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SECTION I. THE THERMODYNAMICS OF ZINC
ADSORPTION ON CALCITE, DOIOMITE,
AND CALCIAN-MAGNESITE.



INTRODUCTION

Zinc is one of the essentlal elements required for the normal !
7
i

growth of plants. The total amount of zinc commonly occurring in soils =
A

A& |

is usually many times greater than that necessary to supply the needs

of actively growing plants. The ability of the soil to "fix" zinc in
form unavailable for plant use, however, has made the zinc deficiency
disease an important plant nutrition problem in the major fruit and nut
growing regions of the West. Fixation mechanisms which have been postu-
lated as contributing to zinc deficiency include organic complexes,
precipitation of insoluble inorganic salts, and strong zinc-clay inter-
actions, It may be possible that in certain soils naturally occurring
soil minerals, other than the clay minerals, may also exert an influence
on the capacity of the soil to retain zinc,

The accumilation of lime minerals is a distinguishing profile
characteristic of soils in arid and semi-arid regions. These minerals
include: calcite (CaCOB), dolomi te (CaMg(COB)Z), and magnesite (!.'.gCOBQ.
Despite the widespread occurrence of these minerals in the soil system,
relatively few data exist which specifically isolate the interaction
between cations in solution and the solid phase of the above-named lime
minerals.

It is generally believed that the adsorptive capacity of a mineral
soil is manifested primarily in the clay fraction. However, it may be
possible that some modification of this concept may have to be intro-
duced when considering relatively unweathered soil systems.

All crystalline phases of matter in the soil capable of existing



in a finely divided state, when dispersed in solution, inherently
possess an adsorption potential because of the unsaturated forces which
exist at all interfaces. Therefore, perhaps calcium carbonate and the
other slightly soluble lime minerals can be regarded as potential
adsorption sites for certain ions, The contribution that these minerals
make to the adsorptive capacity of the soil for a given ion will depend
not only on the magnitude of the attractive force that exists for the
given ion at the interface of the crystalline phase, tut also on the
percentage of the total specific surface area of the soil that is
contributed by the mineral phase in questiion.

Although many factors obviously affect the availability of zinc in
calcareous soils, the prominence of lime minerals in many western soils
is indicative of the importance of the zinc-lime mineral relationship
in the clarification of soil factors which affect the availability of
zinc.

The objectives of the study reported here are: (1) to obtzin a
quantitative measure of zinc adsorption on calcite, dolomite, and
magnesite, and (2) to develop a theoretical approach to the surface
phenomenon by which it may be possible to thermodynamically define the

adsorption of zinc in a lime mineral system.



REVIEW OF LITERATURE

The relations between calcium carbonate and the zinc ion have been
investigated by Canals, Marignan, and Cordier (1949, 195C). They
studied the adsorption of zinc from solution on finely powdered calcium
carbonate in the concentration range of 5 x 10_7 to 50 x 10'7 ge=ion of
zinc per liter. Their data revealed that at £7° C. the adsorption of
zinc was slightly less than at 20° C., but when the temperature was
raised to 90° and 100° C. the adsorption of zinc increased over the
amount adsorbed at 20° C. The presence of copper ions in the system
greatly reduced the adsorption of zinc. This investigation, although
not designed to yield any estimate of the surface energetics involved
in the adsorption of zinc on calcium carbonate, does indicate that

calcium carbonate must be regarded as an adsorptive phase for the zinc

ion.

The possibility that calcium carbonate may act as an adsorptive
phase in the soil was postulated by Leeper (1952) who concluded that in
calcareous soils, calcium carbonate may be a strong adsorbent for heavy
metals. The presence of calcium carbonate in the soil system does not
necessarily indicate that a zinc deficiency hazard exists. (n the con-
trary, calcareous soils of Utah, for example, seldom suffer from zinc
deficiency (Thorne and Wann, 1950). Thorne, Laws, and Wallace (1942)
have shown calcareous soils to contain greater amounts of available as
well as total zinc. They concluded that during the soil forming process

the finer textured, more basic calcareous soils of limestone origin



retained zinc more strongly than the zinc deficient socils derived from
more siliceous parent material. It was found that the siliceous parent
material, from which the zinc deficient soils were formed, contained the
same amount of zinc as was found in samples of the ‘1imestone parent
material. A posgsible factor in the ability of a calcareous soil to
retain zinc could well be the adsorptive potential which the calcium
carbonate displays for the zinc ion.

The presence of adequate quantities of zinc for normal plant growth
in calcareous soils is not a universal condition, for Leeper (1948) has
reported that "the unavailability of both manganese and zinc is particu-
larly found in calcareous soils." Thus, the relationship between the
occurrence of zinc deficiency and the calcium carbonate in the soil is
not clearly defined.

Thermodynamics of adsorption at a solid-liquid interface

The initial task in the development of a theoretical approach by
which it may be possible to determine the thermodynamics of zinc
adsorption on a lime mineral surface is the establishment of an adsorp-
tion process or "reaction" from which an expression for the change in
free energy can be derived.

The literature revealed that, compared with adsorption at the solid-
gas interface, relatively few attempts have been made to thermo-
dynamically describe the energetics occurring at the solid-liquid
interface.

Alexander and Johnson (1950) regarded the surface, A, as one phase
and the solution, B, as another phase and considered adsorption as the
distribution of a component between the twe phases. When equilibrium

is established:



(1) us‘} - ug
where ug = ug + RTln ag is the chemical potential of the solute molecule

in a given phase. If an ideal system is considered, at constant tem-
perature and pressure, it can be shown that the decrease in free energy,

AF, of a solute going from phase B to phase A is:

A
(2) AF = - RTIn K + RTIn ©s

Ca

where cg is the concentration of the solute in its respective phase, K

is the equilibrium constant, R is the universal gas constant, and T is

B

s in some

the absolute temperature. If the reaction begins with ¢
defined standard state and terminates with c‘;‘ in some defined standard

adsorbed state, then equation (2) reduces to:

(3} AF° = ~ RTln K
where

A
(L) Kiwn Sl

[}

S

In equation (3), AF° is the standard free energy change of transferring

a mole of solute from its standard state in phase B to its standard state

in phase A.

The equilibrium constant, K, can also be written as:

() £owol
Tes

where P is the amount of adsorbed solute per unit surface area and 1*

is the thickness of the adsorbed layer. Equation (5) still assumes the

ideal behaviour of the adsorbed molecules.

A correction for non-ideal systems was presented by Fu, Hansen, and

Bartell (1948). They derived the expression:



(6) log £ = (D - wd / 2.3RT) 4+ 1og a® - 1og ot
where fA is the activity coefficient of the adsorbed molecule, ug and
u‘g is the standard chemical potential of the molecule in its respective
phases, aB is the activity of the molecule in the solution phase, and
o is the molality of the adsorbed molecule in phase A, the adsorbed
phase.
If the adsorbed molecules remain ideal, a plot of log o vs. log
aP should yield a straight line., The observed deviations from a linear
plot permit the calculation of the activity coefficient of the adsorbate.
Bartell, Thomas, and Fu (1951), using the above criteria for the
measure of the ideality of the adsorbed molecules, applied equation (5)
to the "ideal" portion of their adsorption isotherms and obtained an
equilibrium constant for the adsorption of butyl alcohol on graphite and
blood char. They assumed that the thickness of the adsorbed layer was
equal to the cross=aectional diameter of the adsorbed molecules. After
calculating the equilibrium constant, the standard free energy of
adsorption was obtained from equation (3) and the standard enthal py, /
AH®, of adsorption was calculated from adsorption data collected at \/

different temperatures and using the relation:

(n A - kR 2Ty 1n Ko
-, K

where K2 and Kl are the calculated equilibrium constants at temperatures
Ty and Ty, respectively. The authors failed, however, to present a
definite physical picture of the standard adsorption reaction which was
described by their calculated thermodynamic properties, AF® and AHC.
The approach to the thermodynamics of adsocrption from solution
which is presented in the preceeding paragraphs is not considered com-

pletely adequate to describe the i.ermodynamics of ion adsorption on a
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heteropolar surface. In the theory developed by Alexander and Johnson
(1950), the adsorption process is based on a molecular distribution
between two phases. Thus both the cation and anion of an electrolyte
are regarded as contributing equally to the free energy of adsorption.
However, it is quite conceivable that when considering a strong electro-
lyte the relative location of a given ion within the force field of the
adsorbing surface will determine that ion's contribution to the free
energy of the process. Hence a theory based on molecular distribution
between the surface phase and the solution phase may not give a true
estimate of the energetics of ionic adsorption. Another disadvantage

of this theory is that, unless one assumes an ideal system, the activity
coefficient of the adsorbed molecule must be determined to arrive at the
value of the standard free energy change.

