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ABSTRACT

A preliminary investigation of the dissolution kinetics
of strontianite and witherite in aqueous solutions indicates
that dissolution rates are controlled by reactions at mineral
surface. Dissolution rates were not effected by changes in
stirring rates; activation energies calculated for stron-
tianite and witherite are 8.4 and 10.0 kilocalories, respec-
tively.

At pH values of less than 4.0, the dissolution rate
for strentianite is a linear function of pH;‘the dissoclu-
tion reaction is interpreted to be first order with respect
to aH+ and to consist of the protonation of the COSZN lat~-
tice anion and desorption as HCOE“. Experiments with differ-
ent partial pressures of C02 indicate that H2C03 has a cata-
lytic effectivéness approximately 1% of that of the hydrogen
ion. The effect of PCO is interpreted to be dependent upon

2
surface adsorption and is expressed using the Langmuir
adsorption isoltherm.

Forward reaction rates determined far from equilibrium
are used to calculate baclk reaction rates. These data are
consistent with a controlling mechanism which is first order

b
with respect to Sr“+ or HCO3 . The rate limiting step is

interpreted to be the adsorption or deprotonation of HCOBM.
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Geochemists have been interested in the history of the
elements and the paths they take in the 'rock cycle! for
many years (Rankama and Sahama, 1950). The growth of com-
puter technology has facilitated this type of research (cf.
Horn and Adams, 1666) and the interest in such models is
evidenced by the texts of Garrels and Mackenzie (1971) and

Berner (1971). At present, the models available (Helgeson,

1968; Helgeson, Garrels and Mackenzie, 196¢) have outstripped

o

available kinetic data and time is treated in arbitrary uanits

of reaction progress. Many investigalters are now involved
with quantitatively describing the kinetic parameters which
effect mineral dissolution and precipitation {(Lagache, 19065;
Wollast, 1967; Campbell and Hancollas, 1909; Luce, 1909;
Bovingtén and Jones, 197Ca, 1970b; Little and Nancollas,
1970; Bailey and Reesman, 1971; Liu and Nanccllas, 1071;

La=

te

Sayles and Fyfe, 1973). Recent work on carbonate precips
ticon and dissolution (Gaines and Heffner, 1973; Mitterer
and Carter, 1973; Wwalls, 1973; Berner and Morse, 1974;
Plummer and Mackenzie, 1974) has been largely restricted to
studies of calcium and magnesium carbonates.

Strontianite and witherite are not common sedimentary
minerals, but their occurrence is believed te control the
strontium and barium concentration of ground waters in
Missouri (Carpenter and Miller, 19609). This preliminary

investigation was undertaken to determine the dissolution



kinetics of these minerals so that the minerals might be
included in models relating to the change of ground water
composition with time. Constant and variable volume batch
reactors were used to study thermodynamically open systems
subkjected to a cénatant gas flow. The dissolution of these
minerals was studied at temperatures of 30, 40, and 500 C

in order to determine their activation energics. Strountianite
dissolution was investigated at varying pH and partial
pressure of carbon dioxide conditiocns to debermine thedir
effect upon carbonate mineral dissolution. The experimen-
tal rate data provide information about activaticn energies;
the extent of acid catalvsis, nmineral solubility products,

and the rate limiting step.



REVIEW OF PRINCIPLES
Introducticen

Kinetics is the branch of chemistry concerned with
systems whose chemical compositions change as a function
of time. The approach to a kinetic investigation is
initially empirical, with the goal of describing mathematically
the effect of conditions of state, namely temperature and
pressure, and composition upon the rate of reacticn. A
mathematical representation; commonly termed the rate law,
may suggest a molecular interpretation of the rate controlling
process. At present there are no general models, rules; or
laws which arebapplicable to all reactions (Benson, 1960;
ardiner, 1909; and Levenspiel, 1972). Consequently,
generalizations about conditicns not actually investigated
are unreliable since the relative contributions of con-
current processes may differ in the regions not investigated

(Gardiner, 1969).
Components, Phases, and Systems

Many chemistry texts have developed the concept of
chemical equilibrium as the result of equal but opposing
reaction rates; and have based the law of mass action on
a theory of reaction kinetics. However, the only valid
approach to derive the ecuilibrium relationship for a reaction
is based upon thermodynamics or statistical mechanics (Frost,

1941). Because the thermodynamic definition of equilibrium



is used inrthis paper, the necessary conditions to define the
system must be considered.

The number of components in a system may be defined as
(Findlay, 1951):

"the @malleﬁt number of independently variable con-

stituents by means of which the composition of each

phase participating in the state of equilibrium can

be expressed in the form of a chemical eguation.”
A phase may be defined as a physically distinct and mechan-
ically separable portion of the system of interest (Findlay,
1951).

A system is the part of the objective world which is
the subject of thermodynamic study {(Lewis and Randall, 1923).
Three types of systems are generally recognized and are
isolated, cioged, and open. An iscolated system may not
exchange energy or matter with regions cutside the system
boundaries. A closed system may exchange energy bubt noi
matter with regions outside the system boundaries. An open
system may exchange both energy and matter with regions
outside the system boundaries. Homogeneous systems consist
of only one phase, while heterogeneous systems consist of

two or more phases.
Activities and Activity Coefficients

The activity of the iEE'Species, a.s is defined as

i g0 (1)



standard or reference state fugacity of the i-:ii*}J£ species

(Klotz, 1964). By definition, the activities of pure

liquids and solids at the reference conditions have a vaiue

of unity. The activity of en ideal gas, 2., is defined as
a . == ?‘»T P b4

U
1 1

mixture, and Pto* is the total gas pressure in atmospheres
|92

(Garrels and Christ, 1905}. For most gases in the pressure

range from zereo to one atmosphere, the deviation from the
Ideal Gas Law is very small and activity, fugacity, and partial
pressure are almost equal (Denbigh, 19060).

The activity of aqguecus species is based upon a refer-
ence state of one moie of that species at infinite dilution
(Klotz, 1064). This hypothetical reference stace regults
from a linear extrapolation of the Henry's Law behavier of
the species from the very dilute region to a one molal
concentration. The correction for the non-~ideal behavior
of the agueous species is accomplished by the use of an
individual molal activity of coeificient, Y such that

a; = ym; (3)

where as is the activity of the :L:L-Z—]1 species and u is the
- .th S
true meolality of the i~ species.

This study utilized the extended Debye-~Huckel equation
which was modified by the addition of an empirical term to
account for short range interactions between the ions and
the solvent (Robinson and Stokes, 1965) and has the form

a2 M

log vy, = + bl (4)

. . . .l .
where Ni is the mole fractiocn of the joiad gzas in a gas
|
|
O —
1o +a ()%



o
where A and B are the Debye-Huckel parameters, &, is the
. . .th . . i .
effective diameter of the i-— species, z, is the charge of
.th . . , R U g
the i~~~ species, b is an adjustable parameter for fitting
experimental data, and I is the true ionic strength

(Helgeson, 1969) defined as
=1 _ 2
T=4%n0,)

for all species in solution. A value of 0.2 was used in
equation (4) for b which is the same value used by Liu and
Nancollas [1971 (Liu, 1972, personal comm.) .

For neutral complexes and dissolved gases, the activity

coefficient can be approximated by the relationship

v o1 :
log ¥ hiﬁsl (6)

. , . .th . .
where k. is the salting ccoefficient for the i~ species in
)} &
th .. ; o . .
the s—— suppoerting electrolyte solution (Garrels and Christ,

1965) and I is the stoichiometric ionic strength which may

be defined as

I = %,. %Ci(zi)ﬁ (7)

) . .th ,
where Ci ig the number of moles of the i~— species per
kilogram of solvent. The stoichiometric ionic strength is
calculated by assuming the absence of ion pairs (cation-

anion complexes).
Partial Equilibrium

Partial ecquilibrium describes a system which is in
equilibrium with respect to at least one process and is out

of equilibrium with respect to at least one process (Barton,



Bethke, and Toulmin, 1963). Garrels {(1959) noted that
reactions among dissolved species are generally quite rapid
relative to reactions between dissolved and solid species.
Consequently, for irreversible gecochemical reactions such
as mineral disscolution, partial equilibrium has commonly
been assumed to consigt of equilibrium within the squecus

ze and the sclid product

W

phase and between Cthe agqueous ph

LS

phases, combined with hetercogeneous

}
N

iseguilibrium between

L

£i

the agueous phase and reacting solid phases. This assumption
of partial equilibrium has been used with succass by several
investigators (Helgeson, 1968; Helgeson, Garrels and
Mackenzie, 190693 Brown, 1970; IHelgeson, 1971) to model the

dissolution of variocus silicate minerals.
Womenclature

For a reaction such as
ahA + bB = f£F + gG (8)

the reaction rate, R, is traditionally defined as

ac dC dC dC
A B F G -
~adt ~-bdt fdt gdt
where C,, C., C., and C., are the concentrations of the
A B F G

subscripted species, -a, -b, f, and g are the stoichiometric
coefficients, and t is time (Benson, 1960). The stoichio-

. e .th . .
metric coefficients of the i~ gpecies, v., is the number
of moles of species i in the equation as written and is
negative for reactants and positive for products.

The rate limiting step of a reaction may be controlled



by only some of the species involved in the overall reaction.
The molecularity, or number of moclecules, of a particular
species involved in the rate limiting step may sometimes be
determined by expressing the reaction rate as

el

a ; /
R= —A e, (e ) (10)
i ] A B r G
~adt

where k is an empirical rate constant and a, R, ¥ and 0
are empirically determined wvalucs, usvally integers, which
represent the molecularity of the species A, B, T, and G in
the rate limiting step. The reaction order for the overall
reaction is defined (Benson, 1960) as the sum of the AP
nents in eguation (10) for all species which are found to
effect the reaction rate. Thus, for the reaction expressed
by equation (8), assuming that all species are kinetically
active, the overall reaction order, R03 is expressed by

Roma+[3+}/+5 (11)
In homogeneous systems, the overall reaction order is rarely
greater than two.

The overall reaction order should not be confused with
the individusal reaction order, Ri, with respect to the igﬁ
species, which is the empirical exponent for the concentration
of that species (Benson, 19060) as expressed in eguation (10)}.
Thus, the reaction order with respect to A is a and with

respect to F is 7.
Types of Reaction Vessels

The three basic types of reaction vessels commonly

employed in kinetic studies are the batch reactor, the



tubular or "plug-flow" reactor, and the backmix reactor
(Levenspiel, 1972). A batch reactor conﬁain@ the reaction
products, and measurements are made of the concentration of
one or more constituents as a function of time. Batch
reactors may be divided into the subclasses of constant
volume or variable volume reactors, both of wnich were used
in this study. The reaction rate for constant velume batch
reactors may be expressed as

R = dﬁ:i/ ;4 (12)
where 51 ig the reaction rate with respect to the igﬁ species,

. - . , .th . .
Ci is the concentration of the i~ congt%ﬁuentﬁ ; is the

. . . L .th . L
stoichiometric coefficient of the i~ species; and t is

time (Levenspiel, 1972).
The reaction rate for a variable volume batch reactor
must include a term to compensate for the volume change and

may be expressed as

dcj Ci dv
Ri= v+t OV vaE (13)
1 L

where V is the reactor volume and the other terms are as

described above {Levenspiel, 1972).
Molecular Equilibrium

The Gibbhs free energy of a solid-aqueovs system with
fixedltemperature and pressure is, by definition, a minimum
value at eguilibrium. If the system is not perturbed in any
manner, the activities of all species remain constant;

however, the individual atoms composing the species are free



to transfer from cone species to another provided that an
equal number of atoms of the same element transfer in the
opposite direction at the same rate. The molecular or
microscopic view of eguilibrium is that for any equation
the rates for the forward and reverse directions éf the

reaction are identical

The Principle of Mass Action

Between 1864 and 1879, Guldberg and Waage published a
series of papers dealing with reaction kinetics and equilih-
rium conditions. Their principle or "law" of mass actien,
a generalization drawn from experimental results, is that
the forward and reverse resction rates are respectively
proportional to the concentrations of the reactant and pro-
duct species each raised to the power of the coefficient for
that species in the chemical equation. The principle of

mass action may be written

-~ ., }Y
- L -y : 1
R = Lf?(aj) - kalT(dl) (14)

where kf is the forward rate constant, aj is the activity of
the jgﬂ reactant species, wv. is the stoichiometric coeffi-

cient of the jEzl species, Lk, is the backward rate constant,

b
ay is the activity of the l»i—z-11 product species, and vy is the
stoichiometric coefficient of the lfi—}(1 product species

(Anderson and Boyd, 1971). At equilibrium, the forward

reaction rate must bhe equal to the backward reaction rate,



11

._‘3 v,
kf'ET(aj) = ka;(al) | (15)

For the eguilibrium condition, rearrangement of equation (15)
yields
vy oo -13
TT(ay) °/ TT(a.) = k. /. = K (16)
1 . J ' b
1 J
where K is the thermodynamic equilibriuvm constant.

