiv/mole)
- sample volume (ml)

The titration indicates the amount of EDTA solution needed to complex
the calcium ions. All other quantities are known. The sample volume
was always 50 ml.

The softéning efficiency was calculated by subtracting the
reactor effluent hardness from the initial reactor calcium level,
dividing the difference by the initial hardness, and multiplying
by 100. Since the crystal size distribution measurements were con-
sidered the most critical of this research, the final hardness level
was ascertained by averaging the calcium levels from titrations per-
formed during the Coulter Counter sampling. Since the Ca(OH)2 and

Ca(HCO3) feed streams both contain calcium hardness, a more com-

2

plicated expression was used to calculate the initial calcium level:

++ ++ ++ ++
R (fca™ ], g +lca™ 1, 9)); + ([ca” "1 o +[ca™ "] ),
in (Qy + Q)3+ (Q, + Q)¢

(E33)

where the subscripts h, 1, i, and f indicate hard water stream, line

stream, initial conditions, and final conditions.
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Alkalinity Data

Alkalinity samples were titrated with standardized hydro-
chloric acid after recording the effluent pH. Again, samples taken
during Coulter Counter sampling were averaged to find the alkalinity
conditions for the run.

The total alkalinit&, expressed as mg/l CaC03, was calculated

according to Standard Methods (40):

(ml acid to reach)(N
second endpoint H
sample volume (ml)

c1) (50,000 mg/l/equivalent)

T = (E34)

The phenolphthalein alkalinity was calculated using Equation (E34)
by substituting the amount of acid needed to reach the first end-
point.

The hydroxyl, carbonate, and bicarbonate alkalinities were‘cal—
culated using the effluent pH and total and phenolphthalein alka-

linities (36):

OH, mg/1 as CaCO, = 10(P = 14-00) 15 000 (E35)
o, = 2(P-OH) (E15)
HCO,, = T-OH-CO,, (E36)

The indicators used for the endpoints were not sharp; there-
fore, pH was used to determine the endpoints. For runs with the
Beckman pH meter, pH was plotted as a function of the amount of
acid added. The endpoints were designated by the inflection points

of the pH-ml acid curve. The Corning pH meter readings were judged
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sufficiently accurate to assume the endpoints occurred at exactly

pH = 8.30 and pH = 4.60, respectively.

Suspension Density Data

The suspension density was determined in two ways; direct fil-
tering of reactor effluent and by a calcium mass balance. The low
suspension densities involved (0.1-0.2 g/1) made these determina-
tions difficult; hence, these data were considered the least accu-
rate obtained in this research. The actual average suspension
densities were most likely between the values obtained using the

two methods for a particular run.

Filtering

From one to three two-liter reactor effluent samples were
filtered as described in the Experimental Section. The suspension
densities were reported as grams calcium carbonate per liter suspen-
sion. All sample values were averaged to compute the suspension
density for a particular run. The values usually decreased markedly
as the run progressed. Therefore, the values obtained by this
method were considered lower than the actual suspension density.
Other possible error sources were inaccurate weighings, loss of

crystals, and crystallization during filtering.
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Mass balance

The molar calcium balance for this system is:

L+ ++
M. = (Lca ]QCa++)in - ([Ca ]Qba++)out DT E38
T~ 2 out - V,(100) (E38)

where: in = inlet
out = outlet

Q = volumetric flow rate, 1/min

DT = total reactor wall deposition, gms
VT = total reactor throughput volume, 1
My = suspension density, g/1

100 = calcium carbonate molecular weight

The last term represents the wall scale accumulated on the reactor
walls. The scale deposition was assumed linear with time. Flow
rate variations of 3-5% during the run were common. Inlet concen-
trations decreased by roughly the same ampunt by the end of the run.
The outlet calcium concentrations calcuiated during the Coulter
sampling‘were usually 10-20 ppm (15-30%) lower than the calcium
outlet concentrations before the Coulter sampling. For these rea-
sons, the suspension densities determined by this method may have

been as much as 10% above the actual densities.

Mass Balances

Several ionic species existed in the water softening system
studied in this research. Mass balances were calculated for the

calcium ion and the carbonate-bicarbonate ion combination. These
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balances provided a check on the combined accuracy of the various
analytical procedures.

A calcium mass balance must account for calcium in the lime
and hard water feed streams, all calcium carbonate crystals on the
walls and in the suspension, and unreacted calcium ions in the
reactoxr effluent. The molar calcium balance over the entire course

of the run is represented by:

in = deposition + suspension + unreacted ions

++ ++
(Q,+0Q,);,[Ca ]in +p + (Dp + MV1)/100 + [Ca™ '] *+r (E39)

where: equals the total time of the run. Calcium balance closure

*r

was calculated by:

) x 100 (E40)

% calcium closure = (

The carbbnate and bicarbonate ions were balanced together be-
cause the bicarbonate reacted to form calcium carbonate. The feed
streams contained essentially no carbonate ions. In addition to the
calcium carbonate precipitate found on reactor surfaces and in sus-
pension, the reactor effluent contained both carbonate and bicarbon-
ate ions. Equation (E41) was employed to calculate the carbonate-

bicarbonate balance:

