Solar Salt Production
Study of Evaporation—Increase of Salt Deposit

ABSTRACT

Tne solar evaporeiion of soft water is rather
well-known.

It is not the case of seq water, because the var-
wus kinds of salts act as a bruke. It has been
proved that the main factor which prevents cvap-
oration on saturated brines in sodium chloride is
the magnesium fon. Thercfore, there w no more
production of salt when the atr moisture reaches
a eertain level, m divect relation with the guon-
tity of magnesium in a brine,

The knowledge of such a phenomenon mdi-
cates where is the best process in ovder to pro-
duce the maximum of sodium chlovide according
to the hygrometry of the air.

Tests have heen conducted on solar saltworks,
and on the sqme way calculetions heve been
established with a view to give ¢ method of con-
ducting the brine according to ifs density. Using a
continuous flow of brine jrom the saturaiton
pont to a well-known level of magnestum con-
tent without any mixture, makes it possible o in-
crease the deposit of sodium chiloride,

It s wlso possible io obtain by that way pro-
duction of selt m bad chimatic conditions where
it would not be possibie with the usugl process.

The production of salt by the natural evap-
oration of scawater under the combined etforts of
the sun and the wind would not appear, at first
sight, to raise any special difficulty.

The seawater is graduailly brought from irs initial
concentration to saturaiton in sodium chloride. At
this stage, the brine is let into the crvstallizers or
salt pans and uwsually the sodium chloride s
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allowed 1o settle but at the same time avoiding any
precipitation of the magnesium salts.

This operation is gencrally curried out by succes-
sive supplies of saturated brine which is intended
to maintain a constant level in the salt pans.

Experimental findings and also theoretical
studies have shown that this procedure was often
prejudicial to the quality of the salt produced and
did not always ensure the maximum deposit for a
given evaporalion.

In certain favorable regions of the globe, the
conditions lor evaporation are such that the pre-
ceding quantitative and gualitative phenomena ap-
pear secondary.

In other places, on the contrary, bad climalic
conditions can prevent solar salt production. A
special study of hvgrometry may icave a hope if
saturated brine 1s used to feed the salt pans with-
oul any mixing.

A particular analysis of the laws of evaporation
on brines has made it possible Lo get the best out
of the brine which has veached the threshold ol
saturation m sodium chionde.

Analysis of the evaporation of saturated seca
brine, as deseribed here, gives a theoretical explan-
ation ol the phenomenon checked by experiment.

This method can be used for the production of
salts other than sodiwm chloride or for the concen-
tration of different salts in brines of various chem-
ical compaosition.

Ivaporalion on fresh water.

The evaporation, E, on fresh water i relatively
well known.

Several formulas reckoning with wind velocity,
V, and the difference i pressurc of vapor from air



and water, DD, enable one to have an approximate
but nevertheless sufficient knowledge of evap-
oration when one has a suitable wind gauge and
thertnometey,

An evaporuting tank is not always installed at
the spot where it is desired Lo carry out the meas-
uring. Installing this equipment over a very large
area may prove to be costly.

On Figure 1, the varions curves showing the
changes in evaporation according to different
authors have been traced.

The curve showing Sution’s {oermaula is a mean
curve which can be deemed sufficiently repre-
sentative. It also corresponds to the mean of ob-
scrvations made on an evaporimeter.

Evaporation on saturated brines.
The presence of salt in brine checks the evap-

oration on saturated hrine, as the vapor pressure of

these solutions is slighter than that of fresh water
placed in the same ambient conditions.

‘There 1s therefore a relation between the evap-
oration on brine and the evaporation on fresh
water that we shall call @ {alpha) by definition less
than 1, .

The Sutton’s evaporation formula evoked in the
preceding chapter is:

p P

E=Kv? ( B {:) for fresh water, and
i p

E=KvV? (PB - 5) for saturated hrina,

where Pr is the vapor pressure of the ambient
air, and Py and Py the pressures of saturating
vapor of fresh water and of the brine at the
comsidered temperatures,

The value of the rate of evaporation is:

u:wxm
Pa—Pe K

The vapor pressure of the ambient air is equal to
h X Pp if *“h” is the hygrometrical condition of
the air.

The rate of evaporation can then be expressed
only in terms of saturating vapor pressures of the
fresh water and the brine:

_ Pe —hPp i {1

?B {1-h) K

Solar Sak Froduction

Experimental determination of the rate
of evapuration on saiurated brine.

We have previously shown that measuring of the
evaporation on fresh water could be done in anv
place on condition that one has easily trans-
portable measuring instruments. The obtention of
the evaporation on satirated brine could be cal-
culated if it were possible to find a simple relation
between the rate of evaporation: « and the hvgro-
metrical condition of the air: h.