A comprehensive review of the thermodynamics used in describing the
process of dye interaction at the fiber-liquid interface is presented by
Vickerstaff (1950). Basically only two systems form the foundation of
the thermodynamics of adsorption of dye on fiber. With modifications,
these two systems are made to fit the specialized conditions of various
dyeing processes.

System 1. Dye attracted to the fiber-solvent interfaces without being
adsorbed on specific sites and with the possibility of forming a multi-
molecular layer.

The adsorbed phase, A, is considered to be anywhere within the
restraint of the surface forces., The distribution of adsorbed dye

" molecules around the fiber being essentially described by a Juoy type
diffuse double layer. When the reactants and products are in their
defined standard states and equilibrium is established isothermally with

the solution phase, B, the standard free enerygy is:



(8) - oF° - rrin _[P] & - rmn [];
v

where [D] A is the concentration of unionized adsorbed dye molecules on
the fiber in moles per kilogram dry fiber, [D]B is the concentration of
dye in the solution phase in moles per liter, and V is the total volume
of the surface phase in liters per kilogram dry fiber. The activity
coefficient of the dye molecule in both phases is assumed one., This
system is of the same nature as was previously described by Alexander
and Johnson (1950).

If the dye is an ionizable salt, e.g., NazD, then the maintenance
of electrical neutrality in the system requires that both the cation and
anion must be transferred to the adsorbed phase A, thus:

(9) R L e o], [ad?,

¥ A
where [Na*/V]A is the concentration of sodium ion in the fiber in moles
per kilogram of dry fiber and [Na‘]B is the concentration of sodium
ion in moles per liter in the solution phase. D~ represents the dye
anion and has the same dimensions as the dye molecule in equation (8).
Equation (9) indicates that in the adsorbed state, 4, both the cation
and anion of the dye molecule are adsorbed equally and that the fiber
exhibits no specificity for either ion.
System 2. Dye adsorbed on specific sites at the fiber-solvent interface
in a monomolecular layer.

Here the fiber contains certain reactive sites which are capable
of attracting dye molecules. When the site is occupied, it is no longer
available for further adsorption. The sites are regarded as being so
far apart as to eliminate interaction between adsorbed molecules., With

these conditions, Fowler and Guggenheim (1939) calculated on the basis
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of statistical mechanics that the activity of the molecules in the
adsorbed state may be represented by /(1 - 8), where ® is the fraction
of sites occupied by the dye. At constant temperature, the free energy
change of the defined standard reaction involving unionized dye

molecules is:

(10) - AF° = RTIn _8 - RTn [0]y
T-8)

R, T, and [D]B have the same significances as previously described. The
standard adsorbed state is usually defined as © = 0.5. Vickerstaff
(1950) derived a Langmuir-type adsorption isotherm starting with equa-
tion (10). When the dye is an ionizable salt, Na, D, and if one can
assume independent sites for the positive and negative ions with no
irteraction between sites, the free energy change of a defined standard
reaction is written as:

(11) - OF° - RIln [ 8p- ] { ®at 1° - r1in [1a*] b
;

1- GD_ - QNa*

Here, since one assumes two distinet types of surface sites, the defined

standard free energy change must take into account the surface sites
occupied by both type ions of the ionized dye molecule. As written,
equations (8) through (11) all assume ideal fiber—dye systems.

The standard heat of dyeing is calculated from the following rela-
tion between the absolute temperature and the standard free energy

change:

(12) DEC = c\<m~°§r>
1/T

From the standard free energy and the standard heat of dyeing, the
standard entropy of dyeing, MS®, can be calculated by the equation:
(13) AF° = QH°® - TAS°

The entropy of dyeing is regarded as a measure of the degree of



orientation and restraint that the dye molecules suffer upon being
adsorbed. However, no data for entropy change are presented,

In the systems presented by Vickerstaff (1950), adsorption is
again considered as a transfer of a component between two phases. No
attempt was made, in the case of the ionizable dye salt, to differen-
tiate the ability of the different type ions to influence the free energy
of the adsorption process. Throughout the discussion, the assumption of
ideal dye systems also remains as an inherent source of error and diffi-
culty when non-ideal systems are considered. Thus the disadvantages of
using the theory of Alexander and Johnson (1950) are reproduced when
using the methods as outlined by Vickerstaff (1950).

Although not used at a solid-liquid interface phenomenon, the
approach developed by Kemball and Rideal (19L6) for the determination of
the thermodynamics of organic vapour adsorption on mercury might serve
as a guide in the problem of the thermodynamics of ionic adsorption at a
solid-liquid interface. By starting with a vapour at its standard
pressure, P9, and by varying the pressure to a value, Peq., which is in
equilibrium with a chosen standard adsorbed state, the free energy
change for a process conducted at constant temperature is given by:

(1) AF = RTln _ P°
eq.
The adsorption or transfer of the vapour molecules at equilibrium

pressure, Peq.: to the standard adsorbed state is not accompanied by a
change in free energy, since at equilibrium:

(15) BF s * BFdunvbed

Thus the total isothermal process of transferring a molecule from its

standard vapour state to its standard adsorbed state is given by equa-

tion (1L), which is equivalent to the standard free energy of adsorption.
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The standard adsorbed state used by Kembal and Rideal (1946) was a con-
stant 2-dimensional surface pressure expressed in dynes/cm. This
pressure is related to a given amount of surface coverage by (deBoer,
1953) FN = G RT, where F is the 2-dimensional pressure in dynes/cm., N
is Avogadro's number, 0 is the number of molecules adsorbed/cm.2 of
surface, R is the molar gas constant in ergs/degree, and T is the
absolute temperature. By finding the standard free energy change of
adsorption at two temperatures, T; and Ty, the standard entropy of

adsorption can be found:

16) - 850 - im_q
o T v

The standard heat of adsorption can then be calculated from:

(17) aF° = QHC - TAS°

The two properties, AH® and AS® are derived for the mean temperature
(1) = Tp)/2.

The use of an equation analogous to equation (14) for the standard
free energy of a defined adsorption process at a solid-liquid interface
would enable one to obtain the free energy change of the defined process
without knowledge of the activity of the adsorbed ion or molecule, since
it would be included in the definition of the standard adsorbed state.
This approach, although eliminating the hazard of determining the
activity coefficient of the adsorbate, still does not take into account
any specific energy effects that may be caused b.y the relative distri-
bution of ions near the surface, since the theory was developed for the
adsorption of neutral gas molecules.

The work of Benton and Elton (1953) deals with the adsorption and
distribution of ions in the double layer and their effect on the free

energy of adsorption. They obtained adsorption data of electrolytes on
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silica and with the help of electrokinetic data calculated the number of

ions in the fixed and diffuse portions of the double layer. This enabled

them to determine the energies of adsorption of the individual ionic

species involved.

The total number of ions adsorbed on the silica, Ay, is divided
between the fixed and diffuse layers. The number of positive ions, n‘D,
and the number of negative ions, n_D, in the diffuse layer are given for
a uni-univalent electrolyte by (Graham, 1947): =
(18) nD - 220, [1 - expl 2 /2¢1)] E
and 5
(19) nD w2202 [1 - expl e{y/217 )]

1
nhere A = (ET/ 8 n nBe2)?, E = the dielectric constant, k =

Boltzman's constant, T = the absolute temperature, n,,,E and !‘A_B are the

" ‘bulk concentrations of the positive and negative ions per cm.3,
respectively, e = the electronic charge, \yd = the potential at the

boundary between the fixed and diffuse layer, and nB = n,® + n 5. The

authors assume that the zeta potential, 3 , coincides with ‘Yd in

equations (18) and (19). They did, however, recognize the possible

error involved in making this substitution.
Equations (18) and (19) are based on the Boltzman distribution

function which is valid only for ideal systems, the only work considered

being the electrical work involved in transporting an ion from the bulk

golution into the diffuse layer. Thus the estimation of the ion distri-

‘bution in the diffuse layer will suffer accordingly as the system
deviates from ideality.

