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ABSTRACT

The small size and dipositive charge of the magnesium ion resohys in extensive
hydration of the ivn and formation of ivn-pairs in agueous solution. Measurements
of density, refractive index and viscosity of the magnesium ion in solutions of
MgSQ, and MgCl, dissolved in NaCl brines demonstrate the effect of the MgSQY
ion-pair and magnesium ion hydration. These measurements serve to ilustraie the
effect of magnesium content on the evaporation behavior of saline brines and the
influence of the magnesium content on the specific gravity of those brines. It has
been demonsirated thut the magnesium content of suline brines affects the solubility
of gypsum by ion-pair formation. The significance of these various effects on the
solar evaporation process for seawater will be discussed.

INTRODUCTION

The effect of magnesiam content ‘'on the evaporation rate
of concentrated seawater brines has been shown by deFlers
{1967) 1o be very close to that predicted by Raoult’s Law.
In view of our knowledge of the behavior of concentrated

electrolyte solutions this is a qurprtsmg and emm.}y unex“

pected resulf,

Modern theories of the activities of queons sofuuuns of
polyvalent electrolytes generally lead to expectéd behaviar
which deviates widely from that predicted by Raoul’s Law
which is based upon the assumption of ideal solution be-
havior. It is, therefore, Informative to consider the types of
ion-ion and jon-solvent interactions of the magnesium ion in
concentrated solutions of electrolvtes in order 1o shed some
light on the effect of the magnesium ion on the evapr;)ratmn
of water from concentrated brines.

It is generally accepted that one can represent the physi-
cal properties of scawater by a substirute solution which is
0.5 pormal in NaCl and 0.05 normal in MgS8Q,. For the
purposes of laboratory investigations we have adopted this
simplified approach to the study of nateral brices in order to
minimize spurious phenomena which might mask the be-
havior of magnestum salts in concentrated brines.

in our labaratory we are cenducting a systematic pro-
gram of studying the physical and chemical properties of

solutions af MgCl, and MgS0O, in sedium chloride solu-
tions of varying composition. As the basis of our studies we
are measuring various sofution propertics of MgCl, and
MgS8O, up to a concentration of 1.5 molal in 5,10 and 15
percent by weight of NaCl in water. In this presentation, we
discusy measurements of viscosity, refractive index and
density of these solutions as manifestations of the interac.
tions of the magnesium ion in solution, We also show that
the presence of magnesium in brines infle uences ffl{: so!utnk
ity of gypsum through the phenomenon of ion- pmrmg

Because of its small size and d;poszuve charge “the
magnesium ian is strongly hydrated in agueous . sniunon
This hydration of an ion results from the mmmutmn be-
fween an fon and the dipolar water malecu!c Althaugh
different methods lead to different estimates of the number
af water molecules associated with’ particular fons, resuits
are usually seff-consistent for any given method (Home,
1969). Conseguently, by one method, the sodium ion has 2
hydration number of 2-4 while the magnesium ion yields a
value in the range of 10-12 molecules of water per mag-
nesium fon. Clearly, then, the magnesium ion with its high
degree of hydration exerts a significant effect on the escap-
ing tendency of water molecules from solution and con-
sequently would diminish the evaporation rate of an aque-
ous soluticn to an extent exceeding that predicted by Raoult’s
Law,
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A second property of the magnesium jon which nflu-
ences the evaporation of water from brines 15 its t2ndency to
form ton-pairs with other anions in brines. The predominant
and strongest of such ion-pairs results {rom the interaction
of Mg and 5Q, 2 to form the solution species, MgSQ7.

Jon-pairs result from coulombic attraction berween the
anion and cation involved, The net elfcet is the formation of
an on-pair such as MgS0§ with a reduction in net charge,
Because of the resulting reduction of net charge, the number
of water mwlecules associated with the individaal ions is
reduced. For instance, it is estimated that 353-40% of the
water is fost from the hydration atmospheres of Ca™ and
S50, when the ion-pair, CaS0y, is formed {Millero, et al,,
1977). This general behavior has also been observed for
MgS50, (Padova, 1964).