Experimental swudies, bearing on different
periods of the year and over several years, have
made it possible to determine the value of the sat-
urating vapor pressure of the brine, which is the
unknown quantity of the preceding equation (1).

Measurings have been mude on tanks of Im?
section, wood cutside, plastic inside and heat-
insufated with glass wool. These tanks contained
brie saruraved in sodium chloride and variable
quantities of magnesium salt, One tank contained
fresh water and served as evidence (Fig. 2.)

Each of these tanks was placed on a
weighing-machine of 300 k¥ capacity and correct
to within 5 er. As the amount of water given off
due to evaporation upset the balance of the weigh-
ing-machine, this was restored by adding fresh
water the quantity of which was carelully meas-
ured.

Figures 3, 4 and 5 give the figured indications
which allow one fo wrace the values of Log P,
according to T, temperature of the saturated brine.

It is noted that the curve oblained can be
likened tn a straight line {Figs, 6 and 7).

Figure & shows the variations of Log P accord-
g to Ty temperature of the fresh water in the test
or check tank, for different concentrations in mag-
nesium 101,

Figure 9 gives the values of P, for the preceding
contents in magnesium don, giving to Ty the
respective values of 20°C, 25°C and 30°C.

These results show us that the saturating vapor
pressure of the saturated brne P, decreases when
the content in magnesium ion increases.

The preceding data make it possible to establish
the formula which, [cunded on the cxperimental
results, links the value of the saturating vapor pres-
sure of the saturated brine according to the rem-
perature of the fresh water and the content in mag-
nesium ion,

This formalz 1s as follows:

L.og Ps = {a—hxj TE +a + h'x {2}
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Figure 1. Evaporation on fresh water
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34 Swoiar Saft Praduction
Figure 2. Experimental installution of cvaporation.,
5 : . P
‘ _ Temparature " Hygrometry Evaporation {mm) PB g
Period Time : % i mb
B, B, tank B, ; tank B, {in mb} mb | Temgperature °C

2381961 ¢ 8al4| 23°3 | 26°3 38,2 2,29 1,66 2841 2358 2673
S 14%18] 29°1 | 38°0 37,8 2,53 2,00 40,00 | 34,80 360
184 8| 15°6 | 23°7 | 84,2 2,65 1,37 17,63 14,58 | 23°7
24.8.1961 Batd| 20°2 | 255 39,5 2,25 1.1 23,31 18,93 25°5
14518 | 27°6 | 33°8 49,3 254 | 168 36,63 30,33 ' 338
185 8! 179 | 239 62,6 238 | 1,42 21,68 18,39 231
| 26.8.1961 8a14] 20°2 ] 28°% ! 43,3 2,04 1,47 23,46 15,21 l 25°8
14218 26°8 | 33°1 60,8 2,33 1,80 3494 | 3183 3
182 8] 185 23°3 73,7 1,82 0,70 21,15 17,19 23°3
26.8.1861 814! 21°6 | 27°% 41,0 195 | 1,37 2542 | 2143 27°h
14518 | 20°2 | 35% 655 | 1,78 125 | 48,23 | 3488 356
184 8, 19°7 | 24°8 71,3 } 167 | 076 2275 | 20,09 24°8
27.8.1981 Bald| 22°9 | 27°% 59,3 1,00 054 2165 | 2248 2178
143181 28°7 | 347 86,3 2,80 1,90 33,08 | 3485 34°7
182 B: 20°1 | 24°3 83,9 0,56 0 2331 | 19,56 24°3
. 28.8.1861 3a14. 22°8 | 30°3 53,0 1,38 1,18 27,31 25,70 30°3
| 14318 31°0 | 372 | B85 219 | 088 | 4456 | 34,89 37°2
18a 8| 2°1 | 2671 18,4 1,18 0.40 26,35 22,58 26°1