The mumber of ions of species i per cm.?, niF. adsorbed in the
fixed layer was calculated from:

(20) F D

nt omAgy -0y
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The values of niD were obtained from equations (18) and (12) with
g~ ¢

By using the condition that at equilibrium the electrochemical
potential of a given ionic species is equal in all phases in which it
is soluble (Guggenheim, 1950), and by arbitrarily dividing the electro-
chemical potential of the ionic species involved in the adsorption
phenomena into its chemical and electrical portions, the following
equation was derived for the free energy of adsorption, E;, per gram
ion of species i.
(21) E; = RTln 11;_ - LF3

R

where Z; is the valence of species 1 and F is a faraday of electricity.

In equation (21) Benton and Elton assume that the zeta potential
also represents the average electrical potential in the fixed layer.
This use of the zeta potential as the measure of the average potential
within the fixed layer is regarded by the author as a hazardous assump-
tion, since it implies that a direct and known relation exists between
the potential that exists at the plane of shear and the surface potential
of the solid under consideration. Because of the uncertainty attached to
the significance of the zeta potential (Verwey and Overbeek, 19L8), the
validity of this assumption is not without question. Furthermore, the
actual division of the electrochemical potential of an ionic specie into
its components is regarded by some (Guggenheim, 1950) ag having no
physical meaning. It is noted, that the authors only regard ions that
enter into the fixed portion of the double layer as contributing to the
free energy of adsorption.

The review of literature revealed a surprising lack of data per-

taining to the thermodynamics of ionic adsorption at the solid-liquid



interface., The study of Benton and Elton (1953) was the ornly study
which attempted to deal specifically with the free energy of adsorption
of individual ions. The nature of their assumptions, however, tends to
1limit the usefulness of their approach.

The determination of the thermodynamics of zinc adsorption on lime
minerals requires that a suitable theory be developed which not only
correlates with the data collected, but one which is also thermodynami-

cally rigorous in its derivation.



THEORY

In this study, Stern's modification on the Guoy-Chapman theory
(Kruyt, 1952) of the electro-chemical double layer is us:ed to describe
the interaction of the zinc ion with lime minerals. For this purpose,
specific and non-specific adsorption of ilons from solution by ionic
crystals are to be defined.

Non-specific adsorption occurs when no particular chemical or
geometric relationship exists between the lons in solution and the
adsorbing surface. The adsorption process is dominated by the charge
that exists at or near the surface of the crystal. Adsorption in this
sense is not truly a surface interaction, but it is regarded as essen-
tially an ionic re-arrangement or orientation whose function is the
maintenance of electrical neutrality in the system. Non-specific
adsorption occurs predominately in the region of the double layer where
the decline of the electric potential follows an exponential type curve,
i, e., in the diffuse double layer,

Specific adsorption, on the other hand, is dominated by the
affinity of the surface for a given ion and is considered an ion-
lattice interaction. A relatively strong chemical or favorable
geometric relationship can commonly be found between the adsorbed ion
and the adsorbing surface. In specific adsorption, the surface charge
plays a less important role in determining which ion is to be adsorbed
than in the case of non-specific adsorption. The deciding criteria for

adsorption is the free energy of attraction that exists between an ion
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and a given surface. It is helpful to think of the free energy change,
AF, accompanying an isothermal adsorption process as determined by two
factors: one is the enthalyy change, O H, related to the chemical
forces; the other is the entropy change, 8 S, primarily related to the
geometric freedom of the particles. Thus an ion whose charge has the
same sign as the surface can be specifically adsorbed if the force of
attraction is great enough to overcome the existing electrical barrier
presented by the surface charge, and if its corresponding less in
entropy on being restrained by the surface forces is not so great as to
outweigh the effect of the attractive forces. Specific adsorption occurs
in a region which includes the surface layers of the crystal lattice as
well as a monomolecular layer of ions or molecules in direct contact with
the surface. The latter, outermost part of the specific adsorption
region is known as the Stern layer. Here the electrical potential drop
is actually unknown although it is usually considered as equivalent to
that of a plane parallel condenser. This definition includes the
possibilities that specifically adsorbed ions may be incorporated into
the lattice or may be held in a partially hydrated state adjacent to
the lattice.

In many cases the Fajans-Faneth rule (Fajans, 1931) may be used to
get a first approximation of the specificity that may exist between the
ion in solution and a given ionic lattice. This rule may be stated as
follows: ions which form the least soluble or least dissociated com=-
pounds with oppositely charged ions on the surface will be most strongly
adsorbed, Consider a system in which a zinc chloride solution is in
contact with a positively charged carbonate mineral surface. Applica-

tion of the Fajans-raneth rule allows one to predict that the zinc ions
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may be specifically adsorbed on the carbonate mineral surface since the
zinc and carbonate ions are krown to form a rclatively insoluble com-
pound. The predicated adsorption grocess can be schematically written

ass

|
nt - AR e ynt oo ae PR——
(22) (XCOB) + }Znaq" + 2;,Claq.__ (XCCB) yin ! 2ycl
P 1

vvhere. (X(;OB)P‘* represents the positively charged surface of an inscluble
alkaline earth carbonate, X is a divalent alkaline earth, and y is any
fractional number. It is postulated by the above formulation that the
zinc ion is specifically adsorbed while the chloride ion is non-
specifically oriented in the diffuse double layer since no particular
chemical or geometric relationship is evident between the chloride ion
and the crystal lattice in guestion.

To express the atove adsorption process in a guantitative way, we
evaluate the free energy change corresponding to the transfer of zinc
and chloride ions from the bulk sclution into the appropriate parts of
the double layer or lattice. Our goal is to understand how the prop-
erties of the individual ions influence the driving force, AF9, of the
net adsorption process. Unfortunately, the necessity of preserving
electrical neutrality makes it impossible to study a process in which
only the catlon or anion is adsorbed. Thus there is an inherent diffi-
culty in deciding how much each kind of ion contributes to the net
v@lue of AF°. It is suggested that this difficulty can be largely
avoided if one assumes that the counter ion is non-specifically adsorbed,
in the sense defined above,

The contributiocn that non-specific adsorption of a counter ion
makes to the free energy of the system is now considered. Verwey and

Overbeek (1948), regarding the diffuse layer as being part of the
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solution phase, concluded that the electrical energy liberated is just
balanced by the decrease in entropy of the ion that occurs when it is
transferred, at constant temperature and pressure, from the bulk solu-
tion to a region of higher concentration in the diffuse layer. Thus
the net contribution of the oriented counter ions in the diffuse layer
to the free energy of a system (neglecting rdV work) is zero. Strictly,
this result can only apply to the limiting case in which the counter ion
has the same close range environment in the diffuse layer as in the bulk
solution, We shall define the ideal non-specific adsorption or orienta-
tion process as one which obeys the above condition. The distinction
between ideal and non-ideal orientation has been nejlected in this study
because it is probably of minor importance when the specific adsorption
of the other ion is strong.

The assumption that the chloride ion is ideally oriented in the
diffuse layer of lime minerals and hence does not contribute to the free
energy of the adsorption process seems justified because the chlorides
of calcium, magnesium, and zinc are all soluble strong electrolytes and
also because the dimensions and charge of the chloride ion are too far
removed from those of the carbonate ion to fit into the lime mineral
lattice. The radii of the chloride and carbonate ion are 1.51 % and
1.25 £, respectively (Evans, 1948).

With this assumption in mind, chloride can be eliminated from
equation (22) and the free energy change, AF, may be determined from
the following:

(23)  (x0)™ + 2n3! g constant (xcc})n+ 2n*,
Here  represents the ionic strength of the solution and (XCCB)“*ln*+9

is a surface complex or guasi-solid surface phase whose composition and
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activity, a., iz a function of fractional surface coverage & A suffi-
ure of & is the number of millimoles of zinc adsorbed per unit

area of crystal surface. The activity, &, of the solid rdperal phase,
1 \ B

(Y.CC;)“ , also may depend on 8 to the extent that changes in the electri-

cal charge on the lattice affect its free energy.