The effect of ion-pairing, then, is o exert an influence
counter (o the effect of ionic hydration on the evaporation
tendency of concentrated brines. When an ion-pair forms in
agueous sofution, the net interaction between tons and sol-
vent molecuies is diminished and hydration of the involved
inns is fowered resulting in a higher vapor pressure than
would be observed in the absence of this effect. Further, the
formation of ion-patrs reduces the number of individual sol-
ute particles in solution which, aecording to Raoult’s Law
should result in an increase in the vapor pressure of the
solution,

We are Taced, then, with the presence of two effects,
each exerting an opposite influence on the vapor pressume of
water in concentrated brines. We shall now proceed to some
experimental studies designed to demonstrate the influence
of hydration and on-pairing on the properties of brine sys-
tems. Through this process we hope lo gain a bemer under-
standing of the stucture of brine systems and, hence, a
better understanding of their behavior,

EXPERIMENTAL STUDIES;

Molal volume. Very precise measurement of the density
of salt solutions permits the caiculation of the apparent
melal volune, ¢v, of the salt in that solution. The apparent
molal volume of a solute is defined as the contribution of
that substance to the tofal volume of the solvent-solute sys-
tem and may be either positive or negative depending upon
molecular and tonic interactions. Franks and Smith {1967)
have made density measurements of magnoesium sulfate solu-
tions at low concentration, Their data show the effect of the
magnesium ion hydration which resulls in “elecirastric-
tion'” of water molecules at low concentration. Negative
values of the apparent motal volume approach 7.1 em?®
per mole for magnesium sulfate. This nepative value show-
ing the collapse of the water structure is due to atrraction of
the polar water molecules by the magnesium ion.

At slightly higher concentrations the apparent molal vol-
ume of magnesium sulfate shows a positive deviation from

the Hmiting values 2t low concentration. This deviation is
due 1o the formation of MgS67, an for-pair, which hocause
of vharge neutralization reduces the degree of hydration of
the magnesiom ion. As magnesivm sulfate concentration
increases, the relative concentration of magnesium sulfate
ion-patrs incieases and, thas, the electrostriction cffect is
lessened.

We have messured the apparent molal volumes of MgClL
and MgS8Q, in 5, 10 and 15% solutions of NaCl, The re-
sults of fhese measurements are shown in Figure 1. The
distinguishing characteristic of these results is that the val-
ues of dv are lower for MgSQ; than Mg(Cl, in the same
selvent systems and @v for gach sah decreases with increas-
ing NuCl concentration in the solution. Further, the pluls of
v vs. m show that, in all cases, the apparent molal vol-
ume of the magnesium salts decrease as their concentration
mereases which is opposite from the behavior of these salts
in dilute aqueous solutions.

The most likely explanation for the observed solution
behavior is that foni¢ interaction is the cause for the de-
crease of ¢v. Soluttons of MgSQ, show the greatest reduc-
tion in this parameter which is cnhanced by increasing Na(l
content. The formation of MgSOJ and NaSQ; ivn-pairs in
concentrated solutions of relatively low water content prob-
ably cxerts a greater effect on volume reduction than does
electrostriction. it is very likely that in these solutions rela-
tively little warer of hydration is exciuded [rom the atmo-
sphere of the magnesium ton when an ton-pair is formed,

That the reduction in ¢v far MgCl, is less pronounced
than for M2S80, is not unexpected. It is unceriain whether
MgCH ion-pairs are formed although conductance mea-
surements have been inrerpreted to mean that this ionic
species is formed (Horne and Frysinger, 1963).

We conclude, then, that in concentrawed brines there is
extensive ion-pairing and less hydration of the magnesium
ion than is found in more dilute solutions. The combined
effect of these phenomena is, consequently, manifested in
the observations of deflers and his co-workers that the
evaporation rates of brines inay be adequately represented
by Racult's Law,

Molal refraction, The appurent molal refraction, R,.p,
of a sohme of molecular weight M, is defined by the condi-
tion that the total refraction, R, of a solution containing one
mole of salute is the sum of Ry, and the refraction which
the atnount (W, grams) of solvent present in this solution
woltld have in the pure state. Hence, the molal refraction,
R, is designated by

R = Rypp + 1a W,

where 1, is the specific refraction of the solvent.

Using a differentiai refractometer, we have measured the
refractive indexes of solutions of MgCl, and MgSQ, of
varying concentration in 5, 10 and 15% NaCl solution.
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tiguve 1. Partial volume of Ma80y and MgCL i 5% (50, 10% (3} and 15% (1) NaCl.

Using these Tefractive index values and density data derived
from the study in another part of this paper we have calcu-
lated R,,,, the appareat molal refraction, of MgCL and
MgSQO, as a function of concentration and Nall concentra-
tion.