Figume 3,




» Sait Praduction
- op | . P
Temperature °C = o " Evaperation {mm} p S
Period | Time S B -
B, B. ' tenk B; | tank B, | {in mb) mb | Temperature °C
3.7.14963 8414 20 25°7 5 418 382 24,05
14a18; 22°1 28°0 47,5 19 286,38
182 8] 15°9: 176 71,8 2,89 17,95
1.7.1863 8414 21’81 26°4 45,0 3,84 25,89
14518} 23°31 28°%4 50,0 361 2,23 841 2298 28°4
i8a 8 18°81 20°6 £3.3 248 0,98 19,00 15,37 20°6
1.7.1963 141 19°4 | 24°8 50,0 1,63 D84 | 22,34 17,31 24°6
Halg 24°1 2971 | 60,5 1,96 1,21 258,87 25,32 2971
195 8] 19°2] 281 78,1 2,41 0,97 22,07 19,18 2371
17.1963 a14f 2471 | 291 67,8 2,81 2,12 29,82 27,46 201
14218 285 38”1 88,5 2,80 1,51 40,93 38,76 36°1
188 8y 21°5] 24°8 783 2,02 1,21 25,42 PEP! 24°6
17,1963 82a14| 24°5| 291 830 1,94 1,26 30,53 26,55 29%1
14318 29°8 . 35°Q 705 1,84 0,97 41,17 {3541 3570
184 81 21°7| 251 BB,1 2,29 1,38 25,74 22,77 25°1
7.1983 Bala) 26°5 286 59,0 2,57 1,83 34,36 30,31 29°6
148187 30°4| 37°0 67,5 2,85 1,88 43,03 138,35 37°0
18a 8} 21°8 24°8 60,7 2,67 1,88 26,65 23,03 24°8
L 7.1863 g8at4| 24°7) 29°6 . 38,3 2,38 1,50 3c,88 23,35 29°6
14218 32°0: 2873 64,3 380 298 47,21 258,11 38°3
18a 8 20°4; 24°8 1.4 1,85 0,60 23,75 26,07 28°8

Figure 4.
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5hH Suiar Sait Production
| Temperature °C '+ Evaporation {mm) Pg
. ‘ . empera g vammetrv i vaparaugn (mm PB
| Period Time in % T .
’ B, B. * tank 8, | tank B, | linmb} mb | Temperature °C
| 18.9.1964 | 8at4] 23°4 | 29°2 56 3 1,40 0,61 7858 | 22,01 28°2
14318 ) 27°8 | 34°% 74.0 1,84 L0 | 3707 3407 34°4
183 8| 21°0 | 275 © 816 182 | 0 2464 | 2038 27°5
| 19.9.1964 | BAa14’ 234 | 28°7 56,3 1,25 0,88 2858 | 24,89 28°7
14518 2870 | 35°% 78,8 1,65 1,38 39.53 | 3811, 35°5
183 8] 233 | 28°1 878 0,95 0 841 | 2494 29°1
2081864 | 8314} 23°4 | 285 . 503 0,72 0 28,56 | 17,23 28°5
C 14318 27°9 | 334 72.0 0,80 0,63 37,28 | 33.92 13°4
183 8] 21°2 | 25°5 82.0 1,23 0,67 24,95 ! 22,90 755
2191964 | 8h14! 2223 [ 2770 | 485 1,62 086 | 2514 | 19,18 27°0
14318 20°5 | 34°6 . 655 193 | 134 4093 | 3659 34°8
183 8{ 21°2 | 26°1 79,6 120 0,24 7495 | 2098 7671
2291864 | Bh14| 27°9 | 27°7 47.0 1,40 0,78 29,48 | 22,55 21°7
14318] 28°9 | 34°8 51,8 2,12 1,63 39,53 1 34.23 34°8
185 8 211 ! 26°% 86,0 0,69 0 2480 | 21,08 26°9
) 2091984 | 8214 24°6 | 297 70,6 0,66 0,70
145181 20°5 | 34°9 710 1,78 100 | 4083 | 36,80 3479
183 B} 22°0 | 26°% 85,6 062 26,21 -1 2244 76°5
i

Figure 5.
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Safar Satt Producrion

'1'S Log PS
H° 5 1,2G763
21°5 1,23806
28 1,23045
23° 5 1,25406
245 1,29338
25° 5 1,32222
26° 5 1,35526
275 1,32305
28" 5 1,36530
25°§ 142177
30°5 1,43521
31°5 1,44514
35 1,45897
35 143144
34°5 1,51957
35°5 1,51468
36°5 1,55145
3E 1,58206

TS = 29° G Log PS = 1,38876

Figure &, Temperature and satarating vapor pressure of the bring.

where:

and where x is the content in magnesium ion.

fae ol

~

o

i B OH I

0027117
0.0001699
0.809565
0.00135775

57

We thus know all the factors of formula (1},
which makes it possible to determine the rate of
evaporation of the saturated brine, The search for
this value is done from the chart in Figure 10,

As an example, let us suppose that the temper-
ature of the fresh water is 25°C and that the mag-
nesium content of rhe saturated brine is 55 gr. per
liter, if the hygrometrical state of the ambient air
is:

88.5% wefind = §  paint C of the chart,
for 86.0% we find = (.235 point D of the chart,
for 50.0% we find = 0.730 point £ of the chart,

H I

if the magnesium content is only 15 gr. per liter
for the preceding hygrometry, points ¢ D' and E
of the chart are successively found,

This experimental study evidences the consid-
erable importance played by magnesium concen-
tration in a saturated brine which moreover, is
theoretically laid down by the laws of physics for
satarated solutions. '

Corsequences and Practcal Application:

The speed of the curve which ilhistrates the
variarions in the rate of evaporation according to
the magnesium ion content, gives excellent dara on
the salt supply from pans with saturated brine.