Rate Laws for Mineral DRissolution

The dissoclution rate of a mineral in an agueocus solu~

tion may be expressed in terms of the rate of change of the

concentrations of sgpecies invelved in the reaction. Usually
the species measured is in the agueocus phase and is derived
from the mineral. The general case for the congruent dissc~
lution of a mineral, Naxb’ dissolving in water may be

represented as

+ bX © (17)

z Z
N X . o - . -
where H and X are icons in solution having the respective

charges of z,, and z
I

The dissolution rate, R, may then be

b
Fis

expressed as

R = dm W/adt = k(mFZN - m
- %

;B o
N NI\ ) (18)

s (v

where k is the reaction rate constant, mqZN is the molality
N z i ® N
of N at saturation, Ty N  is the molality of ¥ © at time t,
4
t

and n is an empirical constant,
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For reactions such as dissolution reactions occurring
at a phase boundary, the reaction rate may be controlled by
either the diffusion of reactants and products to and from
the phase boundary or by the reaction occurring at the
interface (Benson, 1960). Diffusion controlled reactions
are usually explained by the Wernst theory which may be

expressed, for one dimensional transport, as

dn.1 _ dnj
at dx

, . . , .th . ,
in which n, is the number of meolecules of the i~ species in
solution, dni/dx is the concentration gradient, and v, is the
individual ion velocity expressed as
v, = dx/dt = DiS/V (20)
where Di is the temperature dependent individual ion
diffusion coefficient, 5 is the surface area; and V is the
solution volume (Moelwyn-Hughes, 1947). The concentration
gradient may be rewritten as
dn./dx = (n. - n, )/&
i : i (21)
s t
. _ th .
where n, is the number of moles of the i~— species at
S Ch
saturation, ng is the number of moles of the i— species
in solution at time t, and & is the thickness of the diffu-
sion layer (Berner, 1971).

In geochemical literature, molalilty is a common basis

for expressing the concentration of a species in solution .,



The molality of the iEg species, Ry may be expressed as
= -1
my = k ni/V (22)

where k' is the temperature dependent constant for converting

pure water volume to mass.
First Order Reactions

For first order reactions, the empirical constant, n,

is equal to unity and equation (i8) reduces to

dmi/bidt = k{mi - m. )

i 23)
LT M (23)
. = . - - SLh . . o
where m, is the molality of the i~~ species at saturation,
] £1
. . - Ve . . . .
m, is the molality of the i~— species at time t, and k is

i
t
the rate constant described by

k = k'D.S/§ (24)

Equation (23) is the molal rate law for the diffusion
controlled reactions according to the Nernst theory and is
a simple first order rate law. The assumptions invol?ed
in the formulation of the theory are (Moelwyn-Hughes, 1i947;
Plummer, 1972):
1) The chemical reaction at the mineral surface
occurs very rapidly and creates a saturated
layer of the product species at the interface,
2) The chemical composition »f the agueous phase
beyond the diffusion layer isruniforﬁ and is

called the "bulk solution”.
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2) The concentration gradients of product and
reactant species are linear and restricted to
thin layers. For product species, the effec-
tive diffusion layer thickness, 8p, is simply
egual té the perpendicular distance between
the saturated layver and the %bulk seolution®.
Reactant species have an effective diffusion
layer thickness, 8r’ equal. to the sum of the
saturated layer and the product diffusion
layer.

4} The thickness of the diffusion layer is a
function of the rate of stirring and the geom-
etry of the systen.

Ay

Because the reaction rate should vary as a function of
the stirring rate, a gualitative tesgt for diffusion control
of first order reacticns consists of comparing the reaction
rates of stirred and unstirred experiments. If the reac-
tion rate is not effected by stirring, then the reaction must
be chemically controlled.

If equation (23) is rearranged and integrated, it
vields

-— = leds A
(l/ui) log (miﬁ mit) kt + C (25)

where t is the time since the experiment started and C 1is
the integration constant. If the iEh species is absent at

t = 0 then C must equal the logarithm of molality of the
th

1~ species at saturation. The molality of the igh species

at saturation may be determined analytically from experiments
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which approach equilibrium from both undersaturated and
supersaturated conditions, or by calculating the equilib-~

rium composition of the aquecus phase. Plotting log (m,
p (. =3 1

8
- my ) against time, t, yields a straight line for a first

t
order reactions and the rate constant, k, is the slope of

this straight line.

r

Reactions Other Than First Order

the species considered, equation (18) may be used to repre-
sent the erperimental data if the value of the exponential
term, n, is determined empirically. The value of n may be
determined by graphical apalysis if equation (18) is re~
written as

log (dm,“N/adt) = n log [k{m PNo- m, %N )] (26)
N H s N ©

where n is defined by the slope of a straight line connecting
. z.. ‘
the data points when plotted as log (dmﬁ W/adt) versus
A

z
log (mN N ~nm

"N ) (Benson, 1960; Plummer, 1972).
s t

N
Other Common Fmpirical Rate Laws
The rate of mineral reactions with an aquecus phase can

often be expressed by the general kinetic relatiocnship

dm, /dt = kitw (27)

. - .th . . . .
where m, is the molality of the i-— species, t is time in
arbitrary units, ki is the rate constant for the change in

For reactions which are not first order with respect to
|
- .th . ‘ .
molality of the i~— species, and @ is an empirical exponent



(Helgeson, 1971i). For the dissclution of various silicate
minerals, the values w = 0, ~%, and ~1 provide satisfactory

agreement with the experimental data (Helgeson, 1971). The

logarithmic and may be tested by plotting the molality of
1

the species of interest against t, t?, and log t, respec-

tively.

The affinity model, developed by Prigogine, Outer, and
Herbo (1948) for gas reactions in the vicinity of equilibrius
has been successfully applied to dissclution reactions of
some carbonate minerals {Sonderegger, in prep.). The model
is empirical in nature and may only be applied close to
equilibrium where the reaction rate is directly propoyrtional
to the Gibhs free energy of the dissolution reaction. Under
this restriction, the affinity model may be used to predict
the equilibrium state from the dissclution rate data {cf.

Prigogine, 1067).

rate laws for @ = 0, -4, and -1 are linear, parabolic, and
s
The Langmuir Adsorption Isotherm
Gas phase reactions catalyzed by elementary reactions

cccurring at an interface, sﬁch as the walls of a reaction
vessel, are frequently found to have reaction fates which
vary with the surface area of the vessel. Investigations of
gas adsorption at solid surfaces has led to the recognition
of several hasic types of adsorption~pressure relationships.

The mathematical relationship between the amount of a gas

|
adsorbed by the solid phase of interest and the gas pressure
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at constant temperature is called an adsorption isotherm.
In cases where chemisorption occurs at the interface,; the
Langmuir adsorption isotherm is generally the best equation
for representing the experimental data (Maron and Prutton,
1958). Figure 1 schematically represents the Pelationship
between gas pressure and the amount of gas adsorbed at the
surface for a Type I isotherm. Chemizgoeorption reactions
appear to be restricted to this type of isotherm (Maron and
Prutton, 1958}).
The Langmuir adsorption isotherm equation may be

expressed as

6 = bP/(L + bP) - (28)
where § is the fraction of the experimental surface covered
by adsorbed gas, b is an empirical consﬁants and P 1is the
partial pressure of the gas {Maron and Prutton, 1958). The
amount of gas adsorbed per unit area or per unit mass of
absorbent, y, should be proportional to the fraction of the

surface covered and may be represented as

y =k 0 = kle/(l + bP) = aP/(1 + bP) (29)
where kl is the proportionality constant and a = k]b {Maron

and Prutton, 1958). Rearrangement of equation (29) yields:

P/y = (t/a) + (b/a)p (30)

If the reaction of interest is compatible with the Langmuir
adsorption isotherm, a plot of P/y versus P should vield a

straight line with slope of b/a and an intercept of 1/a.
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Figure $o Disgran depicting the relatlonshlp be-
the amount of gas adsorbed on a gclld surface versus

the pressure of the gas. This is a type I adsorption

isotherm and is usually related to a chemical reaction

creating an activated species,

J
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If variebles such as total pressure, temperature, and
pH are held constant, the change in the dissolution rate of
the mineral in question may be related te the changing
partial pressures of the gases in the gaseous phase. An
assumption that the reaction rate is related to the fraction
of the mineral surface which has adscrbed the gas phase
permits the application of the Langmuir adsorption isotherm
to dissolution kinetics. This assumption, a simplified
approximation of the actual processes occurring at the
mineral surface, allows an initial investigation of the role
of specific gases on mineral dissolution. Such studies are
of particular interest when the gas involved hydrates to
form a weak (associated) acid, such as carbonic acid, which

may catalyze the mineral dissclution reaction.
Activation Inergies

For experimental data within a limited temperature
range, the activation energy of a reaction may be calculated

from the Arrhenius equation:

ky = e (=B, /RT) (31)

where A is an empirical pre-exponential f{actor, Ea is the
activation energy, R .is the gas constant, T is the temper-
ature in degrees Kelvin, and kT is the temperature dependent
reaction rate constant (Gardiner, 1969). '

For first order dissolution reactions which may be

expressed as
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i
1t = k
dmi/ v, dt ko omy (23)
t
thhe relationship between the rate constant, kI’ and the time

te half saturation, ti, is (Benson, 1960; Plummer, 1972)
. 2

If equation (31) is rewritten in the form

In (kT) = In {(A) - (Ea/RT) (33)

it is clear that a pleot of 1n (k. ) versus 1/T should yield

k., = 1n (2)/t, (32)

I 2

T

a straight line with a slope of «Ea/R and an intercept of

1In (A) if the Arrhenius equation is applicable to the experi-

mental data.
Activation energies provide another method of testing

whether or not a dissolution resction is diffusion controlled,

The activation energy of a diffusion controlled dissolution

reaction should be 4.5 kilocalories (Liu and Nancollas,

1971). Reactions having eoasideraﬁly larger activation

energies must be controlled by some mechanism olther thar

diffusion of the aqueous species between the bullk solution

and thie mineral surface.

|
Comparison of Graphical Data
The previous sections have briefly discussed the use

of various graphic techniques. The primary purpose of these

plots is screening the experimental data to determine which

rate laws are most applicable.
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Kinetic rate laws are based upon assumed mechanisms
and the mathematical expressiocn of these laws requires the
use of small integers or ratios of small integers as the
exponential factors (Benson, 1960). Consequently, the use
of a high order ﬁolynomial series to regress the experi-
mental data defeats the goal of determining a satislactory
mechanism to explain the kinetic behavier of a reaction.
Instead, a general preliminary practice is to plot the logaw
rithm of the reaction rate against the logarithm of the ex-
pression for the mechanism being tested {(cf. Levenspiel, 1972,
when plotted in this manner, if the experimental data approxi-
imates a straight line, the slope of the straight line defines
the molecularity of the hypothetical mechanism. The next
step in a data analysis is to plot the regction rate versus
the exgresaion raised to the power of its molecularity. If
this second plot yields a linear relationship, the experi-

mental data are compatible with the proposed mechanism.
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EXPERIMENTAL PROCEDURES
Introduction

The experimental apparatus and methods empleoyed in a
kinetic investigation should be designed so that all exper-
imental parameters can be convenlently varied by the inves-
tigator. This chapter describes the apparatus and methods
used in the investigation of strontianite; SPCOS, and

witherite, BaCO dissoluticn as a function ¢of temperature
> F

33
at approximately a 0.8 atwmosphere partial pressure of
carbon dioxide gas, PCO . Strontianite dissolution was also
e
investigated at different PCO values, and as a function of
(3]
pH under an NZ atmosphere in an attempt to evaluate the
gffect of PCO and pH upocon the dissolution kinetics.
2

Sample Preparation

The samples of strontianite from the Westphalia mining
district, Germany, and witherite from the Settingstones Mine,
Northumberland, England, were obtained from Ward's Natural
Science Establishment. Both samples were reportedly from
vein deposits and were processed in the following manner:

1) All gangue minerals and a portion of the out-

side of the vein were removed using a hammer
and chisel.

2) The sample was broken into approximately half

inch pieces with a hammer.

3) The sample was crushed in a tool steel piston
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style sample crusher.
4) The sample was spread on white paper and im-
purities, mainly galena, sphalerite, and iron

hydroxide ceoatings, were removed by hand.

(a1
p—

The sample was seived using brass 30 mesh

and nylon 100 and 200 mesh screens,

6) The -30 +100 mesh and =100 +200 mesh fractions
were visually re-examined to remove impurities
using a high intensity lamp and a biology pick.

7) The samples from step 0) were washed first
‘with 0.1 ¥ reagent grade hydrochloric acid,
then with four rinses of distilled water fol-
lowed by drying in a vacuum.

8) The samples were split using a small vibrae
ting sample splitter and sealed in glassine

paper packets for storage prior to use.

Reaction Vessel Design

The reaction vessel used is cylindrical in shape and
was constructed from Lucite. The base is permanently
attached and sealed while the top is removable and has a
natural gum rubber gasket. The inside diameter is 11.3
centimeters and the height is 15.3 centimeters. A liter
of water occupies about 2/3 of the available volume. The
sample was added to the agueous phase using a glass funnel
inserted through a hole in the top of the reaction vessel.

Stirring was provided by an ovoid Teflon coated
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magnetic spin bar within the vessel which was placed upon a
variable~speed magnetic stirring unit. The ovoid shape
was used to minimize grinding of the sample.