HOO5 5 = HCO3 off * D3 efr * 0, dep O susp

(E41)

[Hco;] in(Q hard water); +.= [HCO3] Vo + [co3] v+ (DT+MTVT) /100
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The carbonate-bicarbonate closure percentage was calculated by

. co.. + HOD - HCOL .
% closure = ( 3 ?ut - _3 out 3 1n) x 100 (E42)
HCO,, .
3 in

Conductivity Data

. The conductivity data were used to determine reactor effluent
ionic strengths and when steady state conditions had been reached.
The conductance is proportional to the amount of dissolved solids
present in the effluent. The>ionic strengths were calculated with
an equation fit from calibration of the conductivity meter with

solutions of known ionic strengths:

conductance = =5.423 x 106 I3 + 1.853 x 105 12

5 (E42a)
+ 1.160 x 107 I + 1,648

Where the conductance was the average of all conductance readings
taken after 10 residence times. The conductance usually varied
by less than five percent after 10 residence times, indicating

roughly steady state conditions had been reached.
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RESULTS AND DiISCUSSION

Crystal Morphology

The three major crystalline forms of calcium carbonate are
calcite, aragonite, and vaterite (10, 44). Calcite crystals are
rhombic in shape, aragonite needle-like, and vaterite disk-like
(10) or spherulitic (44). Calcite and aragonite are the most com-
mon forms (44).

A scanning electron microscope (SEM) was used to analyze the
morphology of the calcium carbonate crystals formed during several
runs. The crystals were taken from suspension density measdrements
and reactor wall depositions. An X-ray diffraction analysis was
performed on reactor wall scrapings from one run.

Figures 11 and 12 are photomicrographs of typical crystals
formed during the first two series of experiments, where lime
dosages are relatively low. Crystals similar to the needle-like
(dendritic) forms in these figures have been called vaterite by
previous researchers in this laboratory (31, 37), in agreement with
work perfo?med by Wray and Daniels (44). Dedek (10), however, pre-
sented pictures of the three crystal forms which show the dendrites
in Figures 11 and 12 more closely resemble aragonite. X-ray dif-
raction analysis on reactor wall scrapings and suspension density
crystals in Run 19 confirmed most wall scraping and essentially all
suspension crystals are aragonite, with the remainder being calcite.

A shift in the crystal size distribution toward the smaller
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Figure 11. Photomicrograph of calcium carbonate -
crystals taken from Run 17 suspension at
17.7 residence times (1500X)

Figure 12. Photomicrograph of calcium carbonate
crystals taken from Run 7 suspension at
17.2 residence times (2500X)
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sizes éccurred in the latter part of most runs in the last two
series, where lime treatment levels were higher. The habit of
suspension density crystals of most runs in these two series was
inspected to determine whether the habit changed whenever the shift
occurred.

No size shift took place in Run 23, the 40-minute residence
time run with 225 ppm initial hardness and a T/P ratio of 1.4.

SEM analysis (not shown here) indicated the crystals remained
virtually all aragonite during the run. In a 20-minute residence
time run of that series, Run 25, a size shift occurred between

16 and 18 residence times. Figure 13, an SEM photomicrograph taken
of crystals removed from suspension at 13 residence times, shows
the vast majority of crystals are aragonite. Figure 14, taken at
17 residence times, indicates roughly equal amounts of rhombic
calcite and aragonite are present in suspension. These figures
imply that the crystal habit does indeed change as the size dis-
tribution shifts toward the smaller sizes.

In Series IV, with initial hardness 130 ppm higher than in
Series III but lime dosage per ppm hardness less than Series III,
the size shifting started earlier in the run and exhibited greater
nucleation and growth rate changes than in Series III. Figure 15,
taken of crystals removed from the reactor at 7 residence times in
a 20-minute run (Run 29), shows virtually no aragonite crystals.
Interestingly, a number of disk-like crystals, possibly vaterite,

are also present. This was the only photomicrograph taken of
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Figure 13. Photomicrograph at crystals taken from
Run 25 suspension at 13.5 residence times
(1000X)

Figure 14. Photomicrograph of crystals taken from
Run 25 suspension at 17.3 residence times
(1000X)
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crystals removed so early in a run and the only one showing these
disks. A photomicrograph of Run 30 (30-minute residence time)
crystals at 13 residence times, nearly identical to one at the same
point of Run 29, contain virtually all calcité crystals. Figure

17 shows that essentially no aragonite was present at 17 residence
times in the 20-minute residence time run, typical of the samples
at this point of the Series IV runs. These pictures imply that,
after the CSD shifts, the crystal habit is not a function of resi-
dence time length.