For any process the free energy change is:

e #7.) Fy . Ta
(2k) AF - Z(ni ¥/ sroducts £<n1 Fl)reactal‘:ts
o
where n; equals the number of moles and ‘Fi = F.” & Rln a; is the partial

molal free energy of component i. Each of the two solid phases at P = 1
atmosphere has a fixed activity, as long as & is fixed. It is customary
to say that these solids are then in thelr standard states at unit
activity, i. e., F, = FQi and a; = 1,

Thus for the net process of aguation (23) at P = 1 atmosphere we

have:

=0 5
(25) AF, = ( Fo - F'"x ~Foapen ) * RTln Bnt¥ag

where AFS refers to the process concucted at a fixed 8. Here Y, 7, and
R have their usual significances. At equilibrium, with P and T fixed,
the two solid phases are in stable contact with each other and with a
definite concentration of zine ion in solution; the general condition
for this state requires that AF(-) = 0, Hence:

(26) ( FQG - Fox o) ) = AI"OQ = RTln a

Znttag Zn**aq,eq.
where "eq." refers to equilibrium conditions. This is equivalent to:
N c ‘

(27 ArF 8= RT1n ( mzn4.‘eq. Y Zn“,eq-)

where the "m" and "y " refer to the molality and activity cocefficient,
respectively, of the zinc icn in equilibrium with the standard surface

complex and (XCOBI'n‘.
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If the temperature coefficient of AFO_Q is determined, one can
evaluate the standard entropy of adsorption, ASOQ, and the standard

heat of adsorption, AHog, through the well-known relations:

(26) -05% = M
7
b T P A (77
and
(29) 0H% = BF% + T05%

Thus, by measuring at various temperatures the concentratlon of
just the zinc ions in a solution equilibrated with the two solid
phases, adsorbent and standard surface complex, it is possible to
evaluate both the geometrical and energetic contributions of the driving
force of the standard adsorption process. This standard process or
"reaction" is defined through equation (23) as one in which zinc ion
starts at its standard state of unit activity in the bulk solution,
reacts with the surface of a given mineral in its standard state, and
terminates with zinc in a standard adsorbed state. The standard
adsorbed state is defined as a distinct phase existing as a surface com-
plex of definite composition and unknown thickness, i. €., corresponding
to some arbitrary fixed fractional surface ccvarage 8. For all three
minerals in this study, © is fixed at the convenient figure of 1.00 x
10'7 m.e. of zinc ion adsorbed per cm.? of surface area, thus providing
a rational basis of comparing surfaces. The importance of specifying a
constant ionic strength, i, in defining the standard process will be
appreciated when it is realized that the value of ! establishes the
activity coefficient, ¥ , of the zinc ion; it also determines the solu-
bility of the mineral phase, thereby influencing the surface area; and

for a given surface potential the structure of the double layer depends
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on p. The individual activity ccefficients of the zinc ion at various
temperatures were calculated from the known ionic strength by a modified
form of the Debye-fluckel theory as presented by Kortum and Bockris (1951).
It is understood that the re-orientation of the counter ions in the
diffuse layer always accompanies the standard adsorption reaction even
though the anion does not appear in equation (23). The re-orientation
does not contribute to the values of AFDB, however, if our assumptions

are valid.



MATERIALS AND METHODS

Al]l minerals used in this study were obtained in their natural
crystalline statel and prior to use were ground for approximately LO
hours in a ball mill charged with flint pebbles.

The surface area of the lime minerals used in this study was
determined by the ethlylene glycol retention method as described by
Bower and Gschwend (1952). rrior to the surface area measurements the
minerals were equilibrated at 30° Ce in a sodium chloride solution of
0,01 ionic strength and then filtered. The pre-treatment of the lime
minerals in the sodium chloride solution permitted the surface area
measurements to be taken under conditions similar to those that existed
in the mineral systems when the adsorption isothemA data were collected.
A sample of known surface area, obtained from the United States
Salinity Laboratory, Riverside, California, was included in each batch
of lime mineral samples whose surface area was to be determined. This
was done to verify the point on the glycol retention curves where it
was assumed that the monolayer of ethylene glycol was formed. The
amount of glycol retained by duplicate samples was reproducible within
5 to 6 per cent. The amount of ethlylene glycol retained by the
filtered minerals is shown in figure 1. The specific surface area,

calculated from the data of figure 1, was 6,78 m%/g. for calcite, 11.9

1, T™e calcite was obtained from Coleman and Bell Co., Norwood, Ohio,
and was a standardizing frade Iceland Spar. The dolomite and
calcian-magnesite were obtained from Ward's Natural Science Est.,
Inc., Rochester, New York.
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m?/c;. for dolomite, and 25.8 mg/g. for calcian-magnesite.

Qualitative estimation of the surface charge of lime minerals

The zeta potential of the lime mineral used was qualitatively
determined by using the principal of electro-osmosis (Kruyt, 1952).
Two pieces of straight glass tubing, with an inside diameter of U mm.,
were connected for convenience by a piece of plastic tubing, 3 inches
long, which permitted the system to be bent to resemble a U-tube. The
mineral whose zeta potential was to be measured was packed to form an
immovable mineral plug in the section of plastic tubings A dispersing
liquid was carefully introduced into both glass tubes until the mineral
plug was thoroughly moistened. More liquid was then added until it
reached the same level in both arms of the simulated U-tube. An
electrode was inserted in the dispersing liquid in each tube and a'l
kilovolt potential was placed across the immovable mineral plug. The
source of potential was a Nuclear Model 165 scaler (Nuclear Instrument
and Chemical Corp., Chicago, I1l.) The dispersing liquid then assumed
the charge opposite to the zeta potential of the mineral in the plug
and rose in the glass tube which had the proper electrode. The appara-
tus was calibrated using negatively charged soil and clay as the porous
plug, the dispersing liquid rising in the tube containing the negative
electrode. The charge of the zeta potential using both re-distilled
water and 0.0l N sodium chloride solution as the dispersing liquid was
positive for all three lime minerals. It was assumed that the surface
potential of the minerals had the same charge as the zeta potential,

i. e., positive.

The chemical composition of the lime minerals

One-tenth gram of each mineral used in the study was treated with

G.1 K hydrochloric acid and heated until all acid-soluble material was



26

dissolved. The sclution was then diluted to 500 ml. with re-distilled
water and analyzed for calcium and magnesium by titration with ethlyene-
diaminetetraacetate (United States Department of Agriculture, 1954).

The ratio of magnesium to calcium found in solution was used as the
ratic that existed in a given mineral.2 No trace of magnesium was found
in the dissolved calcite sample. Dolomite had a Mg/Ca ratio of 0.87,
and calcian-magnesite (Dana, 1951) had a lg/Ca ratic of 17.3. 'The
calcian-magnesite will be referred to as ca-magnesite in the remainder
of the study.

The water suspension pH of each mineral in eguilibrium with the
atmosphere was measured with a glass electrode and a Beckman liodel H 2
pH meter (Beckman Instrument, Inc., South iasadena, California). The
pH measurements of the minerals were as follows: calcite, 8,42;
dolomite, 8.69; ca-magnesite, 8.88, The pH of the minsrals equilibrated
with a sedium chloride solution which had an ionic strength of 0.Cl was
as follows: calcite, 8.28; dolomite, 8.48; ca-magnesite, 8.42. The
lower pH values in the higher ionic strength systems is probably due to
the reduced activity of the hydroxyl ions which are produced during the
hydrolysis of the lime minerals.

Experimental procedure

A zinc chloride solution tagged with radiocactive Zn65 was titrated
with 0.0L0 N sodium hydroxide to the pH of a water suspension of the
given mineral in equilibrium with the atmosphere. The solution was
digested for 1 hour at &0° to 70° C., to help coagulate the precipitate,
and coocled to room temperaturs (20°-2L° C.) The pH was re-adjusted and

the solution was filtered through Whatman No. 42 filter paper to

2. Analyses of the lime mineral solutions were done by the Soil lesting
Laboratory, Campus.
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remove the precipitated sine hydroxide., The filtrate served as a source
of tagged zinc ions. The concentration of zinc in the filtrate was deter-
mined by measuring the Zn65 activity in a given aliquot and comparing it
with a standard of known zinc concentration.