The values of R,,, were calculated using the equation

_ o -] 1 1000 + mM,
(Moot 2000
o+ 2 4 m

where p and n, are the refractive index of solution and
solvent, respectively, d and d, the density of solution and
solvent, m the molality (in moles/kg solvent) of MgCl, or
Mgl0, and M, the molecular weight of the solute. ¥n all
cases the NaCl solution is meated as the solvent.

in Figure 2 we have plotted the apparent molal refractive

index vs the sguare root of the molality is & funclion of
concentration for MgCl; and MgS 0, in solutions of NaCl,

According to Fajans (1941}, the molar refraction of an
electrolyte decreases as the degree of ion association in-
creases. Conscquently, we would cxpect 1o obscive de-
creases in Ry, as the extent of wn-pair formation increases
in the systems reported here. Referring to Figure 2 we note
that the change in R,,, with concentration is greater for
Mg30, than MgCh in accord with an expecied greater
degree of ion-pair formation for MgSO, than MgCl,.
Further, values of Ra,, decrease as the concentration of
NaCl in the solvent increases, a resull explained by forma-
ton of NaSOy{ ion-puirs in the MgS0, selutions and possi-
bie formation of MgCl* ion-pairs in the MgClL solutions.

Measurements of refractive index, thus, support the con-
clusion drawn from density measurements that there is ex-
tensive jon-pairing in concentrated seawater brines, In fact,
we can conclude that ion-pairing increases as cotceniration
ngreases.
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Figure 2. Apparent molal refraction of MgSO, and MgCL in 5% (553, 10% {x) and 15% ([}

NaCl.

Viscosity. The presence of electrolytes in water causes
#n increase in the viscosity of the system. The viscosity of
electrolyte solutions reflects the eftect of ions on fluid struc-
ture and the interactions occurring between the various ionic
species in solution.

The dependence of the viscosities of solutions of efectro-
iytes can be represented by the Jones- Dole equation (1929)

=1+ AJT + Be

Fis

where % and w, are the viscosities of solution and solvent,
respectively and C is the electrolyte concentration in moles
per liter. We deflne the relative viscosity of a solution as

T}rei = 7?;7}0

which is directly applicable o the Jones-Dole cquation. The
factors A and B are constants characteristic of the salute.

The viscosiry B-coefficients has been shown to be indica-
tive of the water structure altering properties of ions {Horne,
1969). Positive B-coefficients are characteristic of ions and
electrolytes designated as water structure makers and those
solutes showing negative B-coefficients are designated as
structure breakers. The jonic B-cocfficients are additive.
We find that in water Mg8Q, is a very powerful structure
maker and MgCl, somewhat less so, The difference be-
tween these elecirolyles indicating that the SO B-
cuefficient is positive and for CI iy nagative.

As a conseguence of this intetpretation, we can relate the
sign and magnitde of the viscosity B-coefficient to the
degree of hydration of ions, Water associated with the hy-
dration atmosphere of an ion ts more highly structured than
water in the main portion of the solution.

The Junes-Dole equation can be rearranged in the form

Tt L L cA+BT
N
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Figure 3. lones-Dole plot for MgSO, and MgClh in 5%, 0% and 15% Na(l

so that by plotting the left-hand side of this equation versus
the square root of solute concentrarion we should obrain a
linear plot with a slope equul to the B-coefficient.

In Figure 3 are Jones-Dole plots for MgSO, and MgCl,
i 5, 10 and 15% Na(l solutions. We have nol indicaled on
this graph which poinws apply to a particular NaCl composi-
tion hecause scattering of our data points results i overlap-
ping. The general shape of the ctirves, however shows, two
general effects, The slopes in the low concentration range
show that the B-coefficient of MgS8Q; is preater than that of
MpCl,.

In Table 1 are tahulated the values of the B-coefticients
aof these solutions determined from our measurements and,
for comparison, the B-coetficients of MgS0, and MgCl, in
water { Horne, 1969),

The vatues of these B-coefficients for our study were
caleulated, i the case of MgSQ, from the linear portion of
the curve and do not reflect the pronounced curvature at
higher concentrations for the curve in Figure 3.