Mullin (27) noted that well formed crystals are present only
at low supersaturations, and that dendrites occur at higherAsuper-
saturations. Tables 6 and 8, presented in the Hardness Removal
and Alkalinity Results subsections, show residual supersaturafion
(defined as the product of calcium and carbonate ionic concentra-
tions minus the corrected solubility product) is smallest for runs
in the fourth series, where all runs experienced a CSD shift. The
CSD in all runs except the 40-minute residence time run in the
third series also shifted. Since Run 23 (40-minute residence
time) had the highest residual supersaturation in Series III, in-
dications are that a critical residual supersaturation exists below
which reasonably well-formed calcite particles develop and above
which dendritic aragonite crystals predominate, and that this criti-
cal supersaturation may be a function of residence time. Further
work is needed to determine more precisely this critical supersatura-

tion level and the effect residence time length has on the tendency
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Figure 15. Photomicrograph of crystals taken from
Run 29 suspension at 7 residence times
(1000X)

Figure 16. Photomicrograph of crystals taken from
Run 30 suspension at 13.5 residence times
(1000X)
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to shift to calcite.

Figures 18-20 show calcite crystals present at the reactor
walls in Series I. Calcite was more prevalent at the reactor
walls than in suspension in nearly all samples analyzed, possibly
because calcite is the only thermodynamically stable form of calcium
carbonate in solution (44). Wray and Daniels (44) noted that a 45°¢
solution of 30% calcite and 70% aragonite aged for two hours con-
verted to 90% calcife. If the crystals were dried, however, the
shift from aragonite to calcite ceased. A similar process may have
taken place in this research, as the particles at the reactor walls
remained exposed to solution much longer than the crystals removed
during suspension density measurements.

Figure 20 shows an aragonite crystal with a flat side in a
reactor wall scraping sample of Run 7. This indicates eithex
crystal breakage during scraping oxr nucleation at the reactor sur-
face. Since the scraping probably would not have caused such a
clean break, it appears some nucleation did occur at the reactor

wall.

Kinetic Measurements

Crystallization kinetics were determined by conducting experi-
mental runs at 20, 30, and 40-minute residence time runs for three
alkalinity distributions at about 225 ppm initial hardness (Series
I-III) and one alkalinity distribution at roughly 350-360 ppm

initial reactor hardness (Series IV). The residence time variations
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Figure 17. Photomicrograph of crystals taken from
Run 29 suspension at 17 residence times
(1000X)

Figure 18. Photomicrograph of crystals taken from
Run 11 reactor walls (300X)
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Figure 19. Photomicrograph of crystals taken from
Run 11 reactor walls (1000X)

Figure 20. Photomicrograph of crystals taken from
Run 7 reactor walls (500X)
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provided supersaturation changes for each set of initial conditions
which produced changes in nucleation and growth rates. Nucleation
rates were modeled as power law functions of growth,

(o}

B ='1<NGl (E29)
as discussed in the Background section. When Equation (E29) is a
valid model, a plot of 1n B® vs In G produces a straight line with
slope i and intercept kN.

Kinetic data for individual runs are listed in Table 4, while
kinetic order and coefficient values for the four series are listed
in Table 5. The growth rates are the most critical values in Table
4, as the nuclei density (no), dominant size (LD) and nucleation
rate (BO) values are all dependent on the growth rates, as described
in the Data Analysis and Background sections.

Figures 21 through 24 are nucleation-growth rate plots for the

four series. The kinetic expressions for the series are:

1: B® = 1.6 x 10° G°*° (E43)
11: B® = 8.0 x 10° G°** (E44)
111 B® = 1.1 x 10° G°°2 (B45)
v: B° = 7.3 x 10° ¢>*8 (E46)

Series I was conducted near maximum effluent carbonate conditions, as
described by Schierholz (37), while Series II required the least
amount of lime treatment (T/P = 2.25). The kinetic orders in these two

series were not significantly different, but the coefficient in Series I
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Fig. 21. Kinetic data for series I
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Fig. 23. Kinetic data for series III
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was twice that of Series II. The third series was performed at the
highest lime treatment (pH = 11.0, T/P = 1.4).

Series IV produced surprising kinetic results. Kinetic re-
sults from Series I-III implied the kinetic order increased as pH
increased whenever pH levels were above that of the carbonate al-
kalinity maximum. However, Series IV, with a lower pH than Series
IITI, displayed a higher kinetic order than Series III.

Coulter Counter data and SEM photomicrographs indicated the
CSD shifted toward the smaller sizes in Runs 20, 25, 26, 29, 30, 31,
and 32. Coulter data shows the shift may have occurred in Runs 21
and 22, though no SEM photomicrographs are available at thié time
for these runs. The CSD shifted at 15-17 residence times for 225
ppm initial hardness runs, while the shift was first noticed at
13-15 residence times during Series IV runs. Whenever the CSD
shifted, only Coulter Counter samples taken before the shift was
seen were averaged to obtain global nucleation and growth rates
for the run because it was believed the shifting violated the MSMPR
assumption of steady state reactor conditions. Even with this pre=-
caution, photomicrographs show that calcite size distributions were
measured in Series IV runs, while aragonite distributions were
found in Series I-III runs.