Five milligrams of ground mineral were put in each of several 129
ml. Yyrex Erlenmeyer flasks and treated with varying amounts of zinc.
The total volume of the system was maintained at 60 ml., and the ionic
strength was kept constant at 0.C1 by the addition of a sodium chloride
solution, The suspensions were shaken at constant temperature until
equilibrium was established. The temperature was maintained constant by
partially submerging the Erlenmeyer flasks in a water bath. The tempera-
ture of the bath was controlled by an Aminco "Quikset" bi-metallic
thermoregulator (American Instrument Co., Silver Spring, Md.) which had
a sensitivity of 0.05° C. A mercury capillary tube thermometer was used
to measure the temperature of the water bath. The thermometer was
factory calibrated and had a range of 0° to 50°.C. with 0.2° subdivisions.
The mineral suspensions were quantitatively removed from the flasks and
filtered under vacuum through three thicknesses of Whatman Jo. }i2 filter
paper in a Tracerlab Model E-8A stainless steel filtering apparatus
(Tracerlab Inc., Boston, Mass.) The filtered suspensions were first
washed with re-distilled water, then with 95 per cent alcohol to remove
any trace of solution which may have been retained by the mineral sus-
pension, The filter paper discs upon whiqh the suépensions were
collected were removed from the filtering‘apparatus and the mineral
analyzed for Znés. The amount of zinc adsorbed on duplicate samples
wag reproducible within 5 per cent. Corrections were made on z2ll data
for zinc adsorption on the filter paper and on the Erlenmeyer flasks,

as will be discussed later, After all corrections were made on the
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adsorption data, the egquilibrium concentration of zinc ion was obtained
by subtracting the amount of zinc adsorbed from the known amount of zinc
initially added to the system. All water used throughout the study was
re-distilled in Pyrex.

The rate of zinc adsorption on lime minerals

The procedure used to measure the rate of adsorytion of zine on a

given mineral was identical to the method described above for obtaining

adsorption isotherm data. The exception was that a given minersl was
i
treated with only one concentration of zinc, i. 2., 3.3 x 107 moles/

iter, and that the 'adsorptison of zinc was measured against time. The
’ P i=3

it

rate of adsorption was measured at 25.10 C.y which was the lowest
temperature used in obtaining adsorption data. At this temperature the
rate of zinc adsorption on the mineral surface was assumed to be lower
than the rate of adsorption at the higher temperatures used in the

study (Glasstone, 19L46). The results of zinc adscrption measured against
time are shown in figure 2. The adsorption equilibrium, at 25.1° €y

was reached in & hours in the calcite system, 60 hours in the dolcmite

my and 48 hours in the ca-magnesite system.

Zinc adsorption on filter paper

To find the amount of zinc retained by the filter paper in the
filtering apparatus, adsorption isotherms were run on Whatmen No. 2l
filter papers.

Three filter paper discs were placed in the stainless steel filter-
ing apparatus and 60 ml. of tagged zinc solution, maintained at an ionic
strength of 0.0l with sodium chloride, was filtered, The concentration
of tagged zinc was varied to obtain an adsorption isctherm., The filter

paper discs were washed with water, then with 95 per cent alcohol. The
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discs were remcved from the filtering apparatus and their activity
measured. Varying the pH of the zinc solution between 8.2 and 8.5 did
not noticeably influence the adsorption of zinc by the filter paper,

The data in fizure 3 represent the adsorption at pH 8.38 which is the

intermediate equilibrium pi of the lime minerals equilibrated in a
system with an ionic strength of 0.01.

During the experimental procedure, used in obtaining adsorption
isothern data from the mineral systems, the activity measurement of the
filtered mineral suspension included the total adsecrption of zinc on the
mineral plus the adsorption of zinc on the filter paper used in the

filtering apparatus. By substracting the total measured amount of zine
adsorbed from the amcunt of zinc initially added to the system, an
estimate could be made of the equilibrium concentration of zinc in a
given mineral filtrate. The knowledge of the equilibrium concentration
of zinc permitted an approvriate correction factor to be obtaingd from
the adsorption isothewrm shown in fipgure 3. This correction factor was
subtracted from the total adsorption of zinc on the mineral and the
filter paper discs. The amount of zinc adsorbed on the mineral was then
obtained,

Zinc adsorpiion on Erlenmeyer flasks

The zinc adsorption on the flasks was determined because zinc ions
are in contact with the inside surfaces of the Zrlenmeyer flasks during
periods of shaking.

Various amounts of tagged zinc solution were added to randomly
selected Erlenmeyer flasks which were used during the study. The total
volume of the zinc solution was kept at 60 ml. and the ionic strength

maintained at 0.0l by the addition of a sodium chloride solution. The
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pil of the solutions was kept at approximately 8.38 and the flasks were

shaken for § hours at 30.0° C. Aliguo aken from the flasks,

o+
(7]
o)
5
(g
-

evaporated under a heat lamp, and the activity measured. The difference
tetween the concentration of zinc initially added to the flasks and the
amount in solution after shaking was regarded as the amount of 2zinc
adsorbed on the walls of the flasks. The average zinc adsorbed on the
Erlenmeyer flasks in three determinations is shown in figure L. Diffi-
culty was encountered in maintaining a constant pil in the unbuffered

The variation in pH between replica-

systems during periods of sh
tions after shaking was from 0.2 to 0.3 units. The effect of tempera-
ture on the adsorption of zinc on the flask walls was not more
thoroughly investigated since it was thought that the variation in the
pH of the zinc solution precluded the possibility for greater accuracy
in the effect of temperature on adsorption.

The correction for zinc adsorption on the Zrlenmeyer flasks was
appliec after the amount of zinc adsorbed on a given lime mineral and
the apparent equilibrium concentration of zinc were obtained., The
apparent equilibrium concentration of zinc was calculated by subtract-
ing the amount of zinc adsorbed on the mineral from the amount
initially added to the system. From this apparent equilibrium concen=-
tration, the amount of zinc adsorbed on the flasks was obtained from
figure L, The amount of zinc adsorbed on the flasks was subtracted
from the apparent equilibrium concentration to arrive at the "true"
equilibrium concentration of zinc in a given lime mineral system.

Radiocactivity measurements

All radiozinc was obtained from the Oak Ridge Laboratories of the
Atomic Energy Commission. It was received in the form of zinc chloride

%
and was assayed as 99 per cent pure. Working solutions of I 5 ware
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made by dilution of 1 part isotopic zinc chloride to Ly parts stable zinc
chloride.

A1) radiation measurements were made with a Nuclear Model D3-1
scintillation detector supplied with a sodium iodide-thallium activated
crystal, This detector is sensitive to gamma radiation. Because of
the low resolving time of 20 x 10‘6 seconds, the counts lost during a
single radiation measurement were always less than 0.2 per cent of the
counting rate., Thus no corrsctlon was made on the data for coincidence
loss. By detecting only the gamma component of Zn65 radiation, the need
for self adsorption corrections was also eliminated., All activities
measured were compared with a standard of known zinc concentration. The
standard used had the same pile date as the zinc used in the working
solution; hence no correction was made on the data for activity decay.
The statistical counting "error" calculated as the standard deviation

varied between 1.8 to 1.25 per cent for all samples measured,
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RESULTS AND DISCUSSION

Figure 5 (see Appendix A for tables of mumerical data) shows the
adsorption of zinc on calcitg and the effect of temperature on this
reaction, The adsorption decreases with increasing temperature, indi-
cating an exothermic process. The adsorption isotherms indicate a
region of surface saturation followed by increased adsorption at an
equilibrium concentration of approximately l.3 x 10-6 M. Since multi-
layer adsorption at a solid-liquid interface is quite rare (deBoer,
1953), the final increase in adsorption may be attributed to a second
type of adsorption site in the Stern layer which becomes important as
the concentration of zinc ion excesds the saturation of type 1 sites.
Only the surface phase corresponding to type 1 sites will be considered
in this study. The formation of zinc carbonate is not possible because
the activity of the zinc ion is below that required to precipitate zinc
carbonate in a calcite system, according to the known solubility
products and activity coefficients.