It is mot likely that the pronounced increase of the B-
coefficients in NaCl sojutions can be atributed to waler

TABLE |
Viscosity B-confticients of MgSQ, and MgCl in 5, 10 and

[3% NaCl Sotutions and in Water at 25°C

Solvent MgsO, MgCt;
H, O 0.554 3.378
5% Na(l .94 0.45
1% Na(l 0.94 0.50
15% NaCl 4.96 044

structure making. This effect is most likely a result of wn-
pairing which results in more buiky solution species which
tend to incresse viscosity. The ion-pairing effect is sup-
ported by the fact that B-coetficient increase is greater for
MgS0O, than MgCl; and by the vpward curvature of the
Jones-Dole curve ar high concentrations of MgSQ,, a re-
gion of more extensive ion-pair formution,

Consequently, as in the case of refractive index and den-
sity measuremenmnts, viscosity smuidies show o substantial
degree of ion- pair formation {n concentrated brine systems.

Solubility of gypsum. In a recent study (Rands, ct, al.,

L
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18793 it has been shown that the solubility of gypsum in
concentrated brine sotutions is increased by the presence of
mugnesium  in those solutions.  This  phenomenon s
explained on the basis of the tendency for the formation of
MgSOy ion-pairs,

The equilibrivm cxpression for the solubility of gypsuin
may be represented by

CaS0,-2H,0(c) = Ca™*(aq} + 807 %(ag)
The equilibrium constam for the solubtlity of gypsum is
K = (Ca™ kS0 %)
where the species in brackets represent the concentration of
caleium and sulfate ions in solution.

Magnesium ions interact with sulfate ions to form the
ion-pair, MgSO{, The formution of this solulion species

07 1 ; I ;

06F §= 43 .

ﬂ } | | i
0 6.1 02 03 0.4
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Figure 4. Solubility as a function of Mg/Na ratic ot variows
ionic strengths.

effectively removes a portion of the suifate lons in selution
by a complexation phenomenon. This reduction in sulfate
ion in solution causes the gypsum solubility equilibriem w
shift toward the direction of increused solubitty according
to the Principle of le Chatelier.

T Figure 4 are shown the results of the study designed to
show the effect of magnesivm on the solubility of gypsum in
concentrated brines. The solubitity of gypsum in solutions
of sodium chlortde and magresium chloride of varving
magnesium/sodium ratios and at three different ionic
strengths was determined. The concentration of gypsuni has
been plotied as a function of Ryy,.,. the ratio of concentra-
tions of magnestum to sodium. This figure shows that, at
constant ionic strength, the solubility of gypsum increases
as the concentration of magnesium is increased,

This experiment provides evidence for the formation of
MgSOy ion-pairs in concentrared brines up o a molality
exceeding 4.0 in NaCl which is about 20% by weight sol-
ids.

SUMMARY

Experbmental studies outlined in this swudy verify the
conclusion of investigators such as deFlers (1967), Jain and
his co-workers (1967) and Rands and Hendricks (1975) that
the magnesium comtent of seawater brines does not sup-
press the evaperation rate to the extent expected from nor-
mal hydration behavior of the magnesivm on. [ixtensive
formation of MgS0, ian-pairs in concentrated brines leads
ta a partial reduction in the extent of hydration of the mug-
nestum ion and tends to result in evaporation behavior ap-
proximating that predicted by Raoult’s Law.

Although the interpretation of measurementis of the phys-
ical properties of concentrated salt soluticns cannot be made
on a quantitative busis, general trends in various physical
propertics may be used to provide 2 profitable qualitative
picture of the structure of such sysiems.

DISCUSSION
H.H. Emons.

Comments, 1} Our NMR investigations show & coordination
of & H.{ molecules around the Mg*™ ion from the concentrated
solution of elecirolytes up to the aydrate malting. The influences
are consequently in the fluid or cluster phase.

2) Conductimetries nararally include all associations of ions,
ot oely the neutrsl lon pairs; nevertheless the main influence may
come from them,

3} Structure-producing  end  structure-breaking  effects  are
highly dependent on the medinm. With KCl, RbCE or CsCt the
mutval effects are more distinctive than for Ma(Cl.

Answers, 1) In pur studies the most concemtrated solotions
contain Mg** jons and H,O melecules at & sumerical rato of
30 water to | magnesiom. Professor Emans is quite carrect, then,
in his statemen: that the influences which we have presented resnlt
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from disruption of the water melecules in th cluster region. There
is 2 sufficient quantity of excess wawr moiecules in these solutions
thal it is not usgeasonzble to suppose that the clusier region is
formed around the Mg ion.

21 Thix is an observation of Professor Emons with which |
CORCUE.

3) Qur experiments were designed o aote the effects of MaCl,
and Mg8Q, on the structuring effects in solution.
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