Commercially prepared nitrogen and carbon dioxide gases
with purities of greater than 99% were used in this study.
The gas or gas mixture was introduced into the aqueous phases

Fl

through a vertical glass tube which has a sintered glass

jui

plug at the bottom. Such "bubbling tubes" greatly aid in
rapidly saturating the [luid phase with the gas phase

because an increased interphase contact area results from

the large number of small gas bubbles produced by passage

of the gas through the sintered glass. The gases were passed
into a one liter Erlenmeyer flask centaining 900 milliliters
of water for presaturaticn of the gas phase with water v&pbr

prior tc introduction into the reaction vessel.

T

of CO? and H

Gas mixture

n

were provided by the use of
capillary tubes and Erlenmever flaaka (see figure 2)}. The
capillary tubes were calibrated by the volume of water which
the particular gas displaced per unit time under a fixed
tank pressure. Both gases were then passed inbto a large
Erlenmeyer flask for mixing and then introduced into the
reaction vessel as discussed previously.

The heat scurce for the experiments consisted of a 100
watt standard frosted glass light bulb for 300 C and a 150
waltt infrared bulb for 40 and SOO C. A thermistor probe
extended dinto the aqueous phase from the top of the reaction

vessel and was calibrated with an alcochol thermometer having



Figure 2, Schematlic dlagram of the system for

delivering the gas phase to the reactlon vessel: A

33
-t

gas tanks: B = small flask; € = capi

mixing flask; E = saturation flask; F = reaction ve

lery tube; D o=

el.
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0.2 degree divisions which was inserted in the same manner.

Instrunentation

determine the reaction progress, The pH was measured with a
Beckman model 20013 combination electrode and a Corning
model 12 pH meter. Buffers with pl values of 4.015 and
6.995 at 300 C were used to calibrate the pH meter and
electrode. Instrumental drift during an experiment genervally
was less than +0.02 pH units as determined using buffer
solutions before and after an experimental run; however; a
confidence limit of £0.05 pH units is used to compensate for
any additicnal errors which might have existed during the
experiments.

Resistivity was measured with a conductivity cell,
cell constant = 0.9828, and a Heathkit impedance bridge.
Both the electrode and the conductivity cell were inserted
into the reaction vessel through holes in the top of the cell

with bored rubber stoppers to hold them in place.
Time Measurements

A large centrally located wall clock with a second

hand was used to monitor the time.
Data Smoothing

Data smoothing was required to provide pH values for

Two variables, pH and resistance, were monitored to
|
|
times between measurements. The data were smoothed by hand
|
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with a flexible curve to prevent bias of the data in the
direction of a kinetic model paralleling the mathematical

expression of a curve 7itting equation.
Calculation of Partial Pressures

In experimental systems the gas phase being bubbled
through the recaction vessel must be saturated with the sol-
vent Lo prevent loss of the solvent to the gas phase. At

pressures of one atmosphere or less the fugacity coefficients

]

of most gases are very clese to unity and the fugacity of

.th .
the i~ gas, fi’ may be expressed by the ideal pgas law

Fi = WNiPior =03 (34)

y . . , .th . .
Where Ni is the mole fraction of the i~ gas in the gas mix-

ture is the total pressure, and P. is the partial pres-
) ! 3 i I s,

P

tot
-~ .th , ] . . . - .

sure of the i~ gas (Denbigh, 1966). When considering a sys-

tem with a fixed overpressure, an aqueous phase, and one gas

being bubbled through the aqueocus phase, the partial pressure

of the gas being bubbled through the reaction vessel may be

expressed as
i tot ~ “H,0 (35)

where PH?O is the vapor pressure of water at the tempera-
ture of interest (Maron and Prutton, 1958). Equations (34)
and (35) were used in calculating the partial pressure of
carbon dioxide in this study.

, o
The vapor pressures of water at 30, 40, and 50 C

are 0.0419, 0.0728, and 0.135 atmospheres, respectively,
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The average barometric pressure in Socorre, New Mexico,
where the experiments were conducted, is approximately 650
millimeters of mercury or 0.855 atmespheres, With a total
pressure of 0,855 atmospheres, the calculated carbon dioxide
partial pressures at 30, 40, and 500 C were 0.813, 0.782,
and 0.720 atmospheres respectively. However, the vessel
into which the gas was {irst bubbled to saturate it with
water vapor was at the ambient room temperature which ranged

o

from 28 to 317 €. The effective P for experiments run atl

COZ

40 and SOO C must have ranged between 0.78 and 0. 81 atmos-

pheres and 0.72 and 0.81 atwospheres, respectively. Com~

parison of the calculated total strontium content with the

2

strontivm concentration determined by atomic absorption indi-

cates that using either PCO value results in a calculated
2

strontium content which is within the region of anaiytical

Ly

error. The saturation values for msr2+ were determined

from affinity plets, so corrections of mg 2+ for differing

Sr

PCO values would also shift these saturation values, Cone-
2

sequently, the data employed are internally consistent, with
only the Ksp value possibly being in error by more than two
or three percent. A value of PCOZ = 0,81 was used for the
calculations at 30, 40, and 500 C.

Calculation of Species! Concentrations

The activities and molalities of all species in solu-
tion were calculated using the method cutlined by Garrels

and Christ (1965, p. 76-~83) with the aid of a computer
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program, CATCALC, written for the dissolution of carbonate
minerals under a fixed partial pressure of carbon dioxide
(see Appendix A). The measured variable, pH, and the con-
straint of elecirical neutrality permit an iterative solu-
tion of a series‘of simultanecus equations despite the fact
that carbon dicxide is not conserved in the system of
interest.

The equations necessary for these calculations are:

e T 2t 2on” (36)
K. = a, o /P (37
0 H2C03 C02
— . - 0
Ky = Qo+ ageg ~1ay co, (38)
3 2773
Ky = lagt acg 2-)/ayeq - (39)
3 3
4 = ) 4 2 — 3 i R
= (et “1co,, V"i»-zeﬁcog* (40)
o e = 2.3/
Ky (a2 dcc)g'” )""‘Mecogo (41)
and
L m, =35 A7,
Pl o kTk (42)
£1
where Me is the alkaline earth of intereat,é&i is the i-==
positively charged aqueous species, and Ak is the kEE nega-

tively charged agueous species. This results in a system
of seven equations and nine variables of which the two inde-

pendent wvariables, pH and PCO s are known.

2
The only assumptions employed in the calculations,

that equilibrium is maintained by all gaseous and agqueous

species and that activities of unity are assigned to the
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solid phase and water, have been shown to contribute neglig-
ible error (Helgeson, 1967). The sequence of steps empleyed

in the calculation are;

.

1) Calculate the activities of H,CO

CO32”, and OH .

33

2) Assume all activity coefficients are unity.

3) Determine the molalities of the negative species
and H+.

4) Sum of the molalities of the negative species
times their charge.

5) Sum of anion equivalents minus hydrogen ion

molality eqguals sum of caticon eguivalents.

D ude -
6) Compute the ratioc of Me“ " to MGHC034b
7) Assign molalities to Me®  and MEHCOSO.

&) Calculate activity and molality of M@COSO.
9) Compute ionic strength and activity coeffi-

cients of all species.

10) Return to step 3} and repeat the calculations.

Calculation of Reaction Rate
\

The systems investigated were maintained at a fixed
partial pressure of carbon dioxide. Consequently, the con-
centrations of carbonate species depended upon contributions
to or withdrawals from the gas phase as well as the gquantity
resulting from carbonate mineral dissolution. Similarly,
the pH was internally controlled by the carbon dioxide partial

pressure (cf. Garrels and Christ, 1965, Capt. 3, cases 1 and 4),
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or externally controlled by acid titration. The only compon-
ent which was conserved in the aqueous phase was the respec-
tive alkaline carth oxide, Sr0 or Bad. The reaction rate, as

used in this study is defined as

R = deeZ+/dt (43)

24 : 2+ 2+ : . :
where Me is either Sr or Ba depending von the mineral

being dissolved.



EXPERIMENTAL RESULTS
Introduction

The experimental data for the dissolution of stronti-

nite and witherite may be divided into three subgroups:

at 400 C with continucus removal of carbon
dioxide by a stream of nitrogen.

2) The effect of various partial pressures of
carbon dioxide on strontianite dissolution at
40°% C and pH = 4.5.

3) The disseolution of strontianite and witherite
at 30, 40, and 509 € with a fixed carbon dioxide
partial pressure of 0.81.

By holding all variables except pH or P constant, the

C02

upon strontianilfe dissolution can

1) The effect of pi on strontianite dissolution
effect of pH and P
Co

2

. . ; 5 = . ! . .
be determined. The laboratory dissolution of stroantianite
and witherite under a fixed partial pressure of carbon
dioxide approximates geologic conditions where connection

with the s0il atmosphere is maintained or where a high P

CO
2
is maintained by connection with a gas reservoir. n exanple
of a high PCO regservoir is the Madera Limestone aquifer in
2

The results of this study include the determination of acti-

the Ladron Mountains, New Mexico {Titus, 1974, personal comm.).
vation energies and solubility products for strontianite and
|

witherite dissolution and an interpretation of the mechanisn

which limits their dissolution rate.



The Effect of pH

The rate of strontianite dissolution was investigated
under a nitrogen atmosphere at pH values of 1.5, 2.5, 3.5,
4.5, 5.5, and 6.5. 1In order to maintain approximately the
same degree of undersaturation for each of the experiments,
nitrogen gas was bubbled through the system to remcve the
carbonic acid resulting from strontianite dissolution.

LFach experiment was run for one hour and the acid consump-
tion for the period from 20 to 40 minutes was usecd to
calculate the rate of acid addition at the experimental pH.
The reaction rate was expressed by the number of moleg of
HC1 added per minubte to maintain the predetermined pH.

The reaction rate varied over three orders of magnitude
while the hydrogen ion activity wes varied over five orders
of magnitude as shown in figure 3.

To compare these results with the results of the tem-
perature dependent strontianite dissclution, the reaction
rate must be expressed in terms of (dm8r2+/dt)' These
strontianite dissolution reactions were conducted by ti-
trating hydrochleric acid into the system to maintain the
desired pH and carbon dioxide was removed by the stream of
nitrogen gas. Therasfore, the reaction may be written as

srco. + 2 BT = sr*T + co
3 (&)

&

+ H,0 (44)

and the reaction rate, R is



Figure 3. Plot of the logaxithm of the number of
moles of hydrochloric acid added per minute bo maintain
the desirved pH for stroutianite disseclution, For pH
values of 1.5, 2.5, and 3.5, the data are linear., At
higher pH values, the change in the rate of aclid addition
is much less. Nitrogen gas was continuously bubbled

through the reactlon vessel.
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R = (derz+/dt) = %(dmﬁdr/dt) (45)

Figure 4 is a plot of the calculated log R versus pH for
strontianite dissolution at 40° C uader a centinucusly re-
newed Nz atmosphere. The hydrogen ion activity decreases
away from the origin, a common convention for presenting pH

LER)

dependent data in the geclogic literature. The data suggest

that two separate contributions to the dissclution rate

exist. Under low pH conditions, the dissolution rate appears

to be contrelled by a process which is approximately first
order with respect to hydrogen icn activity because the

o

glope of a line connecting the first three data points is
approximately minus one (~0.92). At higher pl conditions,
pH greater than 4.0, some other condition becomes the rate
limiting factor. This second concurrent mechanism doss not
appear to be independent of pH, but has a small empirical
exponential coefficient which is shown by the slope of a

line connecting the data peints at pH's of 5.5 and 6.5,

The data may be represented by an equaticn of the form

- ) 0-92 , ,0.13 1
R = kl(aH#) + LZ(aH*) (46)
where k, = 2.05 x 10~2 and k, = 8.65 x 10»6 and the expo-

1 2

nents come from the slopes of the straight lines in {igure
4. lowever, the last term may only be applicable to pH
values up to 6.35.

While the nature of the second term in equation (46)
has not been determined, two regions characterized by dif-

ferent rate limiting mechanisms have been shown to exist.






rate veraus pH for strontianlte dissolution. The

3 I

reaction rate was calculated using equation (45). The
slope for the low pH regicn is -0.92. This may be
interpreted as the rate controlling step belung firs

order with respect to s Carbonste specles were

H“g'@
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Pipure 4. Plot of the legarithm of the reactlon _
removed by a continuvous stream of nitrogen gas,.
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The strontianite dissolution rate is, within experimental

error, a fTirst order function of hydrogen ion activity at

pH values less than 4.0; however; at higher pH values

another mechanism, possibly a reaction inveolving water at

the mineral surfﬁce, controls the reaction rate. Because |
this aspect of the experimental work was conducted under a
continuously renewed nitrogen stmosphere, carbon dioxide

resulting from mineral dissclution was removed frem the

gystem. Consequently, the system remained extremely under-

The extend of undersaturation is demonstrated by the

molality product, (er2+ 2~}, of strontianite at the
As

3

suming a

IHCO
value of 0.81, the
-13.0

end of inutes. I
end of 40 minute COZ

molality product ranged from a low of 10 at a pH of

' . ~11.2 . .
1.5 to a high of 10 at a pH of 6.5. Thus, neglecting
activity coefficients and assuming the maximum PCO rather

2

than a value very close to zero, the molality product still
yvields a value which is only 1.3% of the solubility product.
At the termination point of these experimental runs,; the
dissolution of strontianite was less than 2% completed,

Therefore, it is reasonable to assume that any back reaction

has not yet become significant (Benson, 10960; Gardiner, 19069).