This difference in crystal habit makes any comparison between
Series IV and the three lower initial hardness series quite risky.
For example, the calculated growth rates obtained in Series I-III

are significantly higher than those at equivalent residence times
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in Series IV. This does not necessarily mean the actual growth
rates are higher for the aragonite runs. The Coulter Counter
measures a change in resistance proportional to the volume of the
particle passing through the aperture. The photomicrographs show
that, for the same amount of mass, an aragonite crystal is much
larger than a calcite crystal but has void space between the needles
protruding from fhe center of the aragonite. Assuming the Coulter
Counter measures the "projected" volume of the aragonite crystals
(calcium carbonate + void space) and not just the volume of the
calcium carbonate, the aragonite crystals appear larger than the
calcite crystals; hence, the calculated aragonite growth rates are
larger. 1In other words, less calcium carbonate must be deposited
on an aragonite crystal than a calcite crystal to produce a one-
micron increase in size. The same rate of calcium carbonate depo-
sition on growing crystals may take place in both the aragonite‘and
calcite systems.

The aragonite data of Series I-III show the kinetic order at
high lime treatment is over twice as great as the kinetic orxrders
at lower lime treatment, where T/P values are near 2.0. Since the
growth rates at the longer residence times are nearly the same,
this indicates many more crystals nucleate at the higher lime
treatment. This is an example of how the driving force for crystal
nuclearion varies as reactor conditions change. Dabir (8) and
Peters (31) also found the kinetic order increases as softening

agent dosage increased for other water-softening precipitation
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reactions.

Much more variation was found in the kinetic orders in the
three aragonite series in this research than.was observed by
Schierholz (37). The major reason for this increased variation
is believed to be the reactor wall scraping by Schierholz to pre=-
vent crystal deposition which returned many particles to the reactor
suspension. These returned crystals provided much surface area
for crystal growth, thus holding the nucleation rate fairly con-
stant from series to series. Hence, the kinetic orders found by
Schierhoiz were more constant than those found in this study.
Schierholz also studied precipitation from a different chemical
system with higher T/P ratios, but kinetic order differences be-
tween Schierholz and this work due to the chemical system are con-
sidered minimal in comparison to the wall scraping effects.

The dominant size is important to softening plant designers
because solid-fluid separations are aided by increased particle

size. Randolph and Larson (33) defined the dominant size, LD:

Ly = 3GT (E47)

The average dominant sizes of the first three. series did not vary
at the ¢ = 0.05 significance level. The dominant sizes were lower
in Series IV due to the shift from aragonite to calcite crystal

habit, causing a lower calculated growth rate (and dominant size).
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Hardness Removal

Table 6 lists hardness and ionic strength data for the in-
dividual runs, and Table 7 contains the average values of each
quantity in Table 6 for the four series. The hardness titrations
were duplicated and varied by less than 0.10 ml (5%); hence the
softening efficiency data were considered among the most accurate
of this research.

The solubility product, [Ca++][CO§], indicates that, as the
carbonate concentration in solution is maximized, the calcium con-
centration remaining in solution should be minimized. However,
softening efficiencies for the first three series, where aragonite
was the predominant crystal form, did not vary significantly at the
a =.0.05 significance level. The softening efficiency was actually
0.1% higher for Series III than for Series I, where the carbonate
concentration was greatest. This implies that factors other than
the solubility product relationship between calcium and carbonate
concentrations are involved in the degree of hardness removal in
systems where aragonite calcium carbonate crystals are formed.

As with the crystal habit and kinetic data, the effluent hard-
ness levels were substantially lower in Sexries IV than in the othexr
three series. Series IV, where calcite crystals predominated,
softening efficiencies averaged 90% versus 74-78% for the three
series where most crystals were aragonite. Intuitively, one would

conclude that either the softening efficiencies or the effluent
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hardness levels would remain constant as the initial hardness is in-
creased. The fact that the effluent hardness is lower for the high
initial hardness implies the hardnesé removal is dependent in some
way on the initial hardness or the difference between initial and
effluent hardness levels. This phenomenon is not understood at
this time. Stumm and Morgan (42) noted the solubility of aragonite
is roughly one ppm higher than that of calcite. It is not felt
this difference is sufficient to explain the difference in effluent
hardness levels between the calcite-forming runs in Series IV and
the aragonite-forming runs in Series I-III.

The equilibrium solubility of calcium carbonate in an ideal
solution is 7-8 ppm. At the ionic strengths encountered in this
research, the maximum corrected solubility was 10.1 ppm. The cor-

rected solubility product was calculated from Equation (E 7):

pKSp=szp-4/I_/(1+3.9f1—) (E7)

where szp = -8.22 for aragonite and -8.35 for calcite (42).