Let us again tzke formulas {1) and {2) in order
to trace the curve giving viriations in the rate of
evaporation a according to the magnesium content
of the saturated brine, x.

fet us fix the temperatmre of the fresh water,
Ty, as well as the air hygrometry, h. Formula (2)
can be expressed by the equation:

. Ax+tB
e

A and B being constants.

If wa submit that: h PB =M

and: {1-h} PB =-|.1¢f

the rate of evaporation is expressed by the equa-
tion;

Ax + B
8 —

a=N{ M)

R e R R S 8 A



Soilar Saft Production

" Ps = saturating vapor pressé_ure of the brine

1.6

15
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20 21 22 23 24 25 28 27 2 2% 30 31 32 33 34 3 3w/ ¥
~ Temperatire °C

Figare 7. Temperatuie and saturating vapor pressure of the brine.




Salar Sait Production
My in g/lit. Formutas
16 Log PS = {1,25359 TE + 0,83128
24 Log PS = {,024479 TE + 0,84218
37 Log PS = ,023052 TE + 0,85976
40 Log PS = 8,022 TE + B,86387

¥igure 8. Saturating vapor pressure of the brine and magnesium
concentration. i

Pslin mb}
Mg in g/lit. - -
Tg=20°C TEfzﬁ C Tg=30°C
16 21,80 2820 | 39,19
24 21,47 845 . 3172
37 20,93 77,30 35,59
40 2081 27,64 E 35,12

Figure 9. Saturating vapor pressure of the brine, tempeoratare, and
magnesiom congceniTation.

the second derivalive 1s:

Ax + B
[

This last expression is always positive, zand the
curve representative of the o variation according to
X is a decreasing exponential having its concavity
tumed upwards {Fig. 11}

39

Let us compare two identical tanks, placed in a
same spot, containing the same quantity of brine
but each having a different magnesium ion concen-
tration, X, and X,. Their rates of evaporation will
be:

« Tard e 2.

The mean rate of these twa ranks will be:

am=%—{a1+a2}

Let us place at this same spot a third tank, the
magnesium ion concentration of which is the mean
of the concentrations x, and x, of the preceding
Lanks, t.e.,:

1
xm z? {xy + %)

It is noted that the rate of evaporation of this
solution us will be less than am.

Figure 12 shows that this difference in the rate
of evaporation is far {from being negligible.

This example shows that the mixture of two
solutions saturated with sodium chloride, having
different magnesium concentrations, diminishes
the natural rate of evaporation of each of these
brines taken separately but nevertheless together,
and by this very fact diminishes accordingly the
production of salt.

Comnsequently, if we feed a salt pan with succes-
sive supplies of saturated brine so as to maintain
constant the height of brine undergoing cvap-
oration, each time we lose the difference m--s, The
algebraic sum of this difference may be important
and in some cases, very considerably reduce pro-
duction.

In conclusion, a erystallizing method can be ad-
vocated which would eliminate any mixture of sat-
urated hrines with different magnesium ion
concentrations,

To arrive at this, it appears desirable o intercon-
nect the salt pans, so as to create a flux of brine
from the inlet of the first down to the last one.
The salt pans will thus be placed in series and, as
the evaporation takes place on all of the salt pans,
the magnesium content will increase continually
from the first to the last sale pan.
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Fresh Water Temperature

9885

0.7?1)_;-...,; L

0,235 S
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350{;2." e

20°C: -

0.7

Figure 10. Evaporation ratio of brine referred to fresh water from fresh water temperature and ambient hygrometry,
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L2 Salar Salt Prodizction

1

= Hygrometry 80% Hygrometry 90%

:
TE x; = xz = Xm = Xy = Xy = . xm =

15 q1/1 35 g/t am 25 gr¢/1 15 gr/1 Bor/t © am 25 gr/1
“g. al w2 ws al o2 s
20° 6,730 0,560 0,645 0,640 0460 | 0,120 0,230 0,280
2 | omo | o4 | osee | ose0 | o4 | " 4 gx;g | gz
30° | 0,686 0285 | 0485 | 0482 037 | " | o1es | "
Figare 12, Rute of evaporation and mixing of brine.
The weather conditions will limit the magnesinm using this method of feeding the crystallizers has
concentraiion, as can morcover be shown by the been increased up to more than 15%.

preceding chart. In some areas the salt production
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