I S AR S ]
Effect of lCOz

The effect of carbon dioxide partial pressure upon
strontianite dissolution was investigated by streaming

|
saturated.
|
|
\
|
|
. . . . o)
mixtures of carbon dioxide and nitrogen gases at 407 C.



The P conditions studied were 0.0, 0.2, 0.4, and 0.8

C02

atmospheres. Each experimental run bad an initial pH of

4.02 to provide identical starting pH values which required

acid addition for the P values of 0.0, 0.2, and 0.4

CO2

atmospheres. The pH was maintained at 4.50 & 0.03 by
titrating 0.094 normal hydrochloric acid intoe the reaction
vessel. The time period from 20 to 40 minutes after the
start of the experiment was used to calculate the rate of
acid addition. At a pH of 4.5, H2C03 is the dominant car-

the dissolution reaction

oL

bonate species in solution an

may he written as

SI’*COB + 20" = sr?" 4 Hzco3 (47)

for the experimental conditions. Once the pl of 4.5 has

been established, the reaction rate may be expressed as

) - 3 3 o " D - Y J 3 .
R (QmSP2+/ut) { (mSPMi/MHZO)(mMHZO/du)
1 | (48)
= 5| (¢ tv /N 1M, L
ZE(de+/db) + (mnﬁ/ﬂﬂzo)(ndﬁqo/dx)J
pa
where M is the mass of liguid water.
HZO

Figure 5 is a plot of the amount of acid added per
minute to maintain a pH of 4.5 as a Tunction of the mole
percent of carbon dioxide in the gas phase being intro-
duced into the system, Figure 6 is a plot of PCOZ VEersus
the reaction rate calculated from equation (48). The par-

tial pressure of carbon dioxide was calculated from the

relationship
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Gissolution at 40° ¢ and pH = 4.5. The rate is the

number of williliters of 0,094 ¥ hydrochloric acid added
per minvute to maintain the pH. The term % GOE is the

39

Pigure 5. Plot of the rew dazta for strontlanite

percentage of carben diexide in the GoguN2 gas mixture.
|
|
|
\
|
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Figure 6. Plot of the dissoluticn rate of stron-
tianite, calculated using equation (48), versvs P
_ COp
on a't A;OO G and pBﬂ = A}“&Sﬁ

i)

for strontisnite dissolut!

jto
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Peo, = Nco,Pror = Tr o) (49)
where NCO is the mole fraction of carbon dicexide in the
2 .
COZ_NZ mixture, It can be seen from figure 6 that the re-

lationship between the dissolution rate of strontianite

and P is definitely non-linear. Therefore, it was as-

C02

sumed that the reaction rate was dependent upon the degree
of surface adsorption of either C02 or H2C03 and the
(ag)
data were analyzed Lo see if an adsorption isotherm was com-
patible with the euxperimental values.
Application of the Langmuir adsorption isotherm to
this study was accomplished by evaluating the change in

reaction rate as a function of P assuming concurrent

U
ﬂOz

contributions to the resction rate, using the relationship

I« el = « . e A (> A "
where, at the temperature of interest, ET is the observed

reaction rate, igs a rate function describing the effect

Fal
L,]—-.

of hydrogen ion activity, g, is a wrate function describing

T
the effect of carbon dioxide pressure, and hT is a rate
function of any additional unknown variables. If all known

variables except the partial pressure of carbon dioxide are

held constant, the function g

p Mmay be expressed as

gT(PCO ) = Ry - &T’p =0 = Ry (51)
2 CoO.,
4
where BT P = 0 is the experimental reaction rate deter-
s ==

CO2

mined by bubbling 100% nitrogen gas through the reaction
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!
vessel. Setting y in equation (30) eqgual to R, permitted a
test of the hypothesis that the reaction rate might he con-
trolled by an adsorpticn mechanism..

]
Figure 7 is a plot of P /R versus The lingw-
, C02 =g

P .
CO2
arity of the points demonstrates that the kinetic effect of
the partial pressure of carbon dioxide on strontianite
dissclution is satisfactorily represented by the Langmuir
adsorpticn isathefm, a Type I disotherm. This strongly
suggests, but dees not prove conclusively, that the rate
limiting step is related to an adscrption mechanism.

The dissolution of sbrontianite with PCO values of
2

0.0, 0.2, 0.4, and 0.8 atmospheres was conducted at an
artificially maintained pH of 4.5. For this reason, none

of the reactions proceeded as far as one pefﬁent of complew
ticn., Consequently, the reaction rate is only applicable to
conditions far from eguilibrium where the back reaction

should be insignificant (Gardiner, 1960},
Effect of Temperature
Strontianite Dissolution

Strontianite dissolution with a carbon dioxide
partial pressure of 0.81 atmosphere, was investigated at
temperatﬁres of 30, 40, and 500 C to determine the activa-
tion energy of the dissoluticn reaction and to investigate
the kinetics as the reaction proceeds toward ecguilibrium.

Minor fluctuaticns in barometric pressure were not considered
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Plgure T Plot of P versus P for stron-

/B,
GO0, =1 T T00,
tlanite dissolution at 40° ¢ and pH = 4.5. This plot

is used to test the applicability of the JTangmuir ad-

]

gsorptlon isoctherm. The linearity of the data pointe
. ]

demonstrates that &T’ the 002 contribution to the

reactlion rate, is proportional to 6, the fraction of

the mineral surface covered by the adsorbed gas.
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significant (cf. Garrels, Thempson, and Siever, 1960) and
were not monitored. The experimental system was left open
to the atmosphere to provide a fixed overpressure on the
systen.

The rescarch required a fairly large amount of stronti-

split (sample between mesh ez 0.589 mm and 0.149 mm).

o

16}

|
|
|

nite and the only size fraction used was the ~30 +100 mesh

The sample was homogenized and passed repeatedly through a

sample splitter to provide 10 aliquots., Fourteen of the

splits were used for these experiments. The mean sample

weight was 18.716 grams with a standard deviation of 0.208

grams .

ic resistivity, were monitored to define the reaction pro-
gress. Empirical resistivity values were obtained by ti-
trating a 0.0841 molal solution of strontium hydroxide into
distilled water under a carbon dioxide partial pressure
within the range of 0.78 to 0.81 atmospheres at 40° €. The

break in the slope of a plot of resistivity against volume

The experimentally determined parameters, pH and specif-
of titrant added suggests saturation with respect to SPCD3
|
|

3

was achieved when 2.46 x 10 ° moles of SP(OH)Z had been

added (pH = 5.81), but a definite precipitate was not formed

The molal solubility and solubility product values
used for subsequent calculations were estimated by the af-

|
until 4.44 x 10'”3 moles had been added (pH = 5.91).
finity method of Prigogine, Outer, and lerbo (1948) to be:

2+

3.42 x 10m3 moles of Sr er kilogram H,0 at 300 C (pK =
P 2 sp
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9.37, equilibrium pH = 5.75); 3.22 x 1073 moles of sroT per
kilogram H,0 at 40° ¢ (chp = 0.32, equilibrium pH = 5.81);

and 3.05 x 1073 moles of srt per kilogram H,0 at 50° ¢

(pxsp = 0,28, equilibrium pH = 5.83).

The reproducibility of the experimental data is demon-
strated in figure 8 where four experimental runs at 40° ¢
are plotted. Agreement during the first 200 minutes is ex-
cellent. From 200 to 400 minutes the divergence of experi-
mental points is greater but well within the range of ex-

)

perimental error discussed earlier. Stirred and unstirred

experiments proceeded at the same rate.

The molalities of all agueous species and the activitie

of all aquecus species other than H+ were calculated using
the computer program CATCALC as discussed on pages 29 and 30
Appendix B contains a listing of the ecguilibrium constants
used in the calculations. Comparison of the calculated
strontium concentrations with atemic absorption analyses of
samples taken at the end of the experiment are in complete
agreement within the analytical limits of the equipment
(+ 10%) under routine conditioﬁs. The atomic absorption
analyses are not consistently higher or lower than the
values determined from CATCALC; thus, systematic error in
the program constants is probably minimal or compensating.
The rate of mineral reaction with an agueous phase can

often be expressed by the general kinetic relationship

dmi/dt = k.t (27)
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Figure 8. Flot of pH versus time in minutes for

L]

stroptianite dissolution at 409 ¢ and 0.81 atmesphere
PGO o The purpose of the plot is to demonstrate the
2

reproducibllity of the data.
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Figures 9, 10, and 11 are plots of linear ( w = 0), parabolic
(w= u%), and logarithmic (w = ~1) rate laws for strontia-
nite dissolution at 30, 40, and 500 C. If a rate law is
applicable, its figure should show a linear relationship

between m r2+ and time, the sguare rcot of time, or the log-

S

arithm of time. The plot of m F2+ versus time, figure 9,

5
is obviously ncn-linecar so the lisear rate law need not be

considered further. The plot of mg 2+ versus the square root

S
of time, figure 10, approximates a straight line relation-

3 - 0 ) hd hie
ship, especially at 30" C; therefore;, the parabolic rate
law requires additicnal evaluation. The plot of m%r2+
versus the logarithm of time, figure 11, shows distinct
curvature so the logarithmic rate law is not applicable.

The data were next tested Lo determine if equation (26)
could adequately represent the experimental data. TFigure
i2 is a plot of log R versus leg {(m. 2+ - m_, 2+ ) and
- = S Sr
g t

shows that the experimental data for 307 C deviates exces-
‘sively and possibly systematically from the expected bhe-

. o . . .
havior. The data for 40 and 507 C approximate a first
order reaction having an average value for n of 1.1. Con-
sequently, ecquation {(25) should be used to evaluate a

possible first order reaction mechanism.

Figure 13, a plot of leg (m._ 24+ - m, 2+ ) versus time
sSr “ Sr "

since the start of the experiment, provides a test of the
first order hypothesis. Because the experimental data plot
in nearly straight lines, it is apparent that the experi-

mental data are essentially compatible with a first order
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Migure 9. Plot of the molality of 3“2+ in soluticn

versus time for strontlanite dissolutiocn under .81

GO ¢ The experimental temperatures are 30,
2

40, and 50° ¢, The time since the start of the reaction

atmosphere P

is expressed in minutes. A reaction obeying the linear

rate law would be represented by a straight line.
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Pigure 10, Plot of the molality of sre* in solu-
tion versus the sguare root of time for strontlianite
dissoclution under 0.81 atmosphere PCOQ° The experl-
mental temperatures are 50, 40, and 500 C. Time, T, is
in minutes since the start of the reaction. A reaction
obeying the parabolic rate law would be represented by
a straight line. The lines marked A, B, and ¢ resultl
from regression of all of the 200 ¢ data, the first 200
minutes of the 50° ¢ data, and all of the 50° C data,

respectively,
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PMlgure 11. Semilcg plot

in solution versus time,
gtarted.

under 0.81 atmosphere of P

€0,

40, and 509 ¢, A @dissolution

logarithmic rate law would be

line.

in minutes,

The dissolution of strontianlte was

of the molality of Sré+
gince the reactlon
studlied
temperatures
reactlon which obeyé the

represented by a siraight
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Pigure 12, Plot of log R versus lLog (ms 2
£ 0 : r?
- m, 2+ )} for strontlanite dissolution under 0.81

Sroy
atmosphere P602 at temperatures of 30, 40, and 509 ¢,
This type of plot is used to graphically evaluate n in
equation (18). The values of n are 1.28 at 300 ¢,
1.05 at 2409 ¢, and 1,16 at 509 0. The best fit between

the experimentsl data and the pogtulated kinetlc equa-

tion is obiained at 509 C.
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Filgure 13, Plot of log (m,_ 2+ - m_, 2+ ) versus
- Sr S
] 3 t
t for strontianite dissolution under a 0.81 atmosphere

P at temperatures of 30, 40, and 509 ¢. This plot

CO,
58 based upon the assumption that the overall reactlon
38 first order (n = 1.0) and obeys the first order

rate low. Under the experimental conditions the intew

@&

o

gration constant, ¢, from equation (25) must egual the ;

molality of Sre% at saturation, Me_ 2+ .
o ¥ Sr
s
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rate controlling process which is dependent upon the con-
. 24 . , .
centration of the Sr ion. The systematic curvature in
(&) . .
the §0° C data may result from either an erroneous estimate
of the sclubility at this temperature or from a change of
the rate limiting mechanism at later stages. The convex
o]
upper surface of the 50° € data plot could be altered by
. . | 2+ Do )
slightly decreasing the molality of Sr at equilibrium.
Nevertheless, the results shown in figure 13 constitute a
good emplirical fit.
_ . _ . . 24 . )
Comparison of the molality of the Sr ion predicted by
the parabolic and first order rate laws provides a method of
determining which of these rate laws best fits the experi-

4

mental data. If the parabolic rate law applies, chZT should
i oD

h

y

L
right line as a function of t*; the equation usec

plet as a sur

~

Lo regress the data for the parabolic rate law was

=

., 2+ X
S £ = a 4+ DL

(52)

where a and b are empirical constants. These values were
determined to be -0.27 x 1Om3 and 0.153 x 10"3, respectively,
Regression of the 300 C data for the first order rate law
used the equatiocon

log (mSPZ-i-c - er2+t) = a + bt (53)
where the empirical coefficients a and b were determined to
be -2.49 and -1.7 x 10“3, respectively. Equations (52) and