Fizure 6 (see Appendix A) represents the adsorption of zinc on
dolomite, The surface reaction differs noticeably from the reaction
that occurred in the calcite systems No surface saturation is evident
in the concentration range of the zinc used and an increase in tempera-
ture causes an increase rather than a decrease in the adsorption of
zinc, thus indicating a distinct difference in the relation of the zinc
ion to the dolomite surface as compared with the calcite surface,

Data collected in the ca-magnesite system are shown in fijure 7
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(see Appendix A). By increasing the percentage of magnesium carbonate

in the mineral, the total adsorption of zinc per unit area is increased
and, as in the dolomite system, the reaction is endothermic. The
isotherm data were taken over a smaller temperature range in thg ca=
magnesite system because the strong interaction of the zinc ion with the
surface prevented the full effect of temperature to be observed over a
greater range for the same fractional surface coverage, €.

A clearer picture of zinc adsorption on lime minerals can be

realized if the results are regarded on a unit surface area basis

I ne reg

it mass basis. A calculation based on zinc adsorption at

instead of 2 :
25’.1o C. and at an equilibrium concentration of 1 x 10'6 M, gives the
ratioc of zinc adsorbed per square meter of mineral surface as 1 : 1.12 :
1okl for calcite, dolomite, and ca-magnesite, respectively. This ratio
is a function of temperature and the equilibriur concentration and will
vary as the conditions are altered. The results, however, show con-
siderably less adsorptive difference between minerals than is shown by
the adserption isotherms.

A calculation based on the known structure and area of a unit cell
face, as shown in figure 8, indicates that an appreciable fraction of
the possible adsorption sites on all three minerals are covered by the
zine ion even at solution concentrations as low as a few micromoles per
liter. Thus the standard surface complex adopted here corresponds to a
coverage of about 10 per cent of the available sites assuming that each
X*+ position in a cleavage plane could be occupied by a zinc ion. This
relatively high affinity of the XCO3 surfaces for the zinc ion is in
harmony with the Fajans-raneth rule cited earlier.

It should be noted that the reproducible curves of figures §, 6,

and 7 are characteristic of adsorption processes and cannot be explained
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SCHEMATIC UNIT LATTICE

a IONIC RADII Kep SPACE  GROUP
CACO,4 6436A° l+06A° 4.8x107% R3C
MGCO, 5463A° 078A°  10X107° R3C
ZNCO, 5467A° 083A4°  99xI07" R3C

Figure 8. Schematic unit lattice of the calcite group minerals (only
metallic ions represented)
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by postulating an ordinary chemical reaction between the zinc ion and
the carbonate radical. In the case of ca-magnesite, one might have
expected a precipitation of zinc carbonate, knowing the relatively high
carbonate ion concentration furnished by a saturated solution of pure
magnesium carbonate (see figure 8). Adsorption equilibrium, however,
was obtained when only a small percentage of the ca-magnesite surface
was covered by zinc. Even at the highest concentration of zinc ion the
amount of zinc adsorbed was considerably less than that recuired for a
monolayer of zinc carbonate. A zinc carbonate precipitation, once
started, would have led to a complete coverage of the surface. Further-
more, under the condition of constant ionic strength, the carbonate
concentration in the equilibrium solution would be constant over the
entire range of each isotherms Thus it would require that the zinc ion
concentration assume a constant value if zinc carbonate were present,
which is contrary to data. The behavior of ca-magnesite can probably be
explained by the modification of properties caused by the substitution
of calcium ion in the magnesium carbonate lattice.

Explanation of isotherms in terms of crystal structure

The modification of interionic distances in the crystal lattice by
the introduction of the magnesium ion in the calcite lattice is con-
sidered to be the source of the differences in adsorptive properties
among the minerals studied.

Figure 8 shows the similarity of the usually quoted ionic radii
(Evans, 1948) of the magnesium and zinc ions, 0.78 £ and 0.83 2’
respectively. This suggests that the zinc ion could fit very well into
the magnesium carbonate lattice, while it is too small to fit well into

the lattice of calcium carbonate. Figure 8 adds further support to this
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supposition by showing that the unit cell lengths of zinc carbonate and
magnesium carbonate are nearly equal and considerably different from
that of calcium carbonate (Dana, 1951). All three structures are shown
to have identical unit lattice space groups, belonging to the rhombohe-
dral division of the hexagonal class with a threefold inversion axis
with a plane of symmetry parallel to that axis (Lonsdale, 1949; Dana,
1951). Dolomite has a similar calcite-type lattice structure with
intermediate lattice constants and only a slightly different space
grouping (Dana, 1951).

The greater polarizability (Weyl, 1951) and polarizing power of
the zinc ion, resulting from its 18-electron outer shell and relatively
large charge density, compared to the magnesinm ion would allow one to
expect that the zinc ion would compete favorably with the magnesium
ion for lattice sites. The adsorption data from the dolomite and ca-
magnesite system% add support to the idea that a favorable relation

exists between the zinc ion and the magnesium carbonate lattice.

’I'hemodE.amcs of zinc adsorption in relation to ion hydration

The thermeodynamic values calculated from the adsorption data for
the defined standard adsorption process are given in table 1.

The assignment of the probable errors presented in table 1 are
based on the 5 per cent reproducibility of zine adsorption on dupli-
cate mineral samples along with the variability of ©.05° C. in the
temperature control of the water bath. The probatble AFO.._; error was
calculated from adsorption data, while the AS%; and DH% error terms
were the result of carrying the experimental uncertainty through the
mathematical procedure involved in their determination.

The standard free energy of adsorption, A F°9, is a measure of



Table 1. Thermodynamic data for zinc
and calcian-magnesite.

equation 23,
o] o o
AF, AHS AS;

CALCITE

27«5°Cs - 8¢44 Kcals - | le4 Kcale -~ 10 EeUe

32e5° - Be39 = el 2 )
Probe Error * +03 * 244 .8
DOLOMITE

275°Ce - 892 Kcale + Be2l Kcale + 5 6Ede

32¢5° — Be89 + 7631 * BB
Probo Error t +03 * 24 * 8

CA-

MAGNESITE

2641°Ce = Se0! Kcale +22e7Kcale + |O6E+Ue

28e5° - 822 +2le2 + 101
Probs Error * «03 * 549 * 20
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adsorption on calcite, dolomite,
The standard reaction defined by



how much the concentration of zinc ion in solution rust di

Az ae = 1, before equilibrium is established. The greater the
adsorption of zinc in a given system for a given equilibrium zine ion
concentration, the more negative is the value of the standard free energy.

At constant pressure, and with no non-mechanical work being done by
the system, OHDQ is the heat of adsorption of the standard adsorption
process. The AHOQ values of the systems studied mean that the adsorp-
ticn of zinc on calcite is exothermic but becomes endothermic as
magnesium carbonate is introduced into the lattice. Because of the
hydrated nature of the zinc ion it is thought that the removal or
partial removal of the hydrated shell during adsorpticn functions as
the major consumer of the enerygy that is adsorbed in the dolomite and
ca~magnesite gystems. In the endothermic systems, the AHO9 values can
also serve as a measure of the minimum activation energy governing the
rate of adsorption as a function of temperature (Glasstone, 19L6).

It is noted that even though the standard adsorption process for
dolomite and ca-magnesite are endothermic, the reactions proceed spon-
taneously. The reason for this is the presence of a favorable entropy
term which is of sufficient magnitude to produce the necessary negative
free energy change.

The change in entropy of a system, AS, is sensitive to structural
changes that may occur in a system and can be regarded as a measure of
the order or disorder produced in a system during reaction.