These equilibrium conditions were not reached. Table 7 shows the
effluent levels in the first three series clustered around 47 ppm,
while those in Series IV averaged 37 ppm. These values suggest
that a plateau, or "pseudo-equilibrium," was reached below which

no additional hardness was removed in the residence times studied.
The softening efficiencies do not consistently change as the resi-
dence time increases, indicating this pseudo-equilibrium is reached

in less than 20 minutes. The fact that the softening efficiencies
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do not change as residence time increases also implies the resi-
dence time could possibly be decreased below 20 minutes without
decreasing softening efficiency for a given set of initial condi-

tions.

Alkalinity Results

The alkalinity distribution was very important in this research
as it determined the amount of carbonate available for precipitation.
The ratio of total to phenolphthalein alkalinities (T/P) was used
as a controlling parameter in this research.

Tables 8 and 9 list alkalinity and pH data for individual
runs and series averages, respectively. A Beckman pH meter was
used in Runs 7, 9, and 16. Table 8 shows the effluent pH in these
runs was substantially lower than in the other runs of Series I
and II. The Beckman meter data was judged less accurate than the
more precise Corning pH meter used in all other runs.

Schierholz (37) studied the equilibrium relations in calcium
carbonate precipitation to show the carbonate alkalinity is a maxi-
mum at T/P = 2.0. Table 9 indicates the carbonate alkalinity is
indeed a maximum at T/P = 2.0 in this research, agreeing with the
derivation of Schierholz.

As with the other measurements, Series IV differed from the
other three series. For Series I through III, the carbonate al-
kalinity decreases as the hydroxyl alkalinity increases. Series

IV was conducted at a hydroxyl alkalinity between those of Series
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I and IIX, but the carbonate alkalinity was actually lower than that
of Serxries III. This lowered alkalinity appears related to the in-
creased softening efficiencies in the fourth series.

In Series III, the CSD shifted in the 20- and 30-minute resi-
dence time runs, while the shift generally did not occur in Series
I and II. Since the residual hardness levels were roughly equal
in the three series, the decrease in carbonate concentration in
Series III appears sufficient to initiate the aragonite to calcite

shift.

Kinetic Order Correlations

Schierholz (37) noted that the carbonate alkalinity was lower
for higher kinetic orders. A goal of this reseaxrch was to determine
if a similar trend developed in an unscraped continuous reactor.
Figure 25 is a plot of kinetic order vs carbonate alkalinity for
the four series of runs. The slope of the line is -0.288, and the
intercept was 13.6. The correlation coefficient was -0.997.

Series IV was performed to determine if the kinetic order-
carbonate plot could predict behavior of a set of runs with a
higher initial hardness at an intermediate lime treatment. At
the time, it was assumed Series IV runs would produce aragonite
crystals during kinetic measurements. The three points represent-
ing the 225 ppm initial hardness series predict a kinetic order of
three to four at approximately 35 mg/l carbonate alkalinity at T/P =

1.6. While the kinetic order and carbonate alkalinity differed from
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the predicted values, Figure 25 is extremely interesting in that
the Series IV point (denoted in Figure 25 by an “"X" in the circle)
remained on the kinetic order-carbonate line in spite of the manb
differences between Series IV and the other runs.

Stevens et al. (41) observed a linear correlation between
kinetic order and hydroxyl alkalinity in a system precipitating
magnesium hydroxide. It seems reasonable that kinetic order-
carbonate alkalinity data from a series of runs performed at a
T/P ratio of 1.6-1.7 and 225 ppm initial hardness would lie close
to the line plotted in Figure 25, since three other series lie
along the line. Extrapolation of this line beyond the range of
27-41 mg/1l carbonate alkalinity without experimental data is not
recommended, as kinetic behavior in these regions is unknown.

A series performed at T/P = 1.6-1.7 would therefore yield much
information of the predictive value of Figure 25 at 225 ppm initial
calcium levels.

Though the Series IV point also lies along the line in Figure
25, it is unknown if this figure predicts kinetic order-carbonate
alkalinity as a function of initial hardness since kinetic measure-
ments in this series were taken while the predominate crystal habit
was calcite instead of the aragonite habit measured in Series I-III.
While the 350-360 initial hardness system may indeed produce data
lying along this line, the fact tﬁat calcite is formed instead of
aragonite may cause the kinetic order-carbonate line slope to in-

crease or decrease. Two series, performed at 350-360 ppm initial
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hardness and T/P ratios of 2.0 and 1.4, are necessary to determine
kinetic order-carbonate data when calcite crystals are produced.

Reddy and Nancollas (34) found growth rate on a seed crystal
was a linear function of residual supersaturation (defined as the
product of calcium and carbonate concentrations minus a corrected
solubility product). Figure 26 is a plot of kinetic order versus
residual supersaturation. As with Figure 25, Figure 26 exhibits a
negative slope. There is considerably more deviation from the
least-squares fit in the kinetic order-residual supersaturation
plot than in Figure 25 for the three series where aragonite kinetic
measurements were made, implying Figure 26 is less valuable for
predictions at other T/P conditions at 225 ppm initial hardness
conditions. Predictions of kinetic order-residual supersaturation
data as a function of initial hardness using Series IV (denoted
as a triangle in Figure 26) should be avoided for the same reasons
given for Figure 25.

In summary, information gained from Figures 25 and 26 is among
the most important gathered in this research. Even though the
kinetic order does not remain constant from run to run as in the
case in concentrated crystallization systems, these plots are the
firét known attempt to correlate the kinetic orders found in con-
tinuous calcium carbonate precipitation with driving forces present
in the reaction system. Figures 25 and 26 do not contain all in-
formation necessary to quantitatively predict the kinetic order at

a given initial hardness and T/P ratio, but they do indicate that
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definite trends exist. These trends point to other reactor condi-
tions which, when kinetic data are obtained at these conditioms,

would allow a priori kinetic order predictions.

Equilibrium Studies

Samples were collected at 15-16 residence times in several
runs to determine to what hardness and pH the reactor effluent
equilibrates. Both filtered and unfiltered reactor effluent
samples were collected.

A sampling procedure which minimizing C02 absorption and pH
variations was not developed until late in the research. In addi-
tion, the samples appeared to be stable only for about a week.
After this time, hardness and pH values fluctuated by at least 10
ppm calcium and at least 0.4 pH units, respectively. Therefore,
only a very few samples yielded reasonably consistent equilibrium
data.

Samples from Run 32 supplied the most uniform equilibrium
measurements. Filgures 27 and 28 depict this data for filtered and
unfiltered samples. As Figure 27 shows, the residual hardness
changed by 14% for the four filtered samﬁles and 12% for the first
three unfiltered effluent samples. The final unfiltered hardness
sample was 2-3 ppm lower than the other samples, probably because
it was the only sample taken from a previously opened flask. The
samples filtered during removal from the reactor had more constant

pH values than the unfiltered samples, as shown in Figure 28. This
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indicates the crystals in solution reduce stability, presumably
due to'CO2 absorption.

A major problem with equilibrium sampling is implied from the
crystal morphology section. In some runs, the predominant crystal
form is aragonite, while in other runs the habit is calcite. 1In
addition, aragonite crystals left in solution for several hours

‘appear to'rearrange to the calcite form. The equilibrium solubility
of aragonite is slightly higher than that of calcite (42). These
questions arise: Which calcium carbonate crystal form is present

in the equilibrium samples at the time of analysis? Is this the
same form which existed in the reactor during sampling? If hot,

the equilibria determined from the equilibrium sampling are not
those present during the experimental run. Further studies of

" equilibrium reactor conditions and crystal structure must be con-

ducted before these questions can be satisfactorily answered.

Suspension Density and Mass Balances

Table 10 lists suspension densities, total reactor wall depo-
sitions, and mass balance closure percentages. The suspension
densities were determined by direct measurements and by a calcium
" mass balance. Since the two suspension density values for each
run do not agree with'each other, the suspension densities taken
from direct measurement (MTl) were used to ascertéin calciumiand

carbonate-bicarbonate mass balance closure percentages.

Table 10 shows that the suspension densities for Series IV
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are roughly twice those of Series III, and that the MT values in-
1

crease gradually with increasing lime dosage for the first three
series. Series IV runs have larger suspension densities because
nearly twice as many ppm calcium hardness was removed in the runs
than in the first three series.

Series III may have higher suspension densities than Series
I and II because of the shifting from larger aragonite crystals to
smaller calcite crystals in three Series III runs. Dendritic
aragonite crystals, due to the protruding ''needles," are more likely
to become intertwined with each other than calcite crystals; hence,
fewer calcite crystals stick to crystals previously adhered to the
reactor surfaces. The higher suspension weight/deposition weight
ratios found in both Series III and IV, where calcite was the major

crystal form at the end of the runs, support this hypothesis.
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CONCLUSIONS

1. The crystal habit varies as a function of supersaturation.
Dendritic aragonite crystals form at high residual supersaturations,
and rhombic calcite crystals develop residual supersaturations. A
critical residual supersaturation exists separating the crystal
habits.

2. The crystal size distribution shifts toward the lower
sizes in several runs. The shift is due to crystals changing from
aragonite to calcite as thé residual supersaturation decreases
during the run.

3. A power law kinetic_model can be used to describe calcium
carbonate precipitation kinetics. The power law expressions for
systems with 225 ppm initial hardness are:

B® = 8.0 x 10° 6> at T/P = 2.25

o 3

1.6 x 10 G2°0

B

at T/P = 2.0

o 5 5.2

1.1 x 10~ G 7 at T/P

i
=
N

B

At 350 ppm initial hardness, the expression was

o 8

B = 7.3 % 1o6 G° at T/P = 1.6

4. Aragonite is the major crystal form for 225 ppm initial
hardness experiments, while calcite predominates at 350 ppm initial
hardness. Comparisons between data obtained with different crystal

habits are thus complicated.
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. 5. Softening efficiencies average 90% for runs where calcite
predominate and 74-78% whére aragonite is the major crystal habit.

6. Kinetic orders correlate linearly with carbonate alkalinity
and residual supersaturation., However, it is unclear at this time
whether these correlations can be used for a priori predictions of
kinetic order at untested initial conditions.

7. A procedure was developed to study equilibrium reactor ef-
fluent conditions for as long as a week after a run. However, it
is not known if the equilibria studied are the same as those found
during the run due to possible changes in crystal habit.

8. A large percentage of crystals produced during the runs
adhere to reactor surfaces instead of remaining in suspension. A
smaller percentage of calcite adhere than aragonite, due to the

dendritic nature of aragonite.
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RECOMMENDATIONS

1. A series of runs at 225 ppm initial calcium hardness and
T/P ratio of 1.6-1.7 should be conducted using the same reactor
and experimental procedure to determine the predictive value of the
kinetic order-carbonate plot at intermediate T/P conditions and to
further define the critical residual supersaturation between aragon-
ite and calcite crystal habits by determining the effect of resi-
dence time length on the ratio of aragonite to calcite crystals.

2. The effects of initial hardness level on crystallization
kinetics and the aragonite/calcite crystal habit ratio should be
examined.

3. Calcium carbonate crystallization kinetics should be
studied using a recycle stream to return larger crystals to the
reactor. Initial calcium levels for this study should be suffi-
ciently high to produce large numbers of mostly calcite crystals
to reduce wall scale and allow for the return of many crystals to
the reactor, thus increasing the reactor suspension density.

4, The precipitation of a sparingly soluble salt not found
in the water softening process should be studied to see if the
kinetic order changing with initial conditions is characteristic
of all continuous precipitation systems or just the water softening
system. One such salt could be zinc carbonate (Ks = 3 x 10-8).

5. The addition of various dosages of a polyelectrolyte to

initial conditions studied in this research should be investigated



116

to determine flocculation and agglomeration effects on the pre-

cipitation kinetics.
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APPENDIX

An initial objective of this project was to determine calcium
carbonate precipitation kinetics in a seeded system in which a re-
cycle stream was utilized to return only larger crystals to the
reactor. The kinetics of the seeded system were to be compared
with the kinetics of the‘unseeded system at conditions of maximum
carbonate alkalinity (Series I) and with the results of Schierholz.
Three runs were performed at 225 ppm initial hardness and T/P ratio
of 2.0 ﬁsing a 4000-ml separatory funnel to separate the reactor
effluent into fractions of predominantly larger and smaller crystals.
Another gravity-separation device was designed to provide better
separation, but the seeded experiments were discontinued before the
new separator was tested when the need for improved unseeded kinetic

measurements became apparent.

Background

In many municipal softening plants, precipitated sludge col-
lected at the bottom of the settling tank is recycled to the reactor.
This sludge contains mostly larger crystals, as the smallest crystals
do not settle out in the settling tank. Softening reactors employing
recycle streams can be approximated by fines-dissolving crystallizers
using the Randolph-Larson MSMPR model with the relaxation of the as-
sumption that no crystals are present in the feed streams. Figure
29 illustrates hypothetical fines-dissolving operation on a cumula-

tive numbers-crystal length plot. The solid line depicts
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fines-dissolving, while the dotted line represents MSMPR operation.
A much higher percentage of crystals above a cut size Lc exists in
fines-dissolving than in MSMPR crystallizers. Recycle of predomi-
nantly larger crystals is necessary because Nauman (29) and Nauman
and Szabo (30) showed that, if fines dissolving is employed, the
dominant size is increased, but the dominant size is actually de-

creased when particles of all sizes are returned to the reactorxr.

Experimental

Experimental equipment consisted of all equipment used in the
unseeded runs plus these major additions:
'(1) A 4000-ml separatory funnel
(2) A two-sided Gorman-Rupp Industries Model bellows pump
(3) A Masterflex Model WZ1RO31l variable speed pump and
controller with a 7015 pump head.
One side of the bellows pump transported part of the reactor ef-
fluent to the separatory funnel. The reactor withdrawal tube was
a stainless steel tube with a 90° polyethylene elbow placed in the
reactor so that the tube entrance was 10-12 centimeters below the
16-1liter level and perpendicular to the susbension flow. The Mas-
terflex pumped the separatory funnel supernatant from the funnel
to the drain. The funnel slurry flowed through the funnel stopcock
to a 1000-ml flask. This flask was kept approxiﬁately half full
with slurry and was slowly stirred magnetically to prevent settling.

The slurry was pumped to the reactor with the other side of the



125

bellows pump. The two-sided bellows pump was used to minimize
crystal breakage during recycling.

The addition of the separatory funnel and accompanying equip-
ment greatly complicated the experimental procedure. The funnel
inlet and outlet flow rates were qualitatively controlled by setting
the bellows pump at a constant value and adjusting the supernatant
flow rate and funnel stopcock to prevent overflowing and drainage
of the funnel. The funnel stopcock required constant attention.
This fact, along with thé formation of undesired circulation pat-
terns in the funnel which hindered settling, instigated the design
of another separatory device. Rotameters which would have improved
the control of the funnei inlet and outlet streams did not arrive
until after the seeded runs were terminated.

The funnel inlet flow rate in all seeded runs was 200 milliliters
per minute, the recycle flow rate was 50 ml/min, and the supernatant
flow rate was 150 ml/min. Coulter Counter analyses were performed
on‘the reactor suspension (as described in the body of this thesis),
funnel supernatant, and recycle streams. 7The recycle stream samples
were taken by pipetting an aliquot from the l-liter flask below the
funnel and diluting with filtered reactor effluent. The supernatant
CSD samples were taken by pumping the supernatant into a 150-ml
beaker, pipetting an aliquot from the beaker, and diluting with

reactor effluent.
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New Separatory Tube

The new grévity separation tube is diagrammed in Figure 30.
This glass tube is 8.5 centimeters in diameter and 60 centimeters
long, with a conical bottom leading to a 1.5-cm diameter sluxry
exit port. The inlet is 20 centimeters from the base of the cylin-
drical tube and is curved upward inside the tube. Preliminary
studies using a smaller but similar tube indicated the conical bot-
tom and curved inlet tube wefe necessary to prevent excessive
crystal buildup in the tube base and undesirable flow paterns at
the inlet. The separation tube supernatant is removed using a tube
placed near the liquid-air interface at the top of the separation
tube. A rubber stopper with holes for air and this withdrawal
tube is inserted into the top of the separation tube.

Crystal settling velocities were determined by (5):

2
ob (pJD - P)

u =

. (B48)

18 1

This equation is valid because the particle Reynolds number is less
than 0.3. Equation (E48) also assumes spherical particles. Photo-
micrographs presented earlier show this assumption is not valid
for either calcite or aragonite; however, the fact that calcite
crystals have much less void space than aragonite implies that the
initial reactor hardness should be high enough to form calcite
crystals to minimize the invalidity of this assumption.

The separation tube was designed to provide a cut size Lc of
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20 microns at a tube inlet flow rate of 250 milliliters per minute
and a recycle stream flow rate of 125 ml/min. These flow rates
were set so that the settling velocity of 20-micron crystals ac-
cording to Equation (E48), 0.0409 cm/sec, was slightly greater than
the upward velocity of water leaving the tube in the supernatant
stream (0.0367 cm/sec). The water velocity was calculated by
dividing the supernatant flow rate by the tube cross-sectional
area. This 0.004 cm/second velocity difference should be suffi-
cient to overcome reductions in particle settling velocity due to
crystal habit. If not, the cut size can be increased by reducing
the flow rate of the supernatant stream.

While the tube is as yet untested, it should produce a better
separation than the separatory funnel for several réasons. First,
the cut size can be more easily varied in the separation tube.
Second, the conical shape of the separatory funnel caused many of
the larger crystals to adhere to the funnel walls and created many
flow patterns detrimental to particle settling. The cylindrical
shape of the tube should reduce both these effects. Third, the
inlet tube is located far enough from the top of the tube so that
a quiescent zone, ideal for settling, is created well below the
fop of the tube. Fourth, the increased volume of the tube should

also reduce formation and extent of flow patterns.
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Discussion of Separatory Funnel Runs

No reliable crystal size distribution data were obtained in
the seeded runs. The seeded system never appeared to reach steady
state conditions, as the reactor suspension, supernatant stream,
and recycle stream Coulter Counter measurements all varied widely
in terms of particle counts and size distribution.

The only reactor suspension CSD samples even resembling fines-
dissolving operation were taken in Run 14, the third and final
seeded run. Figure 31 displays cumulative numbers-length data for
a CSD sample from this run; The figure shows a slight tendency
toward fines-dissolving operation, with a cut size of roughly 15
microns. Since the difference between a-normal MSMPR cumulative
numbers-length plot and Figure 31 is so small, it was concluded
a better method of effluent crystal size separation than the separa-
tory funnel is necessary for fines-dissolving operation.

The major problemé with separatory funnel usage were the exces-
sive crystal deposition on the conical funnel walls and the con-
stant adjustmept of the funnel stopcock necessary to prevent funnel
overflow or drainage. Due to the sloping of the funnel walls, near-
| ly all settling crystals.would hit and adhere to the funnel walls.
‘This wall deposition was reduced by intermittent opening and closing
of the stoﬁcock, but the opening and closing greatly magnified the
chance of human error,.causihg overflowing of the fﬁnnel and drainage
of the flask below the funnel, thus upsetting steady state condi--

tions in the reactor.
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Recommendations

1. The separation tube should be used to produce the separa-
tion instead of the separatory funnel.

2. Higher initial hardness levels (350~360 ppm) should be
used in the reactor so that calcite crystals are formed. Calcite
crystals would:

(a) be less likely to adhere to reactor and tube walls

than aragonite due to their more compact shape;

(b) have higher settling velocities, also due to their

compact shape; |

(c) Dbe formed in greater numbers, because more hardness

would be removed and they are smaller than aragonite

crystals.

3. Flowmeters should be employed to accurately monitor the

inlet and outlet flows of the separation tube.