{53) were used to calculate values of mSF2+ at various times

as shown in Table 1. These calculated values show that the
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first order and parabolic rate laws provide equally valid
egquations to express the experimental dissolution of stron-
tianite at 300 C. However, for reactions which approach
equilibrium,.ﬁhe parabolic rate law alone cannot be ox-
pected to remain valid (¢f. Helgeson, 1971, p. 432). This
failure of the parabolic rate law is demonstrated in Table

2 by the m r2+ values calculated for strontianite dissolution

3
o .
at 50 C; the departure from the parabolic rate law of the

o]

40Y € data is not as great. The parabolic rate law, fitted

to the 500 C data for the first 200 minutes of reaction
progress (line B, figure 10) with a = ~0.35 x 1077 and b =
3

0.217 x 107, provides a good predictive model for the

early dissolution stage; but it is not applicable bhevond

t = 200 minutes. The regressed line for the entire exper-
imental period (line C, figure 10), with a = -0.07 x 10’3

and b = 0.166 x 10“3, does not yield a satisfactory pre-
dictive model because of the large systemsatic errors which
it introduces, up to 16% at 100 minutes. The first order
rate law was chosen to represent stronﬁianite dissolution
because it provides a better fit over the investigated

experimental conditions and allows for a molecular inter-

pretation of the rate limiting step.
Witherite Dissolution

Witherite dissolution was investigated using the same
experimental conditions and size fraction as employed for

strontianite dissolution. The sanmple weights resulting




56

oE 0+ 052" € 50° 0+ €6°z 068°¢ 001
9T 0+ SE0°€E 20 0+ 882 658°2 %€
€0 0+ €0g°2 290+ q0n" € 100+ 08°2 06L°2 00€
gTo- 5552 TH* O+ T80°€ 00° 0+ 19°2 zloe 052
€c o~ glz'z 20+ 6TL 2 20" 0~ 64°2 0TS 2 002
1€ 0= €96° T €0° 0+ g0E"2 Lo°o- 122 clz'e 0ST
o€ 0~ 065" T ¢o°o- 028" T ~ oto- 6L°T $98°T 00T
7T 0= 912" T 200~ TEE'T 700~ €T €5 T 09
. 7O *0- 086°0 TC 0+ 220°T 100~ T0°T 970" T of
50°0+ 2n9°0 70O+ $29'0 90" 0+ $9°0 6850 0z
HT" 0+ SSH°0 200+ 9€£°0 7T O+ <o €TE°0 0T
0T ¥ +27°m 0T X +275u ;
0T X~ (D uiT) 0T ¥ (g 2uTT) ~OT X 0T X +2™%w oot ¥ 4275w
. KBT 898X MneT s98d Q )o meT sqed S9ANUTH
mcxmﬂ - w) ¥ oTTOgBIRI AnMMmH - W) v orrogered Cu - w) ISPIC 348ITd  Teawewrsadx UL SWEL]

D 008 IV +z%Pw g0 SEMIVA CEIVIAOTYD CII ETEVE




26.97 grams, were not as consistent as those for strontian-
ite. However, for the experiments discussed, the maximum
deviation from the mean weight was less than 2% and the
effect is within the analytical tolerances of the pH deter-
minations.

The experimentally determined parameters, pH and spe-
cific resistivity, were monitored to determine the reaction
progress. bmpirical resistivity values were chtained by
titrating a 0.116 wmolal barium hydroxide soluticn into dise
tilled water under a constant carbon dioxide partial pressure;

o
the value was between 0.78 and 0.81 atmospheres at 407 C.

Peo
2

A pH reversal and a resistivity break mark the saturation

point at a pH of 6.075 with a total barium concentration of

-3

6.62 x 10 moles per kilogram HZO' A permanent precipitate
was formed by further addition of the base (pil = 0.081).

The molalities of all aquecus species and the activ-
e ~ . P " -t 1o
ities of all agueous species other than H were calculated
using the computer program CATCALC as discussed on pages 29
and 30. Appendix B contains a listing of the equilibrium

57
from the splitting procedure, ranging between 25.75 and

constants used in this study. Figure 14 is a plot of the

calculated molality of Ba ' against time for the dissolu~

stirred reactions proceeded at the same rate.
Atomiec absorption determinations of the barium concen-
tration were not satisfactory. The sensitivity claimed for

tion of witherite at 30, 40, and 500 C. Stirred and un-
the Perkin-flmer 403 could not be obtained (Billings, 1973,



Figure 14. Plot of the molality of Baft in solu-

tion versus tilme for witherlite digsolutlion under 0.81

atmosphere Py at temperatures of 30, 40, and 50° C.
2

The time since the start of the reaction, t, 18 expressed

in nminvtes. A resction obeylng the linear rate law would

be repregented by a straight line.
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personal comm. ). This problem of poor precision with barium
is common with all atomic absorption equipment according to
the U. 8. Geological Survey wWater Quality Laboratory in
Atlanta, Georgia (Liefeste, 1974, personal comm.).

The molal sélubility values used for subsequent calcu-

lations were esbimated by the affinity method of Prigogine,

3 )
outer, and Herbo (1948) to be: 7.23 x 10 ~ moles of Ba?
per kilogram H,0 at 30° ¢ (pKSp = §.48; eguilibrium pH =

6.07); 6.03 x 10w3 moles of Ba2+ per kilogram H,0 at 40° ¢©
-3

meles

(szp = 8.55; eauilibrium pH = 6.07}); and 5.24 x 10

of Ba2+ per kilogram H,0 at 50° ¢ (pKSp = 8.62; equilibrium

pH = 6.07).

The linear, parabelic, and lcgarithmic rate laws were
graphically tested by plotting the molalily of Baz+ against
the appropriate function of time as shown in Tigures 14, 15,
and 16. As was the case with strontianite dissolution,
the linear and logarithmic rate laws do not provide a satis-—
factory fit for the witherite dissolution data. The para-
bolic rate law provides a gocd data fit at 300 C, bhut shows
increased deviations from linearity at 40 and SOO C.

The data were next tested to determine if equation (26)
could adequately represent the experimental data. Figure
17 is a plot of log R versus log (m, 2+ = m, 2+ ) for

-~ Ba Ba "

witherite dissolution under a 0.81 atmosphere PCO at temp~
2

O . . . .
eratures of 30, 40, and 507 C. The linear portion of the
plot is used to graphically determine the value of n in

equation (26). The slopes decrease with increasing
I
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- ks
Figure 15. Plot of the molality of Ba®t in solu-
tion versus the scuare root of time for wiltherlte dis-

o

soglution vnder 0.81 atmosphere PGOP at temperatures of
30, 40, and %0° ¢, Time, . is® inpmiﬁutas since the
start of the reaction. A reactlon obeying the parabolic
rate law would be represented by a straight Lline. The
1ines marked A, B, and ¢ resgsult from regression of all

of the 309 ¢ datez, the Ffirst 200 minutes of the 509 ¢

data, and all of the 509 ¢ data, respectively.
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n 5 s D,
Figure 16. Semilog plot of the molallty of Ba=®
3 0 p J

in solution vergus time, t, in minutes since the rezc-

tion started under 0.81 atmosphere of PGO at tempers-
2

tures of %0, 40, znd 509 ¢, A dissolution reaciion

wnlch obeys ths legarithmic rate law would be repre-

gsented by a straight line.
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Plgure 17. PLot of log R versuve log (mPa2+
b )

- m8a2+ ) for witherite dissolution under 0.81 atmos-
- %

phere

"
IS]

Puo at temperatures of 30, 40, and 50° C. This
4 Uy
&

type of plot ig used to graphically evaluate n in equs-

tion (18). The values of n are 1.3, 1.04, and 0.87

at 30, 40, and 50° ¢, respectively. There appears to
be a gystematic decrease In the value of n with

increasing temperature.
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temperature, being 1.30, 1.04, and 0.87 at 30, 40, and 50°
C, respectively. At all three temperatures, the witherite
dissolution data for the first § minutes depart from the
experimental slope. Since the experimental slopes are ap-
proximately 1QO,‘the data were pletted on a log (maa2+ -
2+ )} versus time diagram, figure 18. The linearitydﬁf

t
the data points shows that the first order reaction, as

My
expressed by equation (25}, provides a good data fit,

The parabolic and first order rate laws were tested
by predicting m882+ as a function of time. As with stron-
tianite dissolution, both rate laws yield adeguate results
at 30° C for witherite dissclution; however, at 40 and SOO
C the first order rate low predicts values of mP?2+ much
closer ﬁa the experimental data than does the parabolic
rate law. Conseguently, the first order rate law was

I

chosen to mathematically express witherite dissolution,

Discugssion
Activation Fnergies

For reactions which obey the first order kinetic rate
law, the activation energy of the reaction may be calculated

by the time to half saturation method, i.e.
1in (kT) = In (A) ~ (Ea/RT) (33)

. . . -1 .
where kT is the appropriate rate constant in sec ~, A 1is an
empirical constant, Ea is the activation energy, R is the

as constant, and T is the absolute temperature. The
2 i
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Figure 18. Plot of leg (m Ler - m}82+ ) versus

B g B t
t for witherite dissolution under 0.81 atmosphere P

(@]

O

&t temperaturss of 30, 40, and 500 ¢, This plot 1s
hased upon the assumption that the overall reactlion
obeys the first order rate law. Under the experimental
conditions the integration constasnt, ¢, in equation (25)

iy

must equal the molality of Ba2+ at saturatlion, np 2+ .

2o
= s
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empirical reaction orders of strontianite and witherite
dissolution are not precisely 1.0 as shown in figures 12
and 17. However, because the first order rate law provides
a satisfactory data fit, the time to half saturation method
may be employed with sufficient precision to determine
whether or not the dissolution reactions are diffusion con-
trolled [Eaz 4.5 kilocalories (Liu and Nancollas, 1971}].
Figure 19, a plot of 1n {kT) versus 1/T (discussed on
pages 19 and 20), was constructed for the experimental
temperatures of 303, 313, and 3230 K. 7The calculated acti-
vation energies, using equation (33), are 8.4 kilocalories
per mole for strontianite dissolution and 10.0 kilocalories
per mole for witherite dissolution. These activation ener-
gies should be accurate to within 10% according to Benson's
(1960) error estimating procedure; however, a confidence
limit of 15% is preferred to account for any additional
errors. This second value ig approximately the same as
that used by Liu and Nancollas (1971} for the dissolutien

of gypsum.
Controlling Process Far From Equilibrium

Strontianite dissclution was investigated far from
equilibrium at various constant pH values and at various
partial pressures of carbon dioxide at a fixed pH. The
first series of experiments resulted in data which de-
scribed the effect of a dissociated acid on the dissolution

rate. Under the experimental conditions the dissclution

(¥}
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Mgure 19, Plot of the ratural logarithm of the

overall rate constant versus 1/7. The rate constant,

f

from equation (23) 18 expressed in reciprocal gecondsg

and is tempsrature dependent. The temperature, T, is

"

in degrees Kelvin. Use of the Arrhenius equation (33
permits evaluation of the activatlon ensrgy. Eag from
the slope of the best £fit lines for the experimental
data. The slone, Ea/}%’,ﬁ for wiltherite dissolution is
5.0 x 103 which vlelds an activation energy of 10,0
k¥llocalories,. The slope Tor strontianite dissoclution

18 4.2 x 102 which yields en activation energy of 8.4

kilocalories.
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rate may be expressed as

2 .
}O 13

= 1 £0.92 ” -
R = Ll(aH4) - kz(aH% (46)

The investigation of the effect of the partial pressure
of carbon dioxide showed that the rate of reaction did not
increase propeortionally with the increase in asscociated
acid (figure 6) and that the data were compatible with the
Langmuir adsorption isctherm. The assumption necessary to

reach the second conclusion was that the corrected reaction
1

rate, ﬁT

in equation (5L1), could he attributed to the change
in the partiazl pressure of carbon dioxide. Combining the

separate experiments results in a rate eqguation of the form
i P :

0.92 0.13 “eo,
o 1 { oy Ek (a1 Y e c4
R o=k, (ag+) + ke (apt) P TTERE (54)
Co.
2
This equation is expervimentally valid at 40° C, at pH
values ranging from 1.5 to 6.5 when PCO = (0, and at pH =
2
4.5 when PCO ranges from 0.0 to 0.81 atmosphere.
2

The observed kinetic phenomena may be interpreted as
the reactions of a dissociated acid, H+, and an associated
acid, H2C03, at the mineral surface. The mineral surface
must have alternating zones of opposite charge because the

lattice is not complete at the surface. 1f the mineral

surface is represented symbolically as
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where a residual positive charge, +, is associated with the
lattice cation; M, and a residuval negative charge, -, is
associated with the latbtice anion group, X. TFor experi-
ments run under a nitrogen atmosphere, the value of (mmJ2+

- mM62+ ) is infinite with respect to strontianite saturation
if HZCO3 iz removed from the system. Therefore, the rate
limiting step is interpreted to be the interaction of a

hydrogen ion at an anion position on the surface.

~;~ -+ + + + +
M . M M _
/\/\~ + H /\/\ /\/ + HX
— —
\/\/\+ \/\ \% \/\+ 'w"

g} M
AVANER AONN AN

This process should result in a weakening of the ionic lat-
tice bonds and should be followed by removal of the lattice
cation, which would result in a layered or stepwise disso-~
Jution of the mineral surface. At pH values less than 4.0
hydrogen ion penetration beyond the surface layer probably
cccurs. Photomicrographs of calcite grains dissolved at
varying pH values (Berner and Morse, 1974, p. 118-119) show
rounding and pitting of caicite grains immersed in an aqgue-
ous solution with was maintained at a pH of 3.9. This
hydrogen ion mechanism is associated with the linear region

(low pH) of figure 4 which is a plot of reaction rate
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reaction rate versus pH.

Similarly, the electrically neutral carbonic acid mole-
cule may be attracted to the mineral surface because of the
electrical assymmetry of the molecule. The deprotonation
reaction would require the breaking of an 0-H bond and the
formation of a new 0O-H bond at the mineral surface, repre-

sented as

+  + + + + +
M M B
/NN = HHX /\/\ H /' \/ + HX
X X B .
N/ \/ \T-Jr- \/\/\+ \/\+ ~+~
M M &l M M
/ N/ N/ N /\/\/\ /\/\/\
where HZX is H2C03 and HY  is HCGBH. With the carbonate ion

removed from the lattice, the lattice cation would bLe less
strongly bonded to the mineral surface.
. o . . -+ .
The relative effectivencss of free acid, H , and asso-

ciated acid, HQCO can be compared in terms of reaction

‘35

rate constants from the experimental data. The rate of

acid addition at pH = 4.5 under a nitrogen atmosphere was
0.109 ml/min and with PCO = 0.81 atmosphere was 0.860 ml/min.
2

Assuming a first order reaction for hydrogen ion catalysi
yields

0.109 ml/min = kl(aF+)

+3.5 ; . ) .
for which kl = 10 3.54 ml/min. Subtracting the contribu-
tion for this reaction and assuming a first order reaction

for H2C03 catalysis yields

0.76 ml/min = kz(aHZCOs)
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for which kz = 10+1'61 ml/min. Thus the ratio of kl/kz is

appreximately 100 Lo 1 under these conditiens.
The normal approach to general acid catalysis for re-
actions which do not consume the hydrogen ion suggests that

the reaction rate shift should be propoertionsl to the acti-

tion constant {Benson, 1960). This may be expressed as
5 }

' a
R. = G, (K., ~n ) & = k (a, ) {(55)
T h2603 dzJOg H2CO3 a H2C03
where G is a constant fTor acids with the H,CO., structure,
H,CO, 2vVY3
K, ~ is the first dissociation constant for carbonic acid
H2C03
a is the activity of carbonic acid; a is an empirical
H?CO3

constant such that O<a<l, and ka is the general acid catalw
vsis constant. This constant, ka, is wsually at least two
orders of magnitude less than the unasszociated acid catal-

I
) . - . ) - T
ysis rate constant (Laidler, 1G50; Hammett, 1970). For H

"

o

and B,C0,, k, = 100 k
4 S £

vity of the associated acid multiplied by its acid dissocia-~
1

The structure constant, G, is usually close to unity,
so for carbonic acid catalysis ¢ is about 0.31, The stan-
dard interpretation of the a value is that it represents
the fractional degree of proton transfer in the transiticn
state. The transition state is thought to consist of the

formation of an activated complex such as
+5 -0 0
2 1
CO, " mwll==-0~C-0l
f

at the lattice anion position.

The available data imply that for dissclution far from
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equilibrium adsorption reactions with two agueocus species,

+
H' and H,CO,,

cable for reactions which do not consume hydrogen ions;

limit the dissolution rate. Methods appli-

true catalytic reactions, suggest that the free hydrogen
ion is about 100 times more effective than carbonic acid

as a dissolution catalyst.
Controlling Process Approaching LEquilibrium

Interpretation of the rate controlling processes {rom
mathematical expressions is an inductive process (Gardiner,
1969). The model proposed to explein experimental data mey
be completely invalid yet its equation may describe the
system investigated with good precision. The following
discussion uses the principle of employing the least
complicated model consistent with the available experimen-
tal data and uses data for thejmean experimental tempera-
ture of 400 C. Hinetic expressions coempatible with the ob-
served overall reaction rate are discussed, tested against
the calculated back reaction; and interpreted with respect
to the dissolution ﬁechanism.

Tnvestigations by Plummer (1972) and Berner and Morse
(1974) of calcite dissolution in the vicinity of eguilib-
rium have shown that the disscolution rate can be expressed
in terms of the activity of hydrogen ion at the time of
interest minus the activity of hydrogen ion at saturation,
(aH+t - aﬁ+ Y. Figure 20 shows the relationship between

' s

hydrogen ion activity as log (aH+ - ayt ) and log R for
t s
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Figure 20. Plot of log B versus log (aH+t - )
for strontianite dissolution at 409 ¢ under 0.81 atmos-
phere PGOQQ The slcpes, which are interpreted to repre-
sent molecularities of 2/%, 1/3, and 1/6, are 0.71, 0.31,

and 0,14 for lines A, B, and ¢ respectively.




log R

B
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strontianite dissclution. The first order rate law requires
that the data as plotted behave linearly and have a slope

of approximately one. The data for strontianite dissolu-
tion do not Tulfill these requirements. By dividing the data
into three grcupé, the linear relationships A, B, and C with
slopes of 0.71, 0.31, and 0.14 may be defined. Line C, de-
fined by only four data points, may not be necessary. Fach
of these linear relationships represent different stages

of the reaction progress and are compatible with equation
(26) which is used with reactions other than first order
where the slope of the line, n, is the assumed molecularity.
A& plot of the witherite disscolution data, figure 21, lines
A, B, and C have slopes of approximately 1, L, and %,
respectively. The data for strontianite and witherite may
be interpreted as having different stages, with different
molecularities of the rate limiting mechanisms, related to
the adsorption of H+ at the mineral surface.

The linearity of the data and slepe of approximately
one shown in figures 22 and 23 indicate that the dissolution
of strontianite and witherite can be more simply interpreted
in terms of reactant removal from the mineral surface., Only
one reaction mechanism is required to explain the kinetic
behaviocr over most or all of the experimental range. Fur-
thermore, plots of log {mMez+ - m”62+ } versus time,

5 Y
figures 24 and 25, show that the experimental data are com-

patible with equation (25) for first order kinetics.




Figure 21. Plot of log R versus log (aH+ - Byt )
Y g
for witherite dissclubtiecn at 40° ¢ wnder 0.81 atmosphere

P The slopes, which are interpreted to represent

COEQ
nolecularities of 1, 1/2, and 1/4, are 1,01, 0.52, and

0.,2¢ for lines A, B, and C, respectively.
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Tigure 22. Plot of log R versus log (m, 24

2.
AR

t

ey S T
) for strontisnite dissolution at 400 ¢ and

= 0.81 atmosphere. The slope is 1.05.
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Pigure 24. Plot of log (m, 2+ - m, 2+ ) versus
s . oy

tine in minvtes for strontianite dissolution at 400 ¢

and ?GO = 0,87 atmesphere, The slope of the line,
2

-1

2.28 x% 10“39 ig the rats constenyt, kX, in min™ .

& RANEY
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g s e - i 3 ¥ 2 - e FeTEUsS
Figure 25. Plot of log (mBaa+ﬂ mB&QKt) versu

time in minutes for witherite dissolution at 409 ¢ and
Pao = 0,81 atmosphere., The slope of the line, 2.6%
2
w‘z L. - - L 3 hais
¥z 107~, 1ig the rate constant, k, in min l,
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The first order relationship between R and (mMez+

0

mMeZ+ ) should alsc be valid using HCO3 as a variable;
t
since, fTor the experiments which apprcach equilibrium, the

disgsolution reaction is

co. = Me?t 4 2uco.” (56)

and electrical neutrality is largely maintained by increas-

ing HC03— concentrations. TFigures 206 and 27 are plots of

log R versus log (cho3— - chogm } and (mHCO3N - mH603_ )
s t s t

versus time for strontiaznite dissclubion at 400 C. These

figures show that there is essentially no difference in the

quality of fit for a first order reaction controlled by

- . - r {m. 2+ = m. 2+ ). The s
(mycq . Myeg, ™ ) or {mg 2+ Bl 2t ) [he
3 3 " 5 t

S

me situa~

]

. . - , ., . , ) .
ationn is true for witherite disscliuvtion at 407 C. The

dependence upon Bysrey might bhe interpreted as either an
yA

3

adsorption reaction of an associated acid at the mineral
surface or combined with mM62+ dependence, as a precipi-
tation (i.e. bhack) reaction at the mineral surface.

Te test these mechanisms fTor precipitation control of
the overall rate, certain preliminary assumptions were nade.

They are that the concentration of carbonic acid, H,CO is
dmt

35
constant throughout the experimental runs and does not cause
changes in the reaction rate during these runs. Agueous
diffusion is not considered to be the rate limiting step

for the dissolution of strontianite and witherite because of

the constant reaction rates under stirred and unstirred



80

Pigure 26. Plot of log R versus log (m -
& HGO3

Moo, Y for strontianite dissolution at 400 ¢ and
54

?CO = 0.81 atmosvhere. The slope, 1.05, is the sane
2
ag in figure 22, using the variable log (mST2+ - T,
g
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M ooure 2 Lot of log (m - - M -
Figure 27. ©PLo g HGOs HCOs t)

B £

versus Lime in minutes for strontlanite dissolutlon at

400 ¢ ang PCO = 0.81 atmosphere. The slope of the line,
2
1

2,29 x 10-"39 g pssentislly the same as thet determined

28] - M 2"’ ©
veing log (m8r2+S ap Pt)
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conditions and because the activation energies are consider-
ably higher than 4.5 kilocaleries per mole expected for
aquecus diffusion.
The fact that n is approximately cqual to 1 suggests
that a hack reaction is effecting the overall recaction
rate. The hypothesis employed is that the mechanism for
this surface reaction is the same for dissolution and pre-
cipitation (principle of microscopic reversibility). There
is no experimental proof to support this hypothesis; but, it
is the simplest possible assumption and in the absence of
negative evidence is preferred to a more complicated one.
The overall rezction rate which is experimentally

determined may be expressed as
E:g - :3-1 (57)

where R is the overall reaction rate, is the forward

Re
reaction rate, and ib is the bhack reaction rate. Two
approecaches using the rate informtion determined far from
eqguilibrium were emploved tce determine the forward reaction
rate in order to calculate the back reaction rate. DBecause
data far from eqguilibrium are available only for streontian-
ite dissolution, the discussion of back reaction rates is
restricted to strontianite.

One method of calculating the forward resction rate is
to use the data obtained far from equilibrium. Combining
the first and third terms of equation (54) into one constant,

the predicted forward rate is
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E\_f = 3.08 x 10“5 -+ 8.65 x 10“6 (aH%-)O'l‘g ' (58)

if cone assumes that the back reaction is nol yet signifi-
cant. A second option is to assume that the forward re-
action rate is constant; which means that the forward reac-
tion is zero order reaction. This would be the case if

the adsorption of H2C03 at the mineral surface were the rate
limiting step for the ferward reaction. Table 3 contains

the calculated values of R, resulting from the former ap-
& I

b
proach. The back reaction rate was calculated hy subtract-

the observed reaction rate from the calculated forward re-

action rate. Plots of R versus (mHCOBM - mHCOS“ P
5 t
mHCOS“’ (mSFZ-I-C - m5f4+t), and (aSFz+ aCO32~)/m were con-

structed; the plot of (ap12+ A 2-)Y/K was included to
he . 3
determine if the principle of mass action; equation (14),

might he applicable to the hack reaction rate. Further-

more, a plot of log R, versus log (aH+ - agt ) was made to

t £
determine if hydrogen ion activity might be related to the

back reaction in a less complicated manner than log R versus

log (aH+ - aH+ ). Both methods of calculating the forward
t s

reaction rate yield a non-linear plot for the first 25 min-

utes of the reaction; however, the calculated back rezction

rate using equation (58) provides a better data fit of the

variables tested for the period from 30 to 400 minutes.