Intuitively, one would expect that the adsorption of ions from
solution would produce more order in a given system since the random
motion of the ionic species in solution has become subjected to the
restraining adsorption force of the surface, i. e., the entropy change

as would be exptected to have a negative value. However, the

adsorb
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hydrated nature of the adsorbed ion must also be considered in order to
obtain a complete picture of the entropy change occurring during adsorp-
tione A hydrated ion that is strongly adsorbed is likely to be at
least partially dehydrated upon entering the adsorbed ionic layer.
During the process of dehydration, the water molecules which were
originally oriented about the hydrated ion are liberated and thelr
return to the soclution phase tends to increase the disorder of the
system, i. e., this part of Asadsorb is positive. For example, the
complete dehydration of hypothetical one molal calcium ion, magnesium
ion, or zinc ion, forming liquid water and the gaseous ion at the same
concentration, involves the large positive OS5 values of 35.7, 57.3,
and 50.1 calories/mole degree (Rice, 1940; Quill, 1950). Thus the
large positive As°e values in table 1 can be understood only by con-
sidering the contribution of the dehydration process.

The negative standard entropy value in the calcite system suggests
that the hydration shell that exists arcund the zinc ion is still rela-
tively intact after adsorption on calcium curbonate. Even in this
case, however, a mechanism involving drastic zinc ion dehydration is
conceivable though unlikely because of the possibility that calcium ions
are liberated during adsorption and in turn tie down most of the water
molecules liberated from the zinc ions.

The large positive standard entropy values in the dolomite system
‘can be éxplained qualitively by the dehydration of the adsorbed zinc
ions when they react with the magnesium carbonate-type lattice. As is
expected, the standard entropy of adsorption in the ca-magnesite system
indicates still greater dehydration per mole of adsorbed zinc ion, The

large entropy change in the dolomite and ca-magnesite systems strongly
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suggests that the zinc ion is actually incorporated in or built on to
the crystal lattice of these two lime minerals. The direct replacement
of magnesium ions in the crystal lattice by zinc is not likely since the
process of magnesium ions going into solution would introduce a negative
entropy term which would tend to balance the net positive contribution
of zine ion adsorption. Thus, if ion exchange in the crystal lattice
were the predominant reaction, 0509 would be of much smaller magnitude.
¥ruyt (1952) further states that ion exchange is not a common phenome-
non in a system containing & well-aged crystal lattice.

It is possible to account for the unusually large AS°9 value of
about 100 E, U. for ca-magnesite if one assumes that 2inc ions fit into
surface defects or holes in the magnesium carbonate-type surface which
initially contain bound water. If the entropy change on dehydrating
the holes were about equal to that of dehydration of the magnesium ion,
the entropy of zinc ion adsorpiion would be about + 50 (dehydration of
Zn‘j‘) + 60 (dehydration of hole) - 20 (condensation of zinc ion in the
lattice) = 90 calories/mole degree. This is the right order of magni-
tude when compared with the calculated value obtained from experimental
data, The value =20 E. U, for the condensation of zinc ions on the
surface of lime minerszls is obtained from Rice (1940), who shows data
that indicate that the entropy change per ion in the formation of a salt
from a melal concentration of gaseous ions is about - 20 E, U. regard-
less of the type of ion involved. The role of zinc ion, then, would be
to displace water from the holes and "heal" the surface defects. The
existence of such defeects in magnesium carbonate is much more likely
because the former substance loses carben dioxide much more readily,

Although the study was not designed to measure the kinetics of the

adsorption process, it is noted that the rate of attaining adsorption
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equilibrium in the dolométe and ca-magnesite systems was 8 to 10 times
slower than in the calcite system. If we can consider the adsorption
process as a simple, non-chain reaction and assume that the freguency
factor does not vary greatly between systems, then as a first approxi-
mation the data support the concept that the activation energy of
adsorption in the dolomite and ca-magnesite systems is a greater
magnitude than in the calcite system (Glasstone, 1946). This observa-
tion also lends support to the hypothesis of zinc ion dehydration upon
adsorption.

Hence by defining a standard adsorption process and then finding
how the standard free energy of adsorption varies with temperature,
thermodynamic data were obtained from the lime mineral systems which
not only allow an exact and meaningful comparison of adsorption
energetics but also permit some insight into the mechanism of zinc

adsorption,



SECTION II., THE UrTAKE OF ZINC FROM SOLUTION
BY CORN {LANTS AS AFFLCTED BY THE

FRESENCE OF C.LCITE AND DOLOMITE.
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INTRODUCTION

The study just reported has indicated that the adsorption of zinc
on lime minerals is a function of the type of mineral surface present
in the system and the temperature at which the adsorption process takes
place.

A defined standard adsorption process has been thermodynamically
described in a chemically defined lime mineral system. However, the
criteria for evaluating the practical implications of this adsorption
phenomenon is considered to be the effect of these various lime minerals
on the uptake of zinc by plants., If the nature of the lime mineral
present in a soil system has an influence on the amount of zinc avail-
able for plant nutrition, it may be possible that this factor may have
to be considered when making future field recommendations.

To investigate a more practical aspect of the adsorption of zine

on naturally occurring lime minerals and alsc to serve as a means of
further clarifying the factors which influence the availability of zinc
in alkaline soils, an experiment was conducted to observe the effects

of various lime minerals on the uptake of zinc from solution by corn

plants.
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EXF/ERIMENTAL “ROCEDURE

Hybrid field corn was germinated and grown in a pure silica sand
culture. The plants were thoroughly watered every other day with
Hoagland's nutrient solution (Hoagland and Armon, 1950) which was con-
plete except for zinc, which was omitted to establish stress for the
ion in the corn plants. After 21 days' growth the corn plants were used
in the uptake study.

Five mz. of either calcite or dolomite was added to each of several
25 x 200 mme. Fyrex test tubes., These minerals have been thoroughly
described in the previous study., A sodium chloride solution was added
to the test tubes which maintained the volume constant at 60 ml, and a
constant ionic strength of 0.0l. Zinc treatments were added as tagged
zinc chloride. Because of tie acidic nature of the zinc chloride
solution, a calculated excess of the 5 mg. of lime mineral was initially
added to the test tubes to account for the loss of mineral due to inter-
action with the acidic treatments. The resulting mineral systems were
identical to the systems which were thermodynamically defined in the
previous study. The tubes were held in an appropriate rack and sus-
pended in a water bath maintained at either 25,1°% or 30° £ 0,1°C. &
length of fine bore capillary tubing served as an aerating tube in each
test tube, The air flow was first saturated by bubbling it through
water prior to use in aeration. The flow of air swept the bottom of
the test tubes so that the majority of the ground mineral was in sus-

pension. Re-distilled water was added periodically to the test tubes



to maintain a constant volume. The susgpensions were tubbled until
equilibrium was established between the zinc ion in solution and the
given mineral surface. The equilibrium time was determined in the pre-
ceding study. After equilibrium was established, ihe corn plants were
taken out of the silica sand, their roots were thoroughly washed free
of sand, and the plants were transferred to No. 9 corks having a central
hole 10 mm. in diameter and a longitudinal notch along the side about
3 mm. deep and 5 mm. wide. The corks were coated with paraffin wax.
Two seedlings were placed in each cork and the cork was inserted in the
test tube so that the plant roots were in the suspension. The experi-
mental set up is essentially the same as used by Epsiein and Stout
(1951) in their micromitrient studies., After 23 hours of growth under
artificial lighting, the corn plants were removed from the test tubesj
the tops of the plants were removed, washed in dilute hydrochloric acid
and distilled water, and dried in an oven (56°-79° C.) for 2l hours.
The dried corn tops were pressed into pellets, weighed, and then the.
pellets were measured for activity. The amount of zinc measured in the
corn tops was used as the index of zinc uptake by the plant from
solution,

The experiment consisted of 3 replications of 2 corn plants each,

3 levels of zinc treatment, 2 temperatures, and 2 lime minerals.
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RESULTS AND LLSCUSSION

Figures 9 and 10 show the plot of the uptake of zinc by corn plants
vs. the equilibrium concentration of zinc ion in solution at the begin-
ning of the uptake period. The equilibriunm concentrations were
calculated from the adsorption isothern data presented in figures 5 and
6 and Appendix A of the previous study.