Figure 28, a plot of R, versus (ac .2+ ang 2-)/K, demon-
s - 3
strates that for (ag,.2"  agg 2~}/K > 0.3 a linear relation-

3
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TABLE ITT. CALCULATED TORWARD AND BACK REACTION RATES

Time 1in pH Calculated Obvserved Calceulated
minutes - - =
Re x 107 R x 10° R, x 10~
- - =
5 4,513 2,493 2.185 . 508
10 L7114 2467 1.972 405
15 4,842 2,450 1.778 672
20 4,941 2,438 1771 6T
25 5,018 2,428 1,682 GTAE
30 5,079 2,410 1,561 858
35 5,130 2,413 1,485 ° 925
40 5174 2,407 1430 Q77
45 5,212 2.407% 1,359 i @14
50 5246 263595 1,322 1‘Of6
60 e 505 2300 1.279 Telld
70 56555 2.3%84 1,231 1,153
80 50395 2.378 1004 1,204
90 5ok 2,374 1,076 1.298
100 5,462 2.370 1,002 1,368
110 5,490 2,366 0,970 1.396
120 5,514 25063 0,883 1.480
130 5,535 2,360 0.814 1.546
140 5554 2.:358 0.772 1,586
150 5,572 2,355 0,754 1.591
160 69588 2.353 0. 706 1647
170 5,602 2,352 0,640 1.712
180 5,616 263550 0,662 1,688
190 5 628 2,348 0.585 1,763
200 5.0639 2.346 0.550 1,796
220 5,559 2, 544 0.5169 1.825
240 5,676 2,342 0,460 1,882
260 5,602 2. 540 0.450 1,890
280 5.705 2+339 0.379 1.960
300 5,716 2,337 0.3%29 2,008
320 5.726 263535 0307 2@028
340 5.735 2.554 0.282 2.052
360 B.T4% 2.333% 0.256 2,077
380 5,750 2.5%2 0,228 2,104

400 5,756 2,332 0.198 2134
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Figure 2. Plot of R, versus (a._ 2+ a.
é: "‘b sl (ijl" H uCOF

2-)/K

. . . . 0
for strontianite dissclution at 407 C and Peg. = 0.81
2
atmosphere. A linear relationship exists between the

plotted variables once the reaction has proceded be-

yond (aqr2+ acg 2-)/K = 0.3.
i “3




-

0.5

.75

. 50

.25

(aSF2+ acoszw)/ﬁ




ship exists between three variables. Conseguently, the

principle of mass action may be applied to the back reaction

as equilibrium is approached and be expressed as

R, = k(ag 2+ acogz‘") (59)

5

where k = 4.0 x 10”., Figure 29, a plot of R, versus

b

(mHCng - mHCOs" ), represents the best data fit of the
8 t

investigated variables. The intercept value, or rate at

equilibrium, is slightly lower (7%) than predicted from the

experimental values determined far from equilibrium, pH = 4.5.
The maximum value that (m, - = M.~ = )} can attain is the
hCO3 Huog
5 t
value at t = 0 and is shown by an X at [ = 0.0. A better

fit of the data obtained by appreaching equilibriuwm might

jos]

be possible if the constant and exponent in equation (58)
were adjusted; however, this would negate the value of the

rate experiments performed far from eqguilibrium. Figure 30,

a plot of gb Versus e 2=, demonstrates that substituting
U3
Y e S | T - does Lmpr Chie
eeo 2- for (MHCO 2 myeg 2w ) does not improve the
3 3 3 .

quality of the data fit.

Because the forward reaction rate appears to be con-
trolled by proton adsorption at the mineral surface, it is
logical to assume that the correspondence between the back

reaction rate and represents a deprotonation reaction.

In the following discussion, supporting evidence for this

conclusion is provided by experiments conducted to determine




87

Migure 29, Plot of R, versus (m T (T
& - Zb ( HOO, HOO-

Lex]

for strontianite dlssolution at 40° ¢ aud Pag = 0.81
2

atmosphere., Projection of the data to saturation

(

m__ - = 1m - 1elds a rate of 2.34 x 1072 min~
HGO; HG O )y
5

[}

Rb was czlculated using equation (58) as discussed in

the test; the calculated value at the egquilibriuvm pH,
. - [:' » s
5.81, 18 2.325 x 1072 min~!, This close agreement

gsupports the internal consistency of the values used

m_j and me o The symbol X denotes the value of
& 1

(Li. - = M -
HHCO3 HCOs .

3

) at time t = O.
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Figure 30. Plot of Ry Versus Myen - for stron—
3
tianite dissolution at 400 C and P = 0.81 atmosphere.

C02

Comparison with figure 20 shows that both Wy = and

3

M., - Bl ™ are non-linear with respect to R
( HCO, “HCO, ) ‘ =P =D
s t
during the first 25 minutes of the dissolution reaction.
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tthe surface charge cof calcite.

The zero peint of charge, ZPC, of a mineral is the ph
at which the mineral surface has an equal amount of posi-
tive and negative charges. At lower pH values the surface
contains an excess of positive charges which are balanced
by an excess of anions in the counter ion layer adjacent to
the mineral surface. Theoretically, the ZPC should have as
a value of the pH of minimum solubility for a mineral which
dissolves congruently (Somasundaran and Agar, 1967). Using
varicus techniques, Somasundaran and Agar (1967) determined
that the ZPC for calcite was positive for pH's less than
eight and interpreted the surface charge to be contrelled
by Ca species. Tha experimental changes in plH which they
observed closely agree with those predicted from thermo-
dynamic data. All zlkaline earth carbonates would be ex-
ﬁected to behave in a similar fashion, and as long as the
pH increaseé during dissolution the surface charge should
still be positive (cf. Parks, 1907; Stumm and Morgan, 1970,
p. 479). Consequently, the strontianite and witherite
mineral surfaces are believed to have been positively
charged during the dissolution experiments which approach-
ed eguilibrium.

Adsorbed ions in the fixed layer on the mineral
surface effect the surface charge; however, the charge of

the lattice ions which are most abundant con the mineral

surface control the overall surface charge (cf. Parks, 1907).

Therefore, it is reasonable to assume that Sr and Ba ions

\
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predominate on the mineral surface (cf. Somasundaran and
Agar, 1967). If the back reaction at the mineral surface

is represented schematically as

+ + + o+
M M

/\/\- + HX” /'\/\- - +

\/\/\+ vl \i/\/\/\ﬂ‘- *

/\/\/\/\/\ /\/\/\/\/

AVAVAWA /\/\/\/\
either the adsorption of the bicarbonalte ion, HX™, or the
breaking of an 0-H bond constitute the rate limiting
process.

The positive surface charge suggested for strontianite
and witherite under the experimental conditiens is in
agreement with the rate limiting steps proposed both for
dissolution and precipitation. For dissclution, protonation
of the COBZM lattice ion and desorption as HCOg— would
result in a stepwise removal of the surface layer and in a
positive surface charge. Similarly, the precipitation

mechanism would be dependent upon HCO ion adsorption and

3
deprotonation. The positive surface charge implies that
& e

lattice cations are present in abundance and that precip-

itation is contrelled by HC 03 .



SUMMARY AND SUGGESTIONS
FOR FUTURE WORK

This study was undertaken to lnvestigate the dissolu-
tion kinetics of barium and strontlium carbonates. The
ma jor conclusions are:
1) Strontianite and witherite dilssolution approach-
ing eguilibriuvm appears Ho be controlled by a
surface reaction for the conditions investl-
gated, Thelr dissolution rates were not
effected by different stirring conditions and
their calculated activation energies, 8.4 and
10.0 kilocalories respectively, are congld-
erably grezter than would be expected for an
aqueous diffusion rate controlling mechanigm.
2y Strontianite dissolution, far from egquilib-
rium for pH values ranglng from 1.5 to 6,5
and with a continuously renewed Np gas phase,

may be expressed by the equation

»eof 3 61,«
dm, . 2+/dt = k1(aH+}O 9e & h2(aH+)O 3

Sr

where ¥y = 2.4 % 102 k5, The rate limiting
step 1s believed to be protonation of the

0032‘ lattice anion.

N
S

Strontianite dissolution, far from egquilib-
rium at a pH of 4.5 and with a continuously

reriewed No-00~ zas phase, mayv be expressed by
2 2 o k5 s J : )

z



4)

the following equation employing the TLangmuir

adsorption isotherm

where ky = 2.35 x 106, a = 1.3 x 10-%, and

b = 4,2, The investigation showed that in-
creasing the concentration of the reaction
product, chozg increased the dissolution
rate. This indicates that carbonic acld or
one of its ionizastlon products, HGOB“ and
CO§2'§ facilitates the dissolutlon process.
1 deprotonztion of carbonic acid at the
nineral svrface is the mechanlsm which facll-
itates dissolution, then the effeéﬁivemess of
carbonlc acld is approximately 1/100 that of
the hydrogen lon.

The back reaction rate for strontianite and
witherite dissolution ig bellieved to be con-
trolled by adsorpilon and deprotonation of
HCOB‘ at the mineral gsurfece. The back reac-
tion rate for strontlanite dissolution ap-
proaching equllibrium was calculated using
the dissolution rates obtained far from equl-

1ibriuvm. Both first order variables, (m -
HGOB

-

Mg ™ ) and (mS
> 4

r2+s - er2+t), provided

92



satisfactory agreement with the calculated back
reaction rate; however, the principle of micro-
scopic reversibility and the postulated surface
2+ .
charge suggest that Sr is not the rate limit-

ing species for the back reaction.

Suggestions for future research resuvulting from this

investigation are:

1)

2)

3)

Future work should utilize material which has
been aged in a saturated solution. This should
result in the healing of surface defects and
the dissclution and reprecipitation ¢f the very
fine materizl. Control of grain size in this
study was not adeguate to assign specific rate
constants based upon calculated surface areas.
Microscopic examination of the samples showed
that there was significant retention of -200
mesh material which persisted despite the acid
wash and distilled water rinses.

The role of HZCO as a general acid catalyst

3
for carbonate mineral dissolution should be
reinvestigated and compared with other acids
having disscciation constants of about the

same value.

The role of mineral crystallographic structure
could be investigated using calcite and aragonite.
The late stage shift to a high order mechanism

A

observed by Plummer (1972) fer calcite was not




4)

noted for strontianite or witherite which have
the aragonite lattice structure,

The kinetic expression

. . n
deezﬁ!-/d.t = kz(aH+t a.+ )

should be investigated further for strontianite

and witherite dissolution. Use of equipment
similar to that described by Morse (1974) should
permit experimental deﬁermination of the reacticn
rate at fixed pH values to within 0.05 units of

the eguilibrium pH. Such experiments could
determine if a family of lines, as used with
strontisnite and witherite dissolution data, truely
represent different dissclution stages with
different molecularities or if these lines oniy

represent approximations of the reaction rate.
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//AG40FA08 JOB (451300200sW00019194) 4 *SONDEREGG? ¢ CLLASS=F

/7%

096 1840 JS E&WD 00200 CATION CALC PRODUCTION

/7 EXEC . FORTGCG
//FORT.SYSIN DD #
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eEoEoNeoNeoNoNoEeNoNoRo oo NeoNoNoNoReRoNoNe Ne!

PROGRAM CATCALC

PROGRAM CATCALC WRITTEN BY JOHN SONDEREGGER/NEW MEXICO TECH/1972-3
PROGRAM CATCALCIS DESIGNED TO CALCULATE ALL IMPORTANT SPECIES IN
SOLUTION FOR THE DISSOLUTION OF ALKALIAN EARTH CARBONATES.

THE MASTER VARIABLE FOR THESE CALCULATIONS IS PH

THIS PROGRAM ALSO CALCULATES CHEMICAL AFFINITY AND
THE RATE OF CHANGE OF CONCENTRATION, MOLALITY & ACTIVITY OF
THE ALKALAIN EARTH OF INTEREST

THE DOMINENT REACTION IS: MECO3 + 2H+ = ME+2 + H2C03

REAL#8 TITLEs, INAME, KNAME, MNAME, PH

REAL LGATI(3)oLGCI(3) oLGAK(4) oL GCK(4) ¢ LGAM(2) oL.GCM(2) yMECO3sLTAP
DIMENSION TITLE(8) 4ACTVTI(3) sACTVTK(4) sACTVIM(2) sCONCI(3+2) s CONCK (
14) sCONCM(292) 9 INAME (3+2) o KNAME (452) sMNAME (2+2) s AZEROTI (3) o AZEROK (&)
29AZEROM(2) s CHRGI (3) s CHRGK (4) s TIME (200) 9PH(200) s ZSQI(3) 4 7SAK (4) o
3ABCHI (3) yABCHK (4) ¢DENOMI (3) s DENOMK (4) sDECONI (3) s CHRGM(2)
49 ACTCFI(3) sACTCFK (4) sACTCFM(2) s CHCONT (3) ¢ CHCONK (4) oFLOGI(3) s
SFLOGK (4) o AFFN(2) o ALAMI (3) s ALAMK {4) oBLAMI (3) + BLAMK (4) ¢ BLAMM(2)

65 AML (200)

LA RS a R A bR gt R S k-2 R -2 02 2-2-2-2-2-2-2-2-F-2-F-2-L-F -2 - L-2-2-2-2-X-X-2-2-X-2-F-T°F-2-F-2-2- T2 F-3- 31

I OR ___1 ARE CATIONIC SPECIES VARIABLES

Ko OR ___K ARE ANIONIC SPECIES VARIABLES

M__. OR ___M ARE NEUTRAL COMPLEX SPECIES VARIABLES

NUMA NUMBER OF ITERATIONS EMPLOYED

NUMB NUMBER OF DATA POINTS AS INPUT

MECO3 = INSTABILITY CONSTANT FOR DISSOCIATION OF THE NEUTRAL

SPECIES (ION PAIR) MECO3

BETAH = INSTABILITY CONSTANT FOR MEHCO3 COMPLEX

AMOL = MOLALITY OF HCL ACID

AML = NUMBER OF MILLILITERS OF HYDROCHLORIC ACID ADDED

PCO2 = PARTIAL PRESSURE OF C02 GAS

DELTIM = TIME INCREMENT

LIAP = ALOGIO(ION ACTIVITY PRODUCT)

ARG = ALOG10(Q/K)

QOK = (IARP/K(EQUILIB.))

MENOP = OPTION TO INCLUDE THE MEAN VALUE OF THE REACTION AFFINITY
OVER THE REACTION INTERVAL### IF DESIRED SET MENOP = 1

P R IR I P P A P R E P P I 2 3 I e A 2 P I P P SE AP 3 P I PR 4P I P PSP AP I AR P 2R AE 3

READ(5+100)TITLE

WRITE(6.101)TITLE

READ(S6131)Ts PKWePKOs PKls PK2

WRITE(6.,130) T

TK = T + 273.15

RT = (1.9872%#TK)/1000.0

E=0,100000E-30

WRITE (6+99)

READ(S54102) (INAME(T21) o INAME(T92) sAZEROTI(I) sCHRGI(I) oBLAMI{(I) sI=1,
13)

WRITE(69103) (INAME(I+1) o INAME(I62) dAZEROI(I) ¢CHRGI(I) «BLAMI(I) s1I=1
1+3)

READ(5+102) (KNAME (Ko1)o KNAME (Ke2) s AZEROK (K) s CHRGK (K) o BLAMK (K) sK=1
14)
NRITE(69103)(KNAME(qu)sKNAME(KqZ)9AZEROK(K)9CHRGK(K)98LAMK}K)9K=l

¥
g



500

501

502

503

504

TICTTO VT T &R T 7 ST i I, NIl X 7 FITR Il s NIV T J I T T T R T % S f %

14)

WRITE(6+103) (KNAME(Ks1) s KNAME (Ke2) s AZEROK (K) s CHRGK (K) ¢ BLAMK (K) s K=1
1e4) ) . : B - )
READ(5+102) (MNAME (Me1) s MNAME (M22) s AZEROM (M) s CHRGM (M) o BLLAMM (M) sM=1,
12)

WRITE(65103) (MNAME (Me1) s MNAME (Me2) s AZEROM (M) ¢ CHRGM (M) s BLAMM (M) oM=1
1+2)

WRITE(64325)
READ(S5+105)AAHAT o ABHAT s XA e XB o MENOP o FUDGE
WRITE(6s105) AAHAT s ABHAT 9 XA s XBoe MENOP s FUDGE
READ(5+104)NUMASNUMBsMECO3+BETAHPKSP
READ{(54+133)AMOLPCO2

WRITE (6104 ) NUMASNUMBeMECO3BETAHPKSP e AMOL 4 PCO2
WRITE(64131)Te PKWe PKOe PKle PK2

###All FIXED VARIABLES HAVE BEEN INPUT###
WRITE (6+325)

WRITE(6,107)

DO 500 L=1.NUMB
READ(S+124)PH(L) o TIME (L) s AML (L)
WRITE(G6117) TIME (L) s PH(L) s AML (L)

CONTINUE

WRITE(6+325)

ALCOZ2 = ALOGL1O0(PCO2)

DO 610 L=1osNUMB

DO 501 I=163

ACTCFI(I)=1.00000

DO 502 K=le¢4

ACTCFK(K)=1.00000

ACTCFM(1)=1.00000

ACTCFMI{2)=1.00000

DO 600 N=1esNUMA

LGAT (1) ==PH({L)

LOGAM(1) ==PKO+ALCO2

LGAK (1) ==PKW+PH(L)
LGAK{2)Y=LCGAM(1)=-PK1+PH(L)

LGAK{3)=LGAK (2)=PKZ2+PH (L)

DO 503 K=143

ACTVTK(K)I=10.00%#3#_ GAK (K)
CONCK(K)=ACTVTK(K) /ACTCFK (K)
LGCK{K)=ALOG10 (CONCK({K))

CONTINUE
CONCK(4)=(AMOL#*AML (L) #0.001)/(1.000+{(AML(L)*0,001))
CONCK (4)=CONCK (4) +E

LGCK (4)=ALOG10 (CONCK (4))

ACTYTK (4)=CONCK (4)¥ACTCFK (4)

LGAK (4)=ALOGI10 (ACTVTK (4))

SUMA=CONCK (1} +CONCK (2) +2%CONCK {3) +CONCK (&)
ACTVTI(1)=10.00%#_GAI(1)
CONCI(12)=ACTVTI(1)/ACTCFI(1)
SUMB=SUMA-CONCI(1+2)

QBALL=LGAK(2)+BETAH

PBALL=10,00%##0BALL
CRUD=(ACTCFI(2)/ACTCFI(3))*PBALL
CONCI(2+2)=5UMB/(2.0+CRUD)
CONCI(3+2)=CONCI(2.2)#CRUD
ACTVTI(2)=CONCI(2:2)%*ACTCFI(2)
ACTVTI(3)=CONCI(3,2)%ACTCFI(3)

DO 504 I=1.3

LGAT(IVY=ALOGIO(ACTVTI(I))
LGCI(I)=ALOGIO{CONCI(Ies2))

CONTINUE

ACTVTM(1)=10.00#%_ GAM(])
CONCM(1+2)=ACTVTM(1) /ACTCFM(1)
LGCM{1)Y=ALOGIO(CONCM(1+2))
LGAM(2)=LGAI (2) +LGAK(3) +MECO3

APLPTVITIE I 3V I N NN L AMEITDOY
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509

511

512

513

514
600

601

613

505

506

507

ACTVTM(2)=10,00%#*_GAM(2)
CONCM({2+2)=ACTVTM(2) /ACTCFM(2)
LGCM{2)=ALOG10(CONCM(2+2)) '
DSUM=0,0 -
DO 508 I=1,3
ZSQI(I)=CHRGI (I)##?

CHCONI (I)=CONCI(I,2)%7SQI(I)
DSUM=DSUM+CHCONI (1)

DO 509 K=1.4

7ZSQK (K) =CHRGK (K ) #%2

CHCONK (K) =CONCK (K) #7SQK (K)
DSUM=DSUM+CHCONK (K)

BARI=DSUM#0,50

IF(N .EQes NUMA) GO TO 600
SGI=SORT(BARI)

DO 512 I=1.3
ABCHI(I)=(=1.00)*AAHAT#ZSQI(I)#SQI
DENOMI (I)=1,0+ (ABHAT#AZEROI (I)*SQI)
FLOGI(I)=(ABCHI(I)/DENOMI(I))+(0,1)%#2SQI(])*BARI
ACTCFI(I)=10.00%*FL0OGI(])

CONTINUE
DO 513 K=1.4
ABCHK(K)=(=1,00) *AAHAT#ZSQK (K) #SQ1
DENOMK (K)=1.0+ (ABHAT#AZEROK (K) #SQT)
FLOGK (K) = (ABCHK (K) /DENOMK (K) )+ (0,1)#ZSQK (K) #BARI
ACTCFKI(K)I=10.00##FOGK (K)
CONTINUE
STOICI=(CONCI(142)+4,0%(CONCI(2+2)+CONCI(342))+CONCK(1)+CONCI(3+2)

1+CONCK(2) +4 . 0#CONCK (4)) /2,044 ,0%CONCM(2+2)
DO S14 M=z=1l.2
ACTCFM(M) =1 .00+ (XA*STOICI) + (XB#STOICI#%2)
CONTINUE
CONTINUE

WRITE(64324)

DELTIM=TIME (L) =TIME (L=-1)
WRITE(6+s114)DELTIM
WRITE(6+116)BAR]

LIAP=LGAI (2)+LGAK(3)

WRITE(64121)LIAP

KSP SET BELOW
ARG=LGAT (2) +LGAK (3) +PKSP
WRITE(65115) ARG
QOK=10,00%##ARG
WRITE(6+119)0Q0K
AFF==2,30258%RT#ARG

WRITE(6+113) TIME (L) » AFF
AFFN(2) = AFF
IF (MENOP .EQ. 0)GO TO 613
MEAN VALUE OF AFFINITY IS USED
AFFM = (AFFN(2) + AFFN(1))/2.0
WRITE(6+129) AFFM
CONTINUE
CONCA=CONCI(242)+CONCI (3,2) +CONCM(2+2)
WRITE(64118) TIME (L) +CONCA
DO 505 I=1,3
WRITE(6+110) INAME (Te1) o INAME (142) sACTCFI(I)
CONTINUE
DO 506 K=ls4
WRITE(66110)KNAME (Kel) o KNAME (Ke2) s ACTCFK (K)
CONTINUE
DO 507 M=1,.2
WRITE(6+110)MNAME (Ms1) sMNAME (Mg2) s ACTCFM (M)
CONTINUE
WRITE (64326)

DO 550 I=1,3
WRITE(6+109) INAME (I1) s INAME (142) sCONCI(I92) oL GCI(I)sACTVTI(I)

. . . L

»




DO 550 I=1+3
WRITE(6109) INAME(T91) s INAME (T92) sCONCI(I62)sLGCI(I)sACTVTI(I) o
ILGATI(T)

550 CONTINUE
DO 551 K=le4
WRITE(6+109)KNAME (Kel) s KNAME (K92) s CONCK (K} o LGCKI{K) 9 ACTVTKI(K) »
1LGAK (K)

551 CONTINUE
DO 552 M=1.2
WRITE(6+109)MNAME (Mo l) s MNAME (M92) s CONCM(M92) o LGCM (M) s ACTVTM(M)
1LGAM (M)

552 CONTINUE
IF(L=1)610+610+609

609 CONTINUE
WRITE(6,326)
DO 602 I=1+3
DECONTI(I1)=CONCI(I+2)=CONCI(Is1)
WRITE(6s111)INAME(Tel) o INAME(Te2) sDECONI(I)
CONCI(I+1)=CONCI(I+2)

602 CONTINUE
DECONM=CONCM (2+¢2) =CONCM(241)
WRITE (6111 )MNAME (201) o MNAME (2+2) ¢ DECONM
DECA=DECONI(2)+DECONT (3) +DECONM
DERIV=DECA/DELTIM
WRITE{(6.112)DERIV
ZAT = DECONI(2)/DELTIM
WRITE(6.128) 7AT
ZAP=DECONI(2)#ACTCFI(2)
ZAB=ZAP/DELTIM
WRITE(6,122)7A8
CONCM{2+1) = CONCM(2:2)
AFFN{1) = AFFN{2)

610 CONTINUE
HHRFORMAT S

99 FORMAT(//%0% s33Xe YCOMPONENT®* 19X+ ?AZEROY 515X e *CHRG? 9 /)

100 FORMAT (8A8)

101 FORMAT(30X.84A8)

102 FORMAT(ABsAT7s2F10.2¢F10s4)

103 FORMAT(31XsARBsA7o10XsF10.2910XeF10.2s10XeF10.4)

104 FORMAT(2(T7Xe1I3)92F10.2¢3F10.4)

105 FORMAT(4F10:4+154F10,3)

106 FORMATI(F10.54F5.0)

107 FORMAT(® 36X ' TIME? 12X o "PHY e OX e PAML Y9/ s37Xe ¥ ____T912Xs%__ %,
19Xs¥ ___v9/)

108 FORMAT(/%0%4*ITERATION NOs*sI3«%" COMPLETEDYs/)

109 FORMAT(? 9610XeABsAT s 1CONCTY oFE14,695Xs'LOGE! sFE15:694Xs "ACTIVITY=?,
1E14.6e5X9L0G=14FE14,6)

110 FORMAT(® 1910XsABsAT7sSXe TACTIVITY COEFFICIENT =%4F8,5)

111 FORMAT(® 9.10XeABsAT7e5SXe *DECONTI =15E13.6)

112 FORMAT(//e% 1e30Xs'DC CA/DT =t eE13.69"MOLES/MIN.?)

113 FORMAT(/ ¢ ',30Xe?THFE AFFINITY AT *sF7.1 s * MINUTES IS'sE13.6,
1" KILOCALORIES?'s/ )

114 FORMAT (/7% ®*s30Xe*DELTA TIME =1F7,1 o¢ MINUTES®s/)

115 FORMAT(/? *330Xs?ARG =%9FE13:.6+/)

116 FORMAT (/% %,30Xe*TRUE IONIC STRENGTH =%+E13.64/)

117 FORMAT(? % o30XeF1061e5XsF10:3¢5XeF10.5)

118 FORMAT(/Y 930X 'AT?sF 7.1 % MINUTESs TOTAL ME =9,E13.,6+' M/LV,/
1)

119 FORMAT (/1 *e30Xe*Q0K =94F13.64/)

121 FORMAT(/ v 9:.30Xs'LIAP =%'4FE13,.64/)

122 FORMAT (/9% 1230Xe*DA(ME++) /DT =94E13.64/)

124 FORMAT(SXsF5e392XeF10,1sF102)

128 FORMAT(/e?' "930Xe*DM(ME++) /DT =945E£13.6)

129 FORMAT (' 0430Xs*MEAN AFFINITY OVER TIME INTERVAL IS'sE13.69' KILOC
1ALORIES /)

TN CAMMATI /78 8 1Y 8T TEMOCDATIIDE Tee L ™ 8 Nnoepoce rCNTTIGRANDE §)

1
i
il




325 FORMAT(/IX100( +0) 4,/ /)
326 FORMAT(?® '5100(%+9),/)
STOP
END
/3
//7G0.SYSIN DD #

® & & & & o & & & ¢ 5 & 5 & & @9