Figure 9 shows that at 25.1% Ge a stron.g linear relationship exists
between plant uptake of zinc and the amount initially in solution., The
regression coefficient and squation of the li:'e was calculated to be
0.975 and T’x = <408X - ,195, respectlvely. The rather high regression
coefficlent is not entirely unexpected since the solutions were of a
very dilute nature and the corn plants probably had developed some
deficiency for zine ion.

The pH of the mineral systems were measured immediately after
harvesting and the results are as follows: calcite, 5.07 with 0 =
0.1; dolomite, 8.03 with 0 = 0.06, The pH of the calcite and dolomite
suspensions were coensidered to be eqgual.

Figure 10 shows a very similar relationship at 300 Ce Here the
regression coefficient and equation of the line was calculated to be
0,941 and Yx = 378X + 035, respectively.

The pH measured immediately after harvesting was as follows:
calcite, 6.96 with @ = 0.07; dolomite, 6.93 with @ = 0.08. Here
again both mineral systems were essentially at the same terminal pi
value. The reason for the lower pE values at the higher temperatures

is considered to be the inability of the aeration system to cope with
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the increased respiratory activity of the corn roots. It is noted that
a slight increase in zinc uptake occurred at the higher temperature in
both mineral systems. This probably results from the combined effects
of greater metabolic activity of the corn plant and to the fact that
some mineral adsorbing surface may have been destroyed by the lowering
of pH. However, the lawer pH of the system and the higher temperature
still did not alter appreciably the linear relationship between zinc
uptake and the equilibrium concentration of zinc in solution.

The data indicate that zinc uptake is dependent on the mineral in
suspension only to the extent that the given mineral controls the equi-
librium concentration of zinc in solution. Thus with the same initial
treatment of zinc, a dolomite system provides less zinc for plant
utilization than a calcite system because dolomite reduces the equilib-
rium concentration of zinc to a lower level. The straight line rela-
tions as shown in figures 9 and 10 indicate that at the various fractional
surface coverages of the mineral in question the kinetics of desorption
is not a limiting factor during the uptake period.

This study has shown that, in the concentration range of the zinc
used, the dominating factor in the uptake of zinc from solution by field
corn is the equilibrium concentration of zinc that exists in a given

mineral system.
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SULIARY AND CONCLUSIONS

The studies reported here represent an attempt to clarify the
relation between the zinc ion and the naturally cccurring lime minerals
which are prevalent in western soils, Because of the low concentra-
tions of zinc utilized in these investigations, radio tracer technigques
using Zn65 were employed throughout the studies to facilitate analysis,

In Section I a theoretical approach is developed for the adsorp-
tion of zinc on calcite, dolomite, and calcian-magnesite. A theory is
presented in which zinc ion is specifically adsorbed by the lime
minerals and the chloride counter ion is non-specifically adsorbed by
the surface in question.

For purposes of determining the standard free energy of adsorption,
AFC, a standard adsorption process is defined with the assumption that
the orientation of counter ions does not contribute significantly to the
free energy of the process. The standard adsorbed state in this study
is defined as an arbitrarily selected fraction of surface coverage, ©.

Adsorption isotherm data collected at various temperatures permit—
ted the determination of the temperature coefficient of AF®. From
this detemination, the standard entropy, 0S°, and the standard heat of
adsorption, AH®, was calculated.

The adsorption isotherm data showed that the adsorption of zinc on
ca-magnesite was greater than on calcite, while the adsorption on
dolomite was intermediate.

The calculated thermodynamic data showed that the interaction of
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zinc with calcite was distinctly different from the interaction of zinc
with dolomite and ca-magnesite. The former reaction was exothermic
while the latter reaction was endothermic. The thermodynamic data were
interpreted as meaning that strong dehydration of zinc ion occurred when
it is interacted with the minerals that contained magnesium carbonate,
Zinc dehydration was not evident in the calcite system., These data infer
that the zinc ion is incorporated in or built on to the dolomite and ca-
magnesite lattice where one of its functions may be the "ealing" of
surface defects,

Consideration of the ionic radii, crystal structure, and lattice
constants of the involved ions and carbonate lattices also support the
theory of strong zinc interaction with the magnesium carbonate surface,.

Because of the difference in the effect of temperature on the
adsorption of zinc by the various minerals, direct application of this
study to the soil system must be made with caution. However, in the
temperature range of this theoretical study one may infer that zinec
availability would be more limited on a soil containing appreciable
magnesium carbonate than on a soil containing calcium carbonate.

To supplement the thermodynamic study and to test the inference
stated above, a study was conducted to measure the effect of calcite
and dolomite on the uptake of zinc by cormn plants from mineral systems
which had been thermodynamically defined in Section I,

The results of this investigation, as presented in Section II, in-
dicated that the determining factor in the uptake of zinc by corn plants
was the concentration of zine in solution. The dominating influence of
the solution concentration of zinc was independent of the temperature
range used in the study and the final pH of the mineral systems. Thus

the lime mineral that reduced the eguilibrium concentration of zinc to
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the lower level had the greater effect on zinc availability,

The zinc uptake data thus concur with the inference obtained from
adsorption studies. Hence the statement is strengthened that, under a
given set of conditions, a soil containing lime minerals of predominately
magnesium carbonate would tend to retain zinc to a greater degree than a
soil containing mainly calcium carbonate. The possibility thus exists,
that in a given temperature range, a dolomitic soil would foster zinc
deficiency more than a calcareous soil if the total zinc concentration
in the soil is approaching the critical level.

Thus by the application of basic laws of chemical thermodynamics it
is not only possible to obtain a quantitative measure of the energy
relations between zinc ion and the lime mineral surface, but it also
permits some insight into the mechanism of adsorption. The results give
logical explanation of the observed experimental data and enable some

prediction of the behavior of zinc in the lime mineral systems studied.
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ISOTHERM DATA OF ZINC ADSORPTION ON
CALCITE AT VARIOUS TEMrERATURES*

Temperature Co X/u c
2£.2% ¢, 0a5k4 0.75 0432
2.16 2,70 1.19
Ll32 6,02 2,32
5.0 6432 3.36
6415 7.91 1400
30.0° ¢, 1.08 112 0455
3.2, 3.ko 1.95
ke32 5.21 2.65
5.0 5659 3.62
6445 ezl Lo30
35.0% i€s 1,08 0.81 0ok
2,16 1455 1.35
3.2} 2,71 2,20
L.32 L Lo 2,88
5410 L.62 3,87
65 6402 L.38

# O = initial amount of zinc added in micromoles/
1liter, X/M = micrograms of zinc adsorbed/5 mg. of
adsorbent, and C = equilibrium concentration of
zinc in micromoles/liter.
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ISOTHERM DATA OF ZINC ADSORPTION ON
DOLOMITE AT VARIOUS TEMPERATURES#*

Temperature Co X/ c
2501°CY 1.08 1.70 0.42
2.16 3,81 0,87
L.28 7.65 1.98
5410 9452 2.8
645 11.7 2.92
30.0° €5 1.08 1.95 0437
2.16 L.21 0481
Le28 8.LS 1.72
5410 10,3 2,30
65 12,5 2.71
35.0° C. 1.08 2,25 0431
2,16 Lol 07k
k.28 9451 1,67
S«l0 11,2 2,15
6445 13.5 2.2

*

Co = initial amount of zinc added in micromoles/
liter, X/M « micrograms of zinc adsorbed/5 mg. of
adsorbent, and C = equilibrium concentration of
zinc in micromoles/liter.



ISOTHERM DATA OF ZINC ADSORPTION ON
CA-MAGNESITE AT VARIOUS TEMPERATURES#

Temperature Ga X/ C
25.1° G 1.08 3.62 0.15
2,16 7.16 0.25
342h 12,5 1.09
5.0 15.0 1.53
6415 17.3 1.90
27,076, 2.16 7.21 0.2
3.2 13.2 0.88
5.40 1546 1425
6.45 18.3 1,50
30.0° ¢. 2,16 Te35 0.15
3.2h 1.1 0475
5,10 16.5 1.01
6.L5 19,1 1.15

# C, = initial amount of zinc added in micromoles/
lgter, X/M = micrograms of zinc adsorbed/5 mg. of
adsorbent, and C = equilibrium concentration of
zinc in micromoles/liter.